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Nature is an inexhaustible reservoir of compounds with heal-
ing properties, and people used natural products to treat dif-
ferent medical conditions from ancient times. One of the
main features of natural products is their ability to modulate
directly and indirectly oxidative stress and protect human
cells from aging and death [1]. Besides aging, cardiovascular
diseases, chronic obstructive pulmonary disease, chronic kid-
ney disease, and neurodegeneration, cancer can be consid-
ered as an oxidative stress-related disease [2]. Therefore,
natural products are also valuable for treating cancer.
Increased generation of reactive oxygen species (ROS) which
leads to oxidative stress and provokes inflammation eventu-
ally may cause carcinogenesis or stimulate cancer progres-
sion and metastatic behavior [3]. Despite still preserved
indigenous knowledge about plants and other organisms
with medicinal value, clinical development of natural prepa-
rations (both compounds and extracts) is difficult and slow.
However, some of the most exploited chemotherapeutics
have natural origin such as doxorubicin, vincristine, and pac-
litaxel [4]. Today, we know that natural compounds may also
cause unwanted effects particularly due to their interference
with redox balance [5].

Therefore, advanced and innovative studies of natural
product interactions with human metabolism are warranted.
The diversity of natural products should be the advantage in
our search for the best anticancer nature-inspired drugs.

This special issue assembles twelve contributions (three
reviews and nine original articles) regarding the anticancer
effects of different natural products and their derivatives, par-
ticularly those with the potential to modulate oxidative-stress
in cancer.

A review article by J. T. de Giffoni de Carvalho et al.
explores medicinal plants found in the Brazilian Cerrado
tropical savanna ecoregion emphasizing the antioxidant
properties of their extracts as well as their potential for cell
death induction in different malignant cells. Moreover, the
authors comprehensively describe other medicinal plants
from the same region which showed protective capacity
against chemotherapy-induced cell toxicity.

Another review article by P. Aiello et al. comprehensively
investigates medicinal plants in the prevention and treatment
of colon cancer. Their study revealed that grape, soybean,
green tea, garlic, olive, and pomegranate are the most effec-
tive plants against colon cancer. Diverse in vitro and in vivo
models provided evidence that fruits, seeds, leaves, and roots
of these plants are abundant in saponins, polysaccharides,
triterpenoids, alkaloids, polyphenol glycosides, including fla-
vonoids, and simple phenols, such as caffeic acid, catechins,
quercetin and luteolin, and kaempferol and luteolin glyco-
sides. These natural compounds exert various effects such
as induction of superoxide dismutase, reduction of DNA oxi-
dation, cell cycle arrest in S phase, suppression of prosurvival
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signaling pathways and cell invasion, reduction of antiapop-
totic and increase of proapoptotic factors, and decrease of
proliferating cell nuclear antigen (PCNA), cyclin A, cyclin
D1, cyclin B1, and cyclin E.

An interesting overview of melatonin protective action
against the side effects of chemotherapy is given by Z. Ma
et al. Melatonin easily crosses all biological barriers while its
concentration within the cells is particularly high in mito-
chondria. This is important for its ability to resist mitochon-
drial oxidative-stress damage. In cancer as well as in other
aging-related diseases, melatonin can reduce mitochondrial-
mediated cell death and thus protect normal cells against the
harmful effects of anthracyclines, alkylating agents, platinum
compounds, antimetabolites, mitotic inhibitors, and novel
targeted therapies.

The remaining original articles are focused on already
isolated and identified natural compounds or plant extracts
tested for their anticancer effects and protective effects
against classic chemotherapy in different cancer models.

D. T. H. Castro et al. investigated antimelanoma effects
of ethanolic extract of Senna velutina roots shown to contain
flavonoid derivatives of the catechin, anthraquinone, and
piceatannol groups. B16F10-Nex2 murine cell line was
used for the assessment of extract’s effects. Results showed
that the extract induced apoptotic cell death followed by
caspase-3 activation and increased intracellular calcium and
ROS levels. Tumor volume and pulmonary metastasis were
followed after subcutaneous implantation of B16F10-Nex2
cells in the lumbosacral region of C57Bl/6 mice. Importantly,
it was shown that both the primary tumor volume and the
number of pulmonary nodules decreased over 50% when this
ethanolic extract was applied.

H. P. Vasantha Rupasinghe et al. showed that the applica-
tion of a bioconversion process using probiotic bacteria Lacto-
bacillus rhamnosus can enhance the pharmacological activities
of cranberry extracts probably by generating more active
metabolites. The proanthocyanidin-rich extract exposed to
the bacteria was particularly active against HepG2 cells induc-
ing significantly stronger mitochondria-dependent apoptosis
when compared to parental extract which was not exposed
to probiotic bacteria.

M. Shen et al. showed both in vitro and in vivo that
betulinic acid induces ROS-dependent apoptosis by inhi-
biting the NF-xB pathway in human multiple myeloma.
Betulinic acid exerted its effect mainly through mitochon-
drial apoptosis induction, cell cycle blockade, mitochon-
drial membrane potential disruption, intracellular ROS
accumulation, and NF-«B signaling inhibition. This com-
prehensive study above all elucidated the complex regula-
tory interaction between ROS and the NF-«B pathway in
multiple myeloma.

E. Herndndez-SanMiguel et al. found that Ocoxin® oral
solution affects stem cell properties in certain primary glio-
blastoma cells by inhibiting their self-renewal capacity.
Moreover, systemic treatment of animals bearing heterotopic
and orthotopic xenografts with Ocoxin® reduced tumor bur-
den. Importantly, Ocoxin® exerted a direct effect on macro-
phage polarization in vitro and in vivo, inhibiting the
protumoral features of M2 macrophages.

Oxidative Medicine and Cellular Longevity

T. Kowalczyk et al. studied protective antioxidant and anti-
inflammatory properties of aqueous methanolic extracts
derived from the aerial parts and roots of in vitro grown
Menyanthes trifoliata L. plants on human umbilical vein endo-
thelial cells. The authors found that both extracts demonstrated
protective effects against mitochondrial and nuclear DNA
damage caused by ROS. Due to the higher content of selected
phenolic compounds and betulinic acid in the root extract, it
exerted stronger effects than the extract from the aerial part.

G. Isani et al. renewed the interest for the traditional Chi-
nese medicinal plant Artemisia annua L. from which famous
antimalarial drug artemisinin was isolated. The authors
showed that both artemisinin and hydroalcoholic plant
extract induced a cytotoxic effect in D-17 canine osteosar-
coma cells. Pure artemisinin caused an increase of cells in
the S phase, whereas the hydroalcoholic extract induced
G2/M arrest. A significant decrease of iron concentration
was also observed indicating that ferroptosis as a specific cell
death type might contribute to the artemisinin effect. The
hydroalcoholic extract was more potent than pure artemisi-
nin demonstrating a possible synergistic effect of its other
components with artemisinin.

D. Pang et al. provided the evidence that polyphyllin VII
isolated from Paris polyphylla var. yunnanensis induces apo-
ptosis and autophagic cell death via ROS-provoked suppres-
sion of AKT/mTORCI signaling cascade. Moreover,
polyphyllin VII in combination with temozolomide showed
synergistic interaction followed by a decrease of MGMT
expression. Therefore, polyphyllin VII can be considered as
a valuable drug to attenuate the ability of glioma cells to
repair the temozolomide-induced DNA methylation and
reduce the resistance to temozolomide.

I. Kumburovic et al. showed that anxiogenic manifesta-
tion of widely used chemotherapeutic cisplatin caused by
increased oxidative stress and proapoptotic effect in the hip-
pocampus can be attenuated by supplementation with
Satureja hortensis L. methanolic extract in rats. This work
suggests a beneficial role of these natural products in the pro-
tection of cisplatin-induced neurotoxicity.

B. Yang et al. demonstrated that tetramethylpyrazine, an
alkaloid extracted from the roots of Ligusticum chuanxiong
Hort, can overcome doxorubicin-induced endothelian toxic-
ity. To that end, the authors used vascular endothelium
injury models in mice and human umbilical vein endothelial
cells and showed that tetramethylpyrazine protects the vas-
cular endothelium against doxorubicin-induced injury via
upregulating 14-3-3y expression, promoting translocation
of Bcl-2 to the mitochondria, closing mitochondria perme-
ability transition pore, maintaining mitochondrial mem-
brane potential, and suppressing oxidative stress.

Overall, the articles presented in this special issue provide
experimental evidence and assembled scientific data, which
clearly emphasize the medicinal value of natural products
to fight cancer and prevent side effects of approved chemo-
therapeutics by modulating oxidative stress. Our planet has
to offer plenty of bioactive molecules of which some are not
yet discovered, and this raises the hope that in the future
we will be able to sustainably exploit natural resources and
find more potent and safer anticancer agents.
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Persistent senescence seems to exert detrimental effects fostering ageing and age-related disorders, such as cancer. Chemotherapy is
one of the most valuable treatments for cancer, but its clinical application is limited due to adverse side effects. Melatonin is a potent
antioxidant and antiageing molecule, is nontoxic, and enhances the efficacy and reduces the side effects of chemotherapy. In this
review, we first summarize the mitochondrial protective role of melatonin in the context of chemotherapeutic drug-induced
toxicity. Thereafter, we tabulate the protective actions of melatonin against ageing and the harmful roles induced by
chemotherapy and chemotherapeutic agents, including anthracyclines, alkylating agents, platinum, antimetabolites, mitotic
inhibitors, and molecular-targeted agents. Finally, we discuss several novel directions for future research in this area. The
information compiled in this review will provide a comprehensive reference for the protective activities of melatonin in the
context of chemotherapy drug-induced toxicity and will contribute to the design of future studies and increase the potential of
melatonin as a therapeutic agent.

1. Introduction agents include anthracyclines (e.g., daunorubicin (DNR),

doxorubicin (DOX), and epirubicin), alkylating agents

All organismal functions are affected by senescence, from the
disorders of cellular protein production and alterations in the
macroscopic characteristics of cells to the decline of organ
or system functional efficiency, which may increase the
development of age-related diseases such as cancer [1-4].
Chemotherapy is one of the main treatments for cancer
patients [5, 6]. Chemotherapeutic agents are divided into
several categories according to the factors of their effects,
their chemical structures, and their relationships to other
drugs [7]. The major categories of chemotherapeutic

(e.g., cyclophosphamide (CP), ifosfamide, melphalan, and
busulfan), platinum (e.g., cisplatin and oxaliplatin), antime-
tabolites (e.g., 5-fluorouracil (5-FU), capecitabine, metho-
trexate (MTX), and gemcitabine), topoisomerase inhibitors
(e.g., topotecan, irinotecan, etoposide, and teniposide),
mitotic inhibitors (e.g., paclitaxel, docetaxel, vinblastine,
and vincristine), and molecular-targeted agents (e.g., trastu-
zumab) [8, 9]. Despite advances in the development of
effective chemotherapeutic drugs, their toxicity or adverse
side effects to multiple organ systems and drug resistance
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have remained main barriers to their successful clinical
application [7, 10]. For instance, alkylating agents and topo-
isomerase II inhibitors could increase the risk of secondary
cancer (acute leukemia); anthracyclines, such as doxorubi-
cin, can cause cardiotoxicity; and mitotic inhibitors may
cause peripheral nerve damage [10].

Melatonin, a widely distributed and functionally diverse
molecule, is also known as N-acetyl-5-methoxytryptamine
[11-13]. In addition to influencing circadian rhythms, it
modulates several molecular pathways related to antitumor
effects, antiageing, anti-inflammation, sleep promotion, anti-
venom, body weight regulation, antidiabetic activity, and
vasorelaxant and antifibrotic properties [14-18]. The roles
of melatonin in alleviating chemotherapy drug-induced tox-
icity among the elderly have been widely considered, and a
variety of new mechanisms have been confirmed [19-21].
Accumulated evidence suggests that melatonin enhances
the efficacy and reduces the side effects of chemotherapy
[22-24]. Pineal indoleamine has the double function of
inhibiting cancer and protecting normal tissues, having
low toxicity, being a highly effective free radical scavenger,
and influencing mitochondrial homeostasis and function-
ing [25-27]. Furthermore, studies have demonstrated that
melatonin was superior in preventing free radical destruc-
tion compared to other antioxidants, vitamin E, f3-caro-
tene, vitamin C, and garlic oil [28, 29]. Accordingly, the
results generally showed that melatonin had a favorable
therapeutic use in reducing chemotherapy drug-induced
toxicity. However, the precise mechanisms of melatonin
protection and the key cellular parameters of its influences
still need to be clarified [30].

To study the protective actions of melatonin against che-
motherapy drug-induced toxicity, herein we evaluated the
available published documents regarding recent progress in
this field. First, we present the evidence documenting the
mitochondrial protective effect of melatonin on the toxicity
of chemotherapy drugs. Second, we illustrate and discuss
what is known about how melatonin protects against the det-
rimental roles of chemotherapy drug-induced toxicity while
enhancing the efficacy of chemotherapeutic agents against
tumor in various organs. Finally, we discuss several novel
potential directions for future research in this field. Collec-
tively, the information compiled here will provide a compre-
hensive reference for the actions of melatonin in protecting
against chemotherapy drug-induced toxicity.

2. Correlation between Melatonin and Ageing

Accumulating studies indicate that melatonin is an antiage-
ing agent that may retard the consequences of senescence
[31]. Ageing results in circadian rhythm disorders, thus
deregulating the melatonin synthesis [1]. The decrease of
the melatonin peak in the elderly at night is consistent with
the hypothesis that melatonin is related to senescence [32].
Melatonin mediated the important signaling pathways such
as SIRT1 that is an ageing inhibitor whose upregulation
may be associated with ageing [33]. Furthermore, senescence
is an important pathogenic factor, which decreases the effi-
ciency of the respiratory chain, increases electron leakage,
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generates free radicals, reduces the production of ATP, and
finally leads to mitochondrial dysfunction [34], which can
be ameliorated by melatonin. Additionally, melatonin may
prolong life-span [35]. Chronic nighttime administration of
melatonin significantly extended the life-span of mice and
increased their immunocompetence [36, 37]. A recent report
indicated that the synthesis of melatonin in mitochondria
may be a key aspect of indole’s role in ageing [14].

3. Senior Patients Are More Susceptible to the
Side Effects of Chemotherapy

Senescence gradually restricts the functional reserve of multi-
ple organ systems and affects the pharmacokinetics and
pharmacodynamics of chemotherapy drugs, which may
affect both the efficacy and the toxicity of chemotherapy
[38]. The rate of functional complications of chemotherapy
increases with age, including chronic cardiomyopathy, mye-
losuppression, nephrotoxicity, neutropenic infections, and
chronic peripheral neuropathy [38]. Interestingly, there is a
considerable overlap in the common biological changes that
occur in normal ageing and chemotherapy treatment [39].
As the cause or consequence of mitochondrial dysfunction,
oxidative stress is one of the main driving factors. Increasing
reactive oxygen species (ROS) and reactive nitrogen species
(RNS) levels occur in ageing and age-related diseases, which
were also found in chemotherapy treatment [40]. Besides,
ageing is related to cellular senescence, DNA damage, inflam-
mation, mitochondrial dysfunction, and telomere length
shortening, and chemotherapy is also similarly associated
with all of these processes [39]. Pinder et al. demonstrated
that there was a statistically significant increase in the risk
of congestive heart failure in senior women who received
anthracyclines [41]. The accumulation of cisplatin in the kid-
ney of elderly mice was higher than that of young mice,
which was highly correlated with the age-dependent sensitiv-
ity of cisplatin-induced nephrotoxicity. In addition, the
changes in the inflammatory response and antioxidant sig-
nals of the elderly kidney led to the age-dependent suscepti-
bility to kidney injury [42]. It was also indicated that senior
patients are more susceptible to experience cognitive decline
associated with chemotherapy for breast cancer than younger
patients [43, 44]. Senescence appears to interact with cogni-
tive reserve and increases the risk of cognitive decline after
chemotherapy [43]. The above studies have shown that the
biological processes of the ageing body’s response to chemo-
therapy and degenerative changes overlap with each other,
thus raising the hypothesis that ageing may increase the side
effects of chemotherapy.

4. The Mitochondrial Protective Role of
Melatonin in the Context of Chemotherapy
Drug-Induced Toxicity in Ageing

Mitochondrial dysfunction has been identified as an
important event in chemotherapy-related toxicity in ageing
[45, 46]. The mitochondrion is an organelle for ATP pro-
duction and determines cell fate [30]. An important feature of
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conditions. Melatonin reverses chemotherapy-induced ER stress, as well as nucleus and mitochondrial dysfunction. In the mitochondrion,
chemotherapy drugs lead to electron leakage and excessive free radical production. The ROS directly causes oxidative damage to the
mitochondrial respiratory chain, further resulting in elevated electron leakage, free radical production, and ATP depletion. Moreover, ROS
injures mitophagy, mtDNA, and the mitochondrial membrane structure (TOM complex reduction and mitochondrial membrane lipid
peroxidation increases and elevates mPTP opening), leading to membrane potential loss and proapoptosis factor release. Apart from
directly scavenging free radicals, melatonin protects against mtDNA damage/mutation, activates the antioxidant defense system, activates
SIRT3 to scavenge ROS, and upregulates the TOM complex, the entry gate for the majority of precursor proteins that are imported into
the mitochondria. However, the role of melatonin in mitophagy is less clear. Melatonin inhibits chemotherapy-induced stimulation of
ERK1/2, followed via enhanced phosphorylation of p53 by the upregulation of genes such as Bax, thus resulting in mPTP opening. In the
nucleus, melatonin upregulates Nrf2 and HO-1 expression and decreases TNF-a and IL-1f levels, thus contributing to cell protection. In
the ER, melatonin reverses chemotherapy-induced ER stress via the inhibition of the PI3K/AKT pathway. As a consequence, melatonin
protects diverse organs after chemotherapy. Abbreviations: Akt, protein kinase B; ATP, adenosine triphosphate; IL-1f, interleukin-1;
mPTP, mitochondrial permeability transition pore; ER, endoplasmic reticulum; ERK, extracellular regulated protein kinases; HO-1, heme
oxygenase-1; JNK, c-Jun-N-terminal kinases; mtDNA, mitochondrial DNA; PI3K, phosphoinositide 3 kinase; ROS, reactive oxygen
species; SIRT3, silent information regulator 3; SP, substance P; TOM, translocases in the outer membrane.

mitochondria is that they are closely related to the senes-  additional molecular damage thereby generating a vicious
cence process, including generation of free radicals, produc-  cycle that eventually leads to cell death [52, 53].
tion of ROS and RNS, amplification of damage caused by To reduce cell death, it is essential to break the vicious

free radicals, and regulation of the apoptotic pathway due  circle between free radical production and mitochondrial
to interference with mitochondrial membrane potential  injury [14]. Melatonin, an effective free radical scavenger, is

and susceptibility to oxidative/nitrosative stress [1]. Further-  highly concentrated in mitochondria, which enhances its
more, chemotherapy drugs often produce free radicals,  ability to resist mitochondrial oxidative damage [54, 55].
which are a key cause of cell death [47]. ROS damage mito- However, senescence can lead to the deterioration of circa-

chondrial DNA (mtDNA), leading to the activation of the  dian rhythmicity; thus, it causes disorders in melatonin syn-
extrinsic apoptotic pathway (Figure 1) [48]. In addition, thesis [1, 56]. A certain amount of evidence has been
ROS interfere with calcium homeostasis and induce lipid  accumulated showing that melatonin supplementation coun-
peroxidation, reducing mitochondrial redox potential and  teracts the exacerbating effects of senescence by inhibiting
opening the mitochondrial permeability transition pore  oxidative stress, mitochondrial dysfunction, and inflamma-
(mPTP), thus resulting in membrane potential loss and tion [1, 57]. Various studies have demonstrated that melato-
cytochrome c release [48]. Excessive free radicals directly = nin protected against mitochondrial dysfunction because of
cause oxidative damage to the mitochondrial respiratory  its direct free radical-scavenging activity and its indirect anti-
chain and metabolic enzymes, which further contribute to  oxidant properties [30, 58]. Melatonin effectively combats
more electron leakage and free radical production  chemotherapy-mediated mitochondrial dysfunction by
(Figure 1) [49, 50]. Moreover, DOX reduces or inhibits increasing the expression and activity of the mitochondrial
the activity of the cellular antioxidant defense system that  respiration chain complexes (complexes I and IV), thereby
further leads to the oxidative stress [46, 51]. This leads to increasing ATP production (Figure 1) [59]. When melatonin



inhibits oxidative stress, lipid peroxidation is repressed and
the mitochondrial membrane structure is protected [60]. It
is also documented that melatonin regulates mitochondrial
membrane permeability by modulating the translocases in
the outer membrane (TOM) complex and mPTP activity
(Figure 1) [61, 62]. In consequence, melatonin protects the
mitochondrial membrane potential and inhibits the release
of proapoptotic proteins [63, 64].

Compared with other antioxidants, the most attractive
property of melatonin is that its metabolites also regulate
the mitochondrial redox status by scavenging ROS and
RNS and maintaining bioenergetic homeostasis and their
antiapoptotic effects [30, 65]. Melatonin and its metabolites
form a free radical-scavenging cascade, which makes
melatonin highly effective even at low concentrations and
can protect the organs against radical-induced damage con-
tinuously [66]. Furthermore, cyclic 3-hydroxymelatonin, a
major metabolite of melatonin, protects mitochondrial cyto-
chrome c against free radical-induced damage, and therefore
it may inhibit apoptosis induced by oxidative cytochrome c
release from mitochondria [67].

Additionally, compared with other antioxidants, melato-
nin has a protective effect on the heart without affecting
DOX’s antitumor activity, which is a unique characteristic
of melatonin [68, 69]. Interestingly, some beneficial effects
of melatonin on mitochondrial respiration are independent
of its antioxidant activity but are related to its high redox
potential [70]. This unique property allows melatonin to
interact with the complexes of the electron transport chain,
where it donates or accepts electrons thereby increasing elec-
tron flow in a way that other antioxidants do not [71]. Mela-
tonin also exerts indirect protective effects through other
pathways that do not involve radical scavenging. Melatonin
enhances antioxidant defense systems by stimulating gene
expression and the activity of antioxidants [59, 72] and
improving the de novo synthesis of glutathione (GSH) by
promoting the activity of gamma-glutamylcysteine synthe-
tase [73].

Recent studies have revealed that melatonin inhibits the
production of nitric oxide synthase (NOS) at the level of
NOS gene transcription [74, 75]. Additionally, it was also
shown that melatonin could selectively reduce
mitochondria-induced NOS levels in the heart, thereby
improving mitochondrial function in patients with sepsis
[76]. In addition to the above effects, melatonin also main-
tains a healthy mitochondrial network by regulating mito-
chondrial biogenesis, dynamics, autophagy and mitophagy,
mitochondrial fission and fusion, and its action on mito-
chondrial sirtuin activity [30, 77].

5. The Role of Melatonin in
Anthracycline-Induced Organ Failure

The anthracyclines are the most widely used anticancer drugs
in the treatment of human cancers, including their use in
acute leukemia, Hodgkin’s and non-Hodgkin’s lymphoma,
and breast cancer [78]. Like all other anticancer agents,
anthracyclines are double-edged swords because they may
result in the development of tumor cell resistance, and they
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are toxic to healthy tissues, especially the heart [78]. DOX
and DNR are the original anthracyclines isolated from the
pigment-producing bacterium Streptomyces peucetius in the
1960s. DOX differs from DNR by a single hydroxyl group,
which has spurred researchers worldwide to identify five
DOX/DNR analogs, one (idarubicin) of which is available
in the United States [78]. A number of studies have indicated
that DOX-induced cardiotoxicity is based on elevated oxida-
tive stress via increasing ROS and lipid peroxidation,
together with reducing the antioxidants and sulthydryl
groups [79, 80]. Compared with other organs, the heart has
abundant mitochondria which are sources and targets of
ROS, so that it is vulnerable to DOX-induced oxidative dam-
age [45]. Moreover, the heart consumes more oxygen and has
limited antioxidant defense systems compared with other tis-
sues [81]. Thus, cardiomyocytes expressed low levels of cata-
lase (CAT) and that antioxidant selenium-dependent
glutathione- (GSH-) peroxidase-1 is inactivated when
exposed to DOX, thereby reducing cytosolic antioxidant
Cu-Zn superoxide dismutase [46, 51].

Although many approaches are designed to prevent or
mitigate DOX toxicity, there are limits to the ability of these
therapies to protect organs from injury, especially the heart.
In contrast, the antioxidant melatonin has been effectively
used to reduce cardiomyocyte damage [82, 83]. Melatonin
plays a cardioprotective role against DOX-induced damage,
including by elevating the ST segment and reducing the R-
amplitude, decreasing the serum levels of cardiac injury
markers, protecting antioxidant enzyme activity, reducing
lipid peroxidation, and altering lipid profiles in the serum in
rats (Table 1) [84]. Melatonin ameliorated oxidative stress
by controlling iron and binding protein levels in DOX-
treated rats [85]. Moreover, melatonin promotes the activity
of protective antioxidative enzymes in myocardial cells sub-
jected to the action of DOX. The protective effect is due to
increased GSH levels and stimulation of CAT activity by mel-
atonin in cardiomyocytes during DOX exposure (Table 1)
[86]. Myocardial zinc accumulation may protect against
DOX-induced oxidative stress, and melatonin inhibits the
DOX-induced drop in plasma zinc levels, indicating that mel-
atonin may have an action in maintaining plasma zinc levels
[87]. Additionally, cardiac function was improved and lipid
peroxidation was reduced after melatonin treatment, indicat-
ing that melatonin has a protective effect on DOX toxicity by
attenuating lipid peroxidation (Figure 2) [88-90]. DOX binds
to cardiolipin to form an irreversible complex; thus, it inhibits
oxidative phosphorylation and prevents cardiolipin from act-
ing as a cofactor of mitochondrial respiratory enzymes [91,
92]. Melatonin protects the mitochondria via inhibiting car-
diolipin oxidation that would facilitate the mPTP, resulting
in cell death [93]. Melatonin combined with DOX success-
fully inhibited DOX-induced apoptosis through AMPK-
dependent mechanisms, indicating its potential as a cell death
protectant in DOX chemotherapy [94, 95]. Another study
reported that the protective effect of melatonin was due in
part to inhibiting DOX-induced cardiomyocyte apoptosis
by preventing DNA fragmentation (Figure 2) [30, 96, 97].
Furthermore, melatonin not only resists cardiotoxicity
induced by DOX therapy, but it also enhances its antitumor
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FIGURE 2: Protection of melatonin against chemotherapy drug-induced damage in various organs.

activity more than vitamin E [98]. DOX causes serious
injury when extravasated. Kesik et al. found that melato-
nin ameliorated DOX-induced skin necrosis in rats. More-
over, it could enhance the sensitivity of tumor to DOX
in vivo [22, 99]. Melatonin administered in parallel with
DNR reduced the proportion of apoptotic cardiomyocytes
[100]. Epirubicin increased nitrosative stress only in heart
tissue, and the cardioprotective effect of melatonin par-
tially resulted from its suppression of epirubicin-induced
nitrosative stress [101]. These results reveal that melatonin
has a protective effect against epirubicin-induced cardio-
toxicity [101].

6. The Role of Melatonin in Alkylating
Agent-Induced Organ Failure

6.1. Cyclophosphamide. CP is most widely used an alkylating
agent, and its antineoplastic and immunomodulating activi-
ties have been approved for early and advanced breast cancer
[102]. CP alkylates DNA, forming DNA-DNA cross-links;
thus, it inhibits DNA synthesis and causes cell death [103].
It was also shown that CP exerts its toxic effect via enhancing
free radicals and other reactive oxygen species that cause
lipid peroxidation and cell damage while melatonin provided
an antioxidant defense with a highly chemoprophylactic

effect on CP-induced cytotoxicity [104, 105]. Oxidative stress
markers and the corresponding adaptability of the antioxi-
dant defense system were increased after CP administration,
indicating that oxidative stress plays a central role in CP-
induced injury to the lung. Melatonin prevents CP-induced
oxidative toxicity in pulmonary tissue [106]. Furthermore,
by reducing bladder oxidative stress and blocking the pro-
duction of nitric oxide synthase and peroxynitrite, melatonin
upregulates heme oxygenase-1 (HO-1) and downregulates
substance P (SP) expression, significantly improving bladder
symptoms and lowering histological damage in CP-induced
cystitis in rats (Table 1) [107, 108]. Another work reported
that melatonin administration decreased bladder injury and
apoptosis due to the upregulation of Nrf2 and nuclear tran-
scription factor NF-«B expression [109]. Moreover, melato-
nin cotreatment inhibited the development of hyperplastic
urothelium, statistically significantly reduced cell prolifera-
tion and apoptosis index, and promoted the differentiation
of superficial urothelial cells after CP treatment (Figure 2)
[110]. CP caused spermatic tubule malformation, reduced
the epithelium of spermatic tubules, and caused significant
maturation stagnation and perivascular fibrosis [58]. Melato-
nin significantly improved the histopathologic appearance of
a CP-damaged testis, indicating that the protective effect of
melatonin on CP-induced testicular injury may be due to
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the antioxidant properties of indoleamine [58, 111]. Addi-
tionally, melatonin had potent antigenotoxic effects and sup-
pressed chromosome aberrations against CP-induced
toxicity in mice, which may relate to the scavenging of free
radicals and elevated antioxidant status [112, 113]. Interest-
ingly, the treatment of CP-induced hemorrhagic cystitis in
rats with melatonin is characterized by the increased activity
of the global autonomic nervous system (ANS) and a signif-
icant predominance of sympathetic tone, suggesting that
melatonin may regulate autonomic activity through nonre-
ceptor mechanisms [114].

6.2. Nitrogen Mustard. Nitrogen mustards, also known as
DNA alkylating agents, are an important class of drugs for
cancer treatment [115]. These anticancer drugs are used
effectively in myelogenic leukemia; Hodgkin disease; lung,
testicle, ovarian, and breast cancers; and several lymphomas
[116]. Nonetheless, nitrogen mustards are highly reactive
and lack selectivity; thus, they produce several adverse side
effects [115]. Accumulation of inflammatory cells and
increased proinflammatory cytokines, reactive oxygen spe-
cies, nitric oxide, and peroxynitrite contribute to the patho-
genesis of mustard-induced toxicity. Mechlorethamin
(MECQC), a nitrogen mustard, can result in alveolar epithelial
injury, hemorrhage, inflammation, edema, and interalveolar
septal thickening in lung tissues. Melatonin has anti-
inflammatory properties, has the documented ability to alle-
viate mustard-induced toxicity, and acts as an iNOS inhibitor
and a peroxynitrite scavenger in the lungs [117, 118]. More-
over, both inflammation and oxidative stress may be mecha-
nisms in MEC-induced nephrotoxicity. TNF-a and IL-1p3
levels enhanced markedly with MEC application; melatonin
ameliorated these increases and elevated NOx levels in kid-
ney tissue. This supports the opinion that melatonin has
anti-inflammatory and antioxidant properties [119]. Sup-
pression of the mitochondrial pathway by melatonin signifi-
cantly inhibited mustard-induced anoikis, indicating that
suppression of caspase-dependent mitochondrial permeabil-
ity transition preserves airway epithelial cells from mustard-
induced apoptosis [120].

7. The Role of Melatonin in Platinum-Induced
Organ Failure

7.1. Cisplatin. Cisplatin is widely used as a chemotherapeutic
agent for the treatment of various malignant tumors in pedi-
atric and adult patients, including non-small-cell lung cancer
(NSCLC) and breast, testicular, and ovarian carcinomas
[121]. However, the use of cisplatin is limited by its serious
side effects such as nephrotoxicity and ototoxicity [122].
The decrease of antioxidant status induced by cisplatin
results in the disorders of antioxidant defense against free
radical damage [122]. Melatonin and its metabolites protect
against cisplatin toxicity [123]. Melatonin directly scavenges
the highly toxic hydroxyl radicals (¢OH) and significantly
attenuates renal cytotoxicity and DNA fragmentation
induced by cisplatin [123, 124]. Melatonin treatment pro-
moted the accumulation of Nrf2 and increased the expres-
sion of HO-1 in the cytosolic fraction, indicating that
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melatonin inhibits cisplatin-induced nephrotoxicity by acti-
vating the Nrf2/HO-1 pathway (Table 1) [122]. Cisplatin
exhausts the dormant follicle pool in mouse ovaries via exces-
sive activation of the primordial follicles without inducing
follicular apoptosis. Pretreatment with melatonin effectively
preserved the ovaries from cisplatin-induced injury, an effect
mediated by the MT1 membrane melatonin receptor [125].
Furthermore, melatonin reduces cisplatin-induced follicle
loss via blocking the phosphorylation of the PTEN/AKT/-
FOXO3a pathway (Figure 2) [126]. Cisplatin-treatment
markedly impaired testicular function, but combined treat-
ment with melatonin prevented the testicular toxicity in rats
[111, 127]. Thus, melatonin is a potential therapeutic agent
for protecting the reproductive system during chemotherapy.
The mechanism of the ototoxicity caused by cisplatin
molecular damage is based on the generation of ROS, which
interferes with the physiology of the organ of Corti. As an
antioxidant and immune modulator, melatonin has been
used to treat cisplatin ototoxicity using transtympanic local
application in low doses [128, 129]. Melatonin attenuates
cisplatin-induced cell death and reduced phosphorylated
p53 apoptotic protein, cleaved caspase 3, and Bax levels,
while enhancing the antiapoptotic Bcl-2 gene and protein
expression [130]. It also reversed the effects of cisplatin
through inhibiting the overexpression of mTOR and ERCC
1 and increasing the expression levels of Beclin-1 and
microtubule-associated protein-light chain3-II, bringing
about the development of intracellular autophagosomes
[130]. These findings suggest that melatonin alleviated
cisplatin-induced cell death in HepG2 cells by balancing the
roles of apoptotic- and autophagy-related proteins [130].
Chemotherapy with cisplatin also has various vascular
side effects. A recent report indicates that melatonin treat-
ment protects the aorta during cisplatin-based chemotherapy
[131]. Melatonin increased cisplatin-induced cytotoxicity
and apoptosis in human lung adenocarcinoma cells [132].
Melatonin combined with chemotherapy had no effect on
survival and adverse events in patients with advanced
NSCLC, but showed a trend of improving health-related
quality of life [133], which suggests that melatonin has the
potential to treat NSCLC in combination with cisplatin.

7.2. Oxaliplatin. Oxaliplatin is a third-generation platinum
compound which is active against colorectal growth, but its
clinical application is limited attributed to peripheral neu-
ropathy progression [134]. Mitochondrial dysfunction has
been considered to be the main pathological mechanism of
oxaliplatin-induced neurotoxicity, and the suppression of
autophagy may also aggravate the death of neurons [135].
Melatonin has neuroprotective roles in oxaliplatin-induced
peripheral neuropathy [135]. Moreover, melatonin protects
against the oxaliplatin-induced pain and neuropathic deficits
in rats [54, 135]. Melatonin suppressed the loss of mitochon-
drial membrane potential and Bcl-2/Bax ratio, as well as the
release of sequestered cytochrome ¢, while promoting neuri-
togenesis in oxaliplatin-stimulated neuro-2a cells [135, 136].
Melatonin lowered oxaliplatin-induced mitochondrial lipid
peroxidation levels and protein carbonyl content and regu-
lated the changes of mitochondrial nonenzymatic and
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enzymatic antioxidants and complex respiratory enzymes
[54]. It also improved oxaliplatin-mediated nitrooxidative
stress to prevent nitrosylation of proteins and loss of
antioxidant enzymes; thus, it ameliorates the function of
the mitochondrial electron transport chain and maintains
the biological energy of cells by increasing ATP levels
[135]. The protective effects of melatonin are also par-
tially due to the prevention of oxaliplatin-induced neuro-
nal apoptosis via promoting the autophagy pathway of
the peripheral and dorsal root ganglia (DRG) [135]. Mel-
atonin was also found to inhibit proteolytic activation of
caspase 3, inactivation of poly(ADP-ribose) polymerase,
and DNA damage, thus allowing SH-SY5Y cells resistant
to apoptotic cell death [136]. A recent study shows that
melatonin reduces oxaliplatin-induced apoptosis via pre-
venting GSH depletion and Mcl-1 downregulation in
renal carcinoma Caki cells [137]. It has been documented
that the neuroinflammatory response in the dorsal horn
of the spinal cord is a key factor in oxaliplatin-induced
pain. Melatonin has been reported to have anti-
inflammatory and antiallodynia effects in preclinical and
clinical pain studies [138].

8. The Role of Melatonin in
Antimetabolite-Induced Organ Failure

MTX, a structural analogue of folic acid, is one of the most
effective and potent anticancer drugs used for leukemia and
other malignancies [139]. It is an important component in
the treatment regime of acute lymphoblastic leukemia, lym-
phoma, osteosarcoma, and breast cancer, as well as in head
and neck cancer [139]. However, its high toxicity, including
gastrointestinal, renal, nervous, hepatic, and bone marrow
toxicity, limits its use. The main toxic effects of MTX are
intestinal injury and enterocolitis resulting in malabsorption
and diarrhea [140], which are the major causes of morbidity
in children and adults [141]. It is demonstrated that melato-
nin reduces MTX-induced oxidative stress and small intesti-
nal damage in rats, indicating that supplementation with
exogenous melatonin can significantly attenuate MTX-
induced intestinal injury, and may be beneficial to the
improvement of human enteritis induced by MTX
(Figure 2) [141]. Moreover, a preclinical study reported that
melatonin protected against MTX-induced small intestinal
damage through reducing nitrosative stress, protein tyrosine
nitration, and poly(ADP-ribose)-polymerase (PARP) activa-
tion (Table 1) [142]. Melatonin pretreatment attenuated
MTX-induced oxidative stress, changed antioxidant enzyme
activity, and improved myeloperoxidase activity, suggesting
that melatonin may decrease renal damage via antioxidant
and anti-inflammatory actions [143, 144]. Melatonin pre-
vents MTX-induced hepatotoxicity through antioxidant-
and radical-scavenging activities in male rats [145]. MTX
treatment brings about enhanced malondialdehyde levels
and myeloperoxidase activity and reduces GSH levels in the
blood, liver, and kidney. These effects were reversed by mel-
atonin, suggesting that melatonin may have a high therapeu-
tic benefit when used with MTX [146].
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9. The Role of Melatonin in Mitotic
Inhibitor-Induced Organ Failure

Taxanes, including paclitaxel and docetaxel, are commonly
used chemotherapeutic agents for a variety of malignancies
[147, 148]. Paclitaxel has a wide range of anticancer effects.
In the process of cell division, paclitaxel inhibits cell cycle
and induces cell death by stabilizing microtubules and inter-
fering with microtubule disassembly [149]. In addition to
ameliorating disease-specific outcomes, taxanes also can
cause considerable morbidity. The most common and partic-
ularly troublesome toxicity is taxane-induced peripheral neu-
ropathy [150]. Melatonin plays a beneficial role in taxane-
related neuropathy [151, 152]. Patients treated with melato-
nin during taxane chemotherapy had a lower incidence of
neuropathy, suggesting that melatonin may be useful in pre-
venting or reducing taxane-induced neuropathy and in
maintaining quality of life [151]. Moreover, melatonin pro-
tected rats from paclitaxel-induced neuropathic pain and
mitochondrial dysfunction in vitro (Figure 2) [153]. Mito-
chondrial dysfunction associated with oxidative stress in
peripheral nerves has been considered as a potential mecha-
nism [153]. The potential of melatonin to decrease mito-
chondrial injury and neuropathic pain due to paclitaxel has
been documented [153].

10. The Role of Melatonin in
Molecular-Targeted Agent-Induced
Organ Failure

Trastuzumab, a humanized monoclonal antibody that can be
used against the extracellular domain of human epidermal
growth factor receptor 2 (HER?2), is an important component
of the adjuvant therapy and metastasis therapy for HER2-
positive breast cancers. The herceptin adjuvant study
reported that adjuvant trastuzumab treatment for 1 year
improves disease-free survival and overall survival in patients
with HER2-positive early breast cancer [154]. However, its
side effects limit the use of adjuvant trastuzumab treatment,
including cardiotoxicity, fever and chills, shortness of breath,
muscle weakness, cutaneous rash, diarrhea, and headache
[155]. Trastuzumab is an effective agent for the treatment
of various neoplastic diseases. Oxidative stress markers and
serum CK-MB levels were highly enhanced after treatment
with trastuzumab; these changes were also reversed by mela-
tonin treatment which resulted in near normal levels, which
suggested that melatonin is effective in preventing
trastuzumab-induced cardiotoxicity (Table 1) [156].

11. Melatonin Enhances the Efficacy of
Chemotherapy Agents against Tumors

Mounting evidence indicates that melatonin exerts a variety
of anticancer properties at different stages of tumor progres-
sion and metastasis [157-160]. Moreover, the combination
of melatonin and chemotherapies has been reported to
improve the effectiveness of anticancer drugs [23, 161]. Mel-
atonin significantly enhanced the cytotoxicity of the
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chemotherapy drugs against cancer cells. Consistently, each
of the chemotherapy drugs with melatonin increased the
ratio of cells entering mitochondrial apoptosis due to ROS
overproduction, mitochondrial membrane depolarization,
and highly expanded DNA fragmentation [162, 163]. It was
also reported that melatonin does not interfere with the
action of DOX on cancer cells but actually enhances the
action of the anticancer drug possibly by inhibiting the out-
flow of P-glycoprotein-mediated DOX from cancer cells
[23]. Melatonin potentiates cisplatin-induced apoptosis and
cell cycle arrest in human lung adenocarcinoma cells [132].
Costimulation of HeLa cells with cisplatin in the presence
of melatonin further increased cellular apoptosis, improved
the mitochondrial structure and function, and significantly
increased caspase-9-dependent mitochondrial apoptosis
[161]. Melatonin inactivated mitophagy via blocking c-Jun-
N-terminal kinases (JNK)/Parkin, resulting in the suppres-
sion of antiapoptotic mitophagy, indicating that melatonin
enhances human cervical cancer HeLa cell apoptosis induced
by cisplatin through inhibiting the JNK/Parkin/mitophagy
axis [161, 164]. Furthermore, melatonin substantially aug-
mented the 5-FU-mediated inhibition of cell proliferation,
colony formation, cell migration, and invasion of colon can-
cer cells [165]. It was shown that melatonin and 5-FU syner-
gistically induced cell cycle arrest by activating the
caspase/PARP-dependent apoptosis pathway [165]. Further-
more, melatonin exaggerated the antitumor role of 5-FU by
inhibiting the phosphorylation of the phosphatidylinositol
3-kinase (PI3K)/AKT/iNOS signaling pathways or promot-
ing the translocation of NF-xB p50/p65 from the nuclei to
the cytoplasm, abrogating their binding to the iNOS pro-
moter; thus, it inhibits iNOS signaling [165, 166]. Addition-
ally, melatonin intensified the antitumor actions of
paclitaxel in the endoplasmic reticulum endometrial cancer
cell line, which express MT1 melatonin receptors [167].

12. Potential Future Directions and Conclusions

Senescence is a process of gradual functional deterioration of
physiological mechanisms as time goes on. About half of
human deaths are linked to ageing-related chronic diseases,
including neurological disorders, diabetes, cardiovascular
diseases, and cancer [168, 169]. Mitochondrial dysfunction
is the main driver of these processes, which occur in ageing
and age-related disorders; they were also found in chemo-
therapy treatment [40]. Mitochondria are major production
sites of free radicals and related toxic species [170]. Abnor-
mal mitochondrial function, increased ROS production,
damaged mitochondrial DNA, decreased respiratory com-
plex activities, and augmented electron leakage and mPTP
opening played key roles in the pathophysiology of chemo-
therapy agent-induced toxicity in ageing [30]. Consistent
with the amphiphilic nature of melatonin, it easily crosses
all biological barriers and gains access to all compartments
of the cell, and it is highly concentrated in mitochondria,
indicating its ability to resist mitochondrial oxidative damage
[171, 172]. Melatonin was first implicated in modulating
nuclear SIRT1 during the biological process of cancer [173,
174]. SIRT3 indirectly reduces cellular ROS to prevent the
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cardiac hypertrophic response [175]. Moreover, both
MnSOD and catalase levels of SIRT3 transgenic mice were
increased, implying that SIRT3 was partly responsible for
the enhancement of the antioxidant defense mechanisms of
the heart [175]. These evidences potentially indicate that
melatonin may have the ability to regulate mitochondrial sir-
tuins during DOX-induced cardiotoxicity [176]. It is demon-
strated that mtDNA lesions caused by ROS or ERK1/2
activation directly induced by DOX, followed by elevated
phosphorylation of p53, upregulated genes such as Bax
[177]. After melatonin pretreatment, ERK2, phosphorylated
p38, HSP-70, phosphorylated p53, c-Jun, and other crucial
stress protein levels returned to normal [178]. Additionally,
excessive DNA damage and enhanced ROS production
induced by DOX, resulting in PARP hyperactivation and
energy depletion, promotes necroptosis [179, 180].

Melatonin also activates mitochondrial STAT3 via the
SAFE pathway of decreasing myocardial IR damage [181-
183]. In cultured neonatal rat cardiomyocytes and isolated
rat hearts, melatonin precondition alleviates IR-induced
mitochondrial oxidative damage by activating the JAK2/-
STATS3 signaling pathway, as well as enhances mitochondrial
mitophagy via activating the AMPK-OPAL1 signaling path-
ways [184-187]. Thus, melatonin may protect against che-
motherapy agent-induced mitochondrial oxidative damage
through similar pathways. Apart from melatonin as an effec-
tive free radical scavenger, it also maintains a healthy mito-
chondrial network by regulating mitochondrial biogenesis,
dynamics, and mitophagy [188]. Melatonin has multiple
mitochondrial benefits in Alzheimer’s disease, by signifi-
cantly reducing ROS-mediated mitochondrial fission, mito-
chondrial membrane potential depolarization, and
mitochondrial tardiness, thereby stabilizing cardiolipin; col-
lectively, these actions reduce enhanced mitochondria-
mediated cell death [189].

It is well documented that DOX causes endoplasmic
reticulum (ER) dilation, indicating that DOX may also affect
ER function apart from actions in the mitochondrion [190].
ER is involved in protein folding, calcium homeostasis, and
lipid biosynthesis [191]. ER stress refers to the accumulation
of unfolded proteins induced by oxidative stress, ischemic
injury, calcium homeostasis disorders, and/or enhanced
expression of folded defective proteins [191]. DOX stimu-
lates the ER transmembrane stress sensor, activating tran-
scription factor 6, while suppressing X-box binding protein
1 expression, a gene downstream of activating transcription
factor 6 [190]. The reduced expression of X-box binding pro-
tein 1 lowered the ER chaperone glucose-regulated protein 78
level that is crucial in adaptive responses to ER stress [190].
The results of this study revealed that DOX promoted the
apoptosis response induced by ER stress without inducing
the ER chaperone glucose-regulated protein 78, further ele-
vating ER stress in the hearts (Figure 1). Moreover, doxoru-
bicin activated caspase-12, an ER membrane-resident
apoptotic molecule, which leads to cardiomyocyte apoptosis
and cardiac dysfunction [190]. Melatonin reverses
tunicamycin-induced ER stress by preventing the PI3K/AKT
pathway, and it promotes cytotoxic response to DOX via
enhancing C/EBP-homologous protein (CHOP) as well as
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decreasing surviving in human hepatocellular carcinoma
cells [192, 193]. Therefore, in addition to protecting mito-
chondrial homeostasis, maintaining ER homeostasis may
also be an important mechanism for melatonin to participate
in antichemotherapeutic drug injury. This is an area where
more intensive investigation is warranted.

A number of clinical studies have shown that melatonin
treatment improves the efficacy and decreases the side roles
of chemotherapy, prolongs survival time, and promotes qual-
ity of life for patients [82, 90, 194, 195]. The beneficial effects
of melatonin administration are partially results from its
direct free radical-scavenging activity and its indirect antiox-
idant properties [30]. Increasing reports on the role of mela-
tonin in animal experiments and clinical trials will
undoubtedly deepen our understanding of the protective
and beneficial mechanisms of melatonin during chemother-
apy. One clinical trial included 70 cancer patients (advanced
NSCLC) who were treated with a combination of cisplatin
plus etoposide or the chemotherapy drugs plus melatonin.
On the basis of complete and partial tumor response rate,
melatonin enhanced the effect of cisplatin plus etoposide,
and improved the 1-year survival rate. Furthermore, the inci-
dences of myelosuppression, neuropathy, and cachexia were
significantly reduced, indicating that patients treated with
melatonin had better tolerance to chemotherapy [23].
Another clinical trial treated a total of 250 patients with met-
astatic solid tumors who were given a variety of different che-
motherapies alone or in combination with melatonin [23].
The objective tumor regression rate and the 1-year survival
rate were again improved by melatonin cotreatment. More-
over, melatonin significantly alleviated the incidence of
thrombocytopenia, neurotoxicity, cardiotoxicity, stomatitis,
and asthenia [23]. The patients included in these studies were
in the advanced stages of disease where any one treatment is
likely to have little effect. Therefore, any benefit of melatonin
therapy seems exceptional and applying melatonin therapy
in the early stages of cancer seems reasonable, with the prom-
ise of greater benefits [23]. Although other clinical trials
(NCT01557478, Phase 3; NCT02454855, Phase 3) related to
melatonin alleviating the toxicity and improving the efficacy
of chemotherapy have yet to be published, it seems necessary
to use it more widely given the molecule’s apparently benefi-
cial properties and low toxicity. It is suggested that the ther-
apeutic value of melatonin in chemotherapy-induced toxicity
and its relationship with mitochondrial dysfunction in fur-
ther double-blind placebo-controlled studies be evaluated;
we anticipate a bounty of additional beneficial findings on
the actions of melatonin cotreatment with chemotherapy
agents in the next decade.
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The standard treatment for cancer is generally based on using cytotoxic drugs, radiotherapy, chemotherapy, and surgery. However,
the use of traditional treatments has received attention in recent years. The aim of the present work was to provide an overview of
medicinal plants effective on colon cancer with special emphasis on bioactive components and underlying mechanisms of action.
Various literature databases, including Web of Science, PubMed, and Scopus, were used and English language articles were
considered. Based on literature search, 172 experimental studies and 71 clinical cases on 190 plants were included. The results
indicate that grape, soybean, green tea, garlic, olive, and pomegranate are the most effective plants against colon cancer. In these
studies, fruits, seeds, leaves, and plant roots were used for in vitro and in vivo models. Various anticolon cancer mechanisms of
these medicinal plants include induction of superoxide dismutase, reduction of DNA oxidation, induction of apoptosis by
inducing a cell cycle arrest in S phase, reducing the expression of PI3K, P-Akt protein, and MMP as well; reduction of
antiapoptotic Bcl-2 and Bcl-xL proteins, and decrease of proliferating cell nuclear antigen (PCNA), cyclin A, cyclin D1, cyclin
B1 and cyclin E. Plant compounds also increase both the expression of the cell cycle inhibitors p53, p21, and p27, and the BAD,
Bax, caspase 3, caspase 7, caspase 8, and caspase 9 proteins levels. In fact, purification of herbal compounds and demonstration
of their efficacy in appropriate in vivo models, as well as clinical studies, may lead to alternative and effective ways of controlling
and treating colon cancer.
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1. Introduction

An uncontrolled growth of the body’s cells can lead to
cancer. Cancer of the large intestine (colon) is one of the
main cause of death due to cancer. While the numbers
for colon cancer are somewhat equal in women (47,820)
and men (47,700), it will be diagnosed in (16,190) men
(23,720) more than women. Multiple factors are involved
in the development of colorectal cancer, such as lack of
physical activity [1], excessive alcohol consumption [2],
old age [3], family history [4], high-fat diets with no fiber
and red meat, diabetes [5], and inflammatory bowel dis-
eases, including ulcerative colitis and Crohn’s disease [6].

Prevention of colorectal cancer usually depends on
screening methods to diagnose adenomatous polyps which
are precursor lesions to colon cancer [7]. The standard
treatment for cancer is generally based on using cyto-
toxic drugs, radiotherapy, chemotherapy, and surgery
[8]. Apart from these treatments, antiangiogenic agents
are also used for the treatment and control of cancer
progression [9].

Colon cancer has several stages: 0, I, I1, III, and I'V. Treat-
ment for stages 0 to III typically involves surgery, while for
stage IV and the recurrent colon cancer both surgery
and chemotherapy are the options [10]. Depending on
the cancer stage and the patient characteristics, several
chemotherapeutic drugs and diets have been recom-
mended for the management of colorectal cancer. Drugs
such as 5-fluorouracil (5-FU), at the base of the neoadju-
vant therapies folfox and folfiri, are used together with
bevacizumab, panitumumab, or cetuximab [7].

Chemotherapy works on active cells (live cells), such as
cancerous ones, which grow and divide more rapidly than
other cells. But some healthy cells are active too, including
blood, gastrointestinal tract, and hair follicle ones. Side
effects of chemotherapy occur when healthy cells are dam-
aged. Among these side effects, fatigue, headache, muscle
pain, stomach pain, diarrhea and vomiting, sore throat,
blood abnormalities, constipation, damage to the nervous
system, memory problems, loss of appetite, and hair loss
can be mentioned [11].

Throughout the world, early diagnosis and treatment
of cancer usually increase the individual’s chances of sur-
vival. But in developing countries, access to effective and
modern diagnostic methods and facilities is usually limited
for most people, especially in rural areas [12]. Accordingly,
the World Health Organization (WHO) has estimated that
about 80% of the world population use traditional treat-
ments [13]. One of these treatments is phytotherapy, also
known as phytomedicine, namely, the use of plants or a
mixture of plant extracts for the treatment of diseases.
The use of medicinal plants can restore the body’s ability
to protect, regulate, and heal itself, promoting a physical,
mental, and emotional well-being [14-16]. Various studies
have shown the therapeutic effects of plants on fertility
and infertility [17], hormonal disorders, hyperlipidemia
[18], liver diseases [19], anemia [20], renal diseases [21],
and neurological and psychiatric diseases [22]. Therefore,
due to all the positive effects showed by medicinal plants,
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their potential use in cancer prevention and therapy has
been widely suggested [23-25].

Since the current treatments usually have side effects,
plants and their extracts can be useful in the treatment
of colon cancer with fewer side effects. The aims of this
review are to present and analyse the evidence of medici-
nal plants effective on colon cancer, to investigate and
identify the most important compounds present in these
plant extracts, and to decipher underlying molecular mecha-
nisms of action.

2. Literature Search Methodology

This is a narrative review of all research (English full text
or abstract) studies conducted on effective medicinal
plants in the treatment or prevention of colon cancer
throughout the world. Keywords, including colon cancer,
extract, herbs, plant extracts, and plants, were searched
separately or combined in various literature databases,
such as Web of Science, PubMed, and Scopus. Only
English language articles published until July 2018 were
considered.

In the current narrative review, studies (published
papers) were accepted on the basis of inclusion and exclusion
criteria. The inclusion criterion was English language studies,
which demonstrated an effective use of whole plants or
herbal ingredients, as well as studies which included standard
laboratory tests. In vivo and in vitro studies that were pub-
lished as original articles or short communications were
also included. The exclusion criteria included irrelevancy
of the studies to the subject matter, not sufficient data in
the study, studies on mushrooms or algae, and the lack
of access to the full text. Reviews, case reports/case series,
and letters to editors were also excluded but used to find
appropriate primary literature.

The abstracts of the studies were reviewed indepen-
dently by two reviewers (authors of this study) on the basis
of the inclusion and exclusion criteria. In case of any incon-
sistency, both authors reviewed the results together and
solved the discrepancy. Data extracted from various articles
were included in the study and entered into a check list
after the quality was confirmed. This check list included
some information: authors’ name, year of publication,
experimental model, type of extract and its concentration
or dose, main components, and mechanisms of action (if
reported).

3. Results

3.1. Medicinal Plants and Colon Cancer. Overall, 1,150 arti-
cles were collected in the first step and unrelated articles
were excluded later on according to title and abstract
evaluation. Moreover, articles that did not have complete
data along with congress and conference proceedings
were excluded. Accordingly, a total of 1,012 articles were
excluded in this step. Finally, 190 articles fulfilled the cri-
teria and were included in this review. These papers were
published within 2000-2017. A total of 190 plants were
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included in this study. Based on literature search, 172
experimental studies and 71 clinical cases were included.
Overall, results indicate that grape, soybean, green tea,
garlic, olive, and pomegranate are the most effective plants
against colon cancer. In these studies, fruits, seeds, leaves,
and plant roots were used for in vitro and in vivo studies.

3.1.1. In Vitro Studies. Out of 172 studies, 75 were carried out
on HT-29, 60 on HCT116, and 24 on Caco-2 cells (Table 1).
On HT-29 cells, both Allium sativum root extracts and
Camellia sinensis leaf extracts induced cell apoptosis by two
different mechanisms, respectively. In fact, the former
showed inhibition of the PI3K/Akt pathway, upregulation
of PTEN, and downregulation of Akt and p-Akt expression,
while the latter was involved in attenuation of COX-2 expres-
sion and modulation of NF«B, AP-1, CREB, and/or NF-IL-6.
Moreover, an antiproliferative activity has also been detected
in Olea europaea fruit extracts, which increased caspase
3-like activity and were involved in the production of super-
oxide anions in mitochondria. An antiproliferative activity,
by means of a blockage in the G2/M phase, has also been
reported in Caco-2 cells by Vitis vinifera fruit extracts.
Concerning HCT116 cells, several plants, such as American
ginseng and Hibiscus cannabinus, induced cell cycle arrest
in different checkpoints.

3.1.2. Studies in Animal Models. The most used animal model
is the murine one (Tables 2(a) and 2(b)). In particular, stud-
ies were carried out above all on HT-29 and HCT116 cells.
The effects of the different medicinal plants and their extracts
are essentially the same detected in in vitro studies. In partic-
ular, plant extracts were able to induce apoptosis and inhibit
proliferation and tumor angiogenesis by regulating p53 levels
and checkpoint proteins with consequent cell cycle arrest and
antiproliferative and antiapoptotic effects on cancerous cells.

The main mechanisms of action of medicinal plants are
summarized in Figure 1.

In in vitro studies, it has been found that grapes, which
contain substantial amounts of flavonoids and procyanidins,
play a role in reducing the proliferation of cancer cells by
increasing dihydroceramides and p53 and p21 (cell cycle gate
keeper) protein levels. Additionally, grape extracts triggered
antioxidant response by activating the transcriptional factor
nuclear factor erythroid 2-related factor 2 (Nrf2) [27].

Grape seeds contain polyphenolic and procyanidin com-
pounds, and their reducing effects on the activity of myelo-
peroxidase have been shown in in vitro and in vivo studies.
It has been suggested that grape seeds could inhibit the
growth of colon cancer cells by altering the cell cycle, which
would lead eventually to exert the caspase-dependent
apoptosis [180].

Another plant that attracted researchers’ attention was
soybean, which contain saponins. After 72h of exposure of
colon cancer cells to the soy extract, it was found that this
extract inhibited the activity and expression of protein kinase
C and cyclooxygenase-2 (COX-2) [34]. The density of the
cancer cells being exposed to the soy extract significantly
decreased. Soybeans can also reduce the number of cancer

cells and increase their mortality, which may be due to
increased levels of Rab6 protein [216].

Green tea leaves have also attracted the researchers’
attention in these studies. Green tea leaves, with high
levels of catechins, increased apoptosis in colon cancer
cells and reduced the expression of the vascular endothe-
lial growth factor (VEGF) and its promoter activity in
in vitro and in vivo studies. The extract increased apopto-
sis (programmed cell death) by 1.9 times in tumor cells
and 3 times in endothelial cells compared to the control
group [182]. In another in vitro study, the results showed
that green tea leaves can be effective in the inhibition of
matrix metalloproteinase 9 (MMP-9) and in inhibiting
the secretion of VEGF [183].

Garlic was another effective plant in this study. Its roots
have allicin and organosulfur compounds. In an in vitro
study, they inhibited cancer cell growth and induced
apoptosis through the inhibition of the phosphoinositide
3-kinase/Akt pathway. They can also increase the expression
of phosphatase and tensin homolog (PTEN) and reduce the
expression of Akt and p-Akt [32]. Garlic roots contain
S-allylcysteine and S-allylmercaptocysteine, which are
known to exhibit anticancer properties. The results of a clin-
ical trial on 51 patients, whose illness was diagnosed as colon
cancer through colonoscopy, and who ranged in age from 40
to 79 years, suggest that the garlic extract has an inhibitory
effect on the size and number of cancer cells. Possible mech-
anisms suggested for the anticancer effects of the garlic
extract are both the increase of detoxifying enzyme soluble
adenylyl cyclase (SAC) and an increased activity of glutathi-
one S-transferase (GST). The results suggest that the garlic
extract stimulates mouse spleen cells, causes the secretion
of cytokines, such as interleukin-2 (IL2), tumor necrosis
factor-a (TNF-a), and interferon-y, and increases the
activity of natural killer (NK) cells and phagocytic peritoneal
macrophages [200].

The results of in vitro studies on olive fruit showed that it
can increase peroxide anions in the mitochondria of HT-29
cancer cells due to the presence of 73.25% of maslinic acid
and 25.75% of oleanolic acid. It also increases caspase 3-like
activity up to 6 times and induces programmed cell death
through the internal pathway [217]. Furthermore, the olive
extract induces the production of reactive oxygen species
(ROS) and causes a quick release of cytochrome ¢ from mito-
chondria to cytosol.

The pomegranate fruit contains numerous phytochemi-
cals, such as punicalagins, ellagitannins, ellagic acid, and
other flavonoids, including quercetin, kaempferol, and luteo-
lin glycosides. The results of an in vitro study indicate the
anticancer activity of this extract through reduction of phos-
phorylation of the p65 subunit and subsequent inhibition of
nuclear factor-«B (NF«B). It also inhibits the activity of
TNF receptor induced by Akt, which is needed for the
activity of NF«B. The fruit juice can considerably inhibit
the expression of TNF-a-inducing proteins (Tipa) in the
COX-2 pathway in cancer cells [43]. The effective and impor-
tant compounds in pomegranate identified in these 104 stud-
ies are flavonoids, polyphenol compounds, such as caffeic
acid, catechins, saponins, polysaccharides, triterpenoids,
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Increasing p53 protein in the cell nucleus

Enhancement -

Increasing the expressmn of pre-apoptotic
proteins and simultaneously reducing the
expression of anti-apoptotic proteins

Induction of mitochondrial
permeability
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Increased expression of CIP1 and WAF1

genes

Inhibition of Cdc2 and
Cdk2

|

M
(mitosis)
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G2
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Cells that
cease
division

Effective medicinal plants in
the treatment of colon cancer through the
effect of increasing p53 protein

S phase
(DNA synthesis)

FiGurek 1: Cell damage and cancer trigger p53 activation. The p53 protein activates the apoptotic protein Bax. Bax inhibits the antiapoptotic
protein Bcl-2. During apoptosis, cytochrome c is released from mitochondria. To activate the Apaf-1 protein, the interaction between these
proteins and cytochrome C is necessary. Pro-caspase 9 attaches to Apaf-1 and activates caspase 9. Caspase 9 activates caspases 3 and 7 and

apoptosis occurs.

alkaloids, glycosides, and phenols, such as quercetin and
luteolin, and kaempferol and luteolin glycosides.

In a systematic review of the plants being studied,
some mechanisms were mainly common, including the
induction of apoptosis by means of an increase of expression
and levels of caspase 2, caspase 3, caspase 7, caspase 8, and
caspase 9 in cancer cells, increasing the expression of the
proapoptotic protein Bax and decreasing the expression of
the antiapoptotic proteins.

Many herbal extracts block specific phase of the cell cycle.
For instance, the extract prepared from the leaves of Annona
muricata inhibits the proliferation of colon cancer cells and
induces apoptosis by arresting cells in the G1 phase [53].

They can also prevent the progress of the G1/S phase in can-
cer cells [74]. In general, the herbal extracts reported here
have been able to stop cancer cells at various stages, such as
G2/M, G1/S, S phase, GO/G1, and GI phase, and could
prevent their proliferation and growth.

Other important anticancer mechanisms are the increase
of both p53 protein levels and transcription of its gene. Even
the increase of p21 expression is not without effect [137]. In
an in vitro study on the Garcinia mangostana roots, the
results were indicative of the inhibitory effect of the extract
of this plant on p50 and P65 activation [93]. Moreover,
reduction of cyclin D1 levels and increase of p21 levels are
among these mechanisms [137], as well as inhibition of NFxB
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and reduction of the transcription of its genes, which contrib-
ute to reduce the number of cancerous cells [127]. Other
important anticancer mechanisms are the inhibition of
COX-2, as well as the reduction of the protein levels in
this pathway [34]. In addition to this, in some cases,
the inhibition of MMP-9 can be mentioned as the signif-
icant mechanism of some herbal extracts to kill cancer
cells [183].

4. Conclusion and Perspectives

The findings of this review indicate that medicinal plants
containing various phytochemicals, such as flavonoids, poly-
phenol compounds, such as caffeic acid, catechins, saponins,
polysaccharides, triterpenoids, alkaloids, glycosides, and
phenols, such as quercetin and luteolin, and kaempferol
and luteolin glycosides, can inhibit tumor cell proliferation
and also intduce apoptosis.

Plants and their main compounds affect transcription
and cell cycle via different mechanisms. Among these path-
ways, we can point to induction of superoxide dismutase to
eliminate free radicals, reduction of DNA oxidation, induc-
tion of apoptosis by inducing a cell cycle arrest in S phase,
reduction of PI3K, P-Akt protein, and MMP expression,
reduction of antiapoptotic Bcl-2, Bcl-xL proteins, and
decrease of proliferating cell nuclear antigen (PCNA), cyclin
A, cyclin D1, cyclin B1, and cyclin E. Plant compounds also
increase the expression of both cell cycle inhibitors, such as
P53, p21, and p27, and BAD, Bax, caspase 3, caspase 7,
caspase 8, and caspase 9 proteins levels. In general, this study
showed that medicinal plants are potentially able to inhibit
growth and proliferation of colon cancer cells. But the clinical
usage of these results requires more studies on these com-
pounds in in vivo models. Despite many studies’ in vivo
models, rarely clinical trials were observed among the stud-
ies. In fact, purification of herbal compounds and demon-
stration of their efficacy in appropriate in vivo models, as
well as clinical studies, may lead to alternative and effective
ways of controlling and treating colon cancer.
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Doxorubicin (Dox) with cardiotoxicity and endotheliotoxicity limits its clinical application for cancer. The toxicitic mechanism
involves excess ROS generation. 14-3-3s have the protective effects on various injured tissues and cells. Tetramethylpyrazine
(TMP) is an alkaloid extracted from the rhizome of Ligusticum wallichii and has multiple bioactivities. We hypothesize that
TMP has the protective effects on vascular endothelium by upregulating 14-3-3y. To test the hypothesis, Dox-induced
endotheliotoxicity was used to establish vascular endothelium injury models in mice and human umbilical vein endothelial cells.
The effects of TMP were assessed by determining thoracic aortic strips’ endothelium-dependent dilation (EDD), as well as LDH,
CK, caspase-3, SOD, CAT, GSH-Px activities and MDA level in serum, apoptotic rate, and histopathological changes of vascular
tissue (in vivo). Also, cell viability, LDH and caspase-3 activities, ROS generation, levels of NAD"/NADH and GSH/GSSG,
MMP, mPTP opening, and apoptotic rate were evaluated (in vitro). The expression of 14-3-3y and Bcl-2, as well as
phosphorylation of Bad (S112), were determined by Western blot. Our results showed that Dox-induced injury to vascular
endothelium was decreased by TMP via upregulating 14-3-3y expression in total protein and Bcl-2 expression in mitochondria,
activating Bad (S112) phosphorylation, maintaining EDD, reducing LDH, CK, and caspase-3 activities, thereby causing a
reduction in apoptotic rate, and histopathological changes of vascular endothelium (in vivo). Furthermore, TMP increased cell
viability and MMP levels, maintained NAD*/NADH, GSH/GSSG balance, decreased LDH and caspase-3 activities, ROS
generation, mPTP opening, and apoptotic rate (in vitro). However, the protective effects to vascular endothelium of TMP were
significantly canceled by pAD/14-3-3y-shRNA, an adenovirus that caused knockdown 14-3-3y expression, or ABT-737, a
specific Bcl-2 inhibitor. In conclusion, this study is the first to demonstrate that TMP protects the vascular endothelium against
Dox-induced injury via upregulating 14-3-3y expression, promoting translocation of Bcl-2 to the mitochondria, closing mPTP,
maintaining MMP, inhibiting RIRR mechanism, suppressing oxidative stress, improving mitochondrial function, and alleviating
Dox-induced endotheliotoxicity.

1. Introduction vascular endothelium, and so-called endotheliotoxicity has
also attracted considerable attention [3].

Doxorubicin (Dox) is a broad-spectrum, high efficiency, low Many studies have found that there are various reasons

cost and convenient use of anticancer antibiotic [1]. How- for Dox’s cardiotoxicity or endotheliotoxicity [3, 4]. How-

ever, its dose-dependent cardiotoxicity greatly limits its clin-  ever, one of the most important reason is that Dox itself

ical application [2]. In recent years, the damage of Dox to ~ may induce oxidative stress, resulting in excessive reactive
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oxygen species (ROS) generation [3-6]. In previous studies,
we have shown that Dox toxicity can cause excessive ROS
generation, resulting in severe myocardial damage [7, 8].
However, inhibiting oxidative stress and reducing ROS gen-
eration may alleviate cardiotoxicity or endotheliotoxicity
induced by Dox [9-13]. Phytochemicals are candidate sub-
jects [7, 8, 10-13].

Tetramethylpyrazine (TMP), an alkaloid extracted from
the roots of Ligusticum chuanxiong Hort (LC; Umbelliferae),
a traditional Chinese medicine [14], it has multiple targets
and many biological functions, such as anti-oxidation,
anti-platelet, anti-inflammation, anti-apoptosis and so on
[15-17]. Many studies have shown that TMP has protective
effects on the myocardium, brain, and vascular endothe-
lium, suggesting that TMP has an excellent application
prospect in the prevention and treatment of cardio-
cerebrovascular diseases [16-19]. Recently, we have found
that TMP could up-regulate 14-3-3y expression, improve
mitochondrial function, and reduce apoptosis induced by
LPS to cardiomyocytes [20].

14-3-3s is a highly conserved acidic protein family com-
posed of seven isoforms [21]. Through phosphorylation, it
interacts with the partner protein and participates in almost
all life activities in cells [22]. Our previous studies found that
14-3-3# and 14-3-3y participate in acute myocardial injury
and protection. 14-3-3# participates in ischemia/hypoxia
injury and protection, while 14-3-3y mainly involves infec-
tion or inflammatory injury and protection [20, 23-29].
Recently, we found that curcumin and quercetin could
up-regulate 14-3-3y expression, improve mitochondrial
function, and protect the myocardium against Dox’s cardi-
otoxicity [7, 8].

Therefore, the aims of the current study were to investi-
gate by in vivo and in vitro 1) Whether TMP protected vascu-
lar endothelium against endotheliotoxicity induced by Dox;
2) Whether up-regulation of 14-3-3y expression, phosphory-
lation of Bad (S112) and subsequent translocation of Bcl-2 to
the mitochondria were involved in the protection of TMP
against endotheliotoxicity induced by Dox; 3) Whether the
change of 14-3-3y/Bcl-2 caused by TMP could affect mito-
chondrial oxidative stress that vascular endothelium induced
by Dox endotheliotoxicity; 4) Whether improvement of
mitochondrial function mediated by 14-3-3y/Bcl-2 was
involved in TMP protecting vascular endothelium against
endotheliotoxicity induced by Dox.

2. Materials and Methods

2.1. Materials, Cells and Animals. Adenovirus pAD/14-3-3y-
shRNA and negative control (pAD/scrRNAi) were from
GeneChem Co., Ltd (Shanghai, China). TMP, Dox, phenyl-
ephrine (PE), sodium nitroprusside (SNP), acetylcholine
(Ach), atractyloside (Atr), and ciclosporin A (CsA) were
purchased from Sigma-Aldrich (Cat. No. 95162, DI1515,
P1240000, PHR1423, PHR1546, A6882, C1832, St. Louis,
MO, USA). Mitoquinone (MitoQ) was from MedChemEx-
press (Cat. No. HY-100116, Shanghai, China). ABT-737
was from Selleck (Cat. No. S1002, Houston, TX, USA). Anti-
bodies directed against 14-3-3y was purchased from Santa
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Cruz (Cat. No. sc-69955, Santa Cruz, CA, USA). Antibod-
ies directed against Bcl-2, Bad phospho-S112, eNOS, eNOS
phospho-S1177, cytochrome C (cyt C), COX4, and B-actin
were purchased from Abcam (Cat. No. ab196495, ab129192,
ab5589, ab184154, ab16381, ab33985, ab8229, Cambridge,
UK). Horseradish peroxidase-conjugated IgG was from
Jackson Immuno Research (Cat. No. 107-035-142, West
Grove, PA, USA).

Human umbilical vein endothelial cells (HUVECs) were
purchased from the China infrastructure of cell line resources
(Shanghai, China). Male Kunming mice (8-10 weeks old,
weighing 20-22 g) were provided by the Animal Center of
Nanchang University (Nanchang, China).

All experimental protocols were performed in accor-
dance with the National Institutes of Health (NIH) Guide-
lines for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, revised 1996), and approved by the
Ethics Committee of Nanchang University (No. 2019-0006).

2.2. In Vivo Experiments. Mice were housed (two per cage) in
a controlled environment at a temperature of 22°C, humidity
of 50%, and a 12-hour light/dark cycle. Water was provided
to animals ad libitum.

2.2.1. Experimental Grouping In Vivo. As shown in Figure 1,
75 mice were randomly divided into five groups: the Dox
group, mice were routinely fed for 3 weeks; then intraperito-
neally injected with six injections of 2.5 mg/kg Dox over 3
weeks for a cumulative dose of 15mg/kg [7]; the TMP
+Dox group, mice were administered 6 mg/kg TMP [30],
once daily for 6 weeks via intragastric administration, an
hour before Dox administration; the TMP + Dox + pAD/14-
3-3y-shRNA group, mice were treated with a regimen similar
to the TMP +Dox group for 4 weeks, then injected with
pAD/14-3-3y-shRNA adenovirus; the TMP + Dox + ABT-
737 group, mice were treated with a regimen similar to
the TMP + Dox group for 5 weeks, then followed by a once
daily intraperitoneal injection with ABT-737 (20 ug/kg)
[31], an hour before TMP administration, for 1 week; and
the Control group, mice were given an equal volume of
phosphate buffered saline (PBS) using a regimen similar
to the TMP + Dox group.

2.2.2. Gene Delivery via Tail Vein. The 14-3-3y knockdown
model was constructed in Kunming mice via tail vein injec-
tion of a recombinant adenovirus containing the shRNA of
14-3-3y gene (Genbank ID 22628, target sequence: GCTT
CTGAGGCAGC GTATA) as previously described [32].
Briefly, pAD/14-3-3y-shRNA adenovirus (2x 10'" plaque-
forming units/ml, 200 ul) was injected into the tail vein.
Two weeks post-injection, mice were killed.

2.2.3. Collection of Blood and Tissue. At the end of the exper-
iment, mice were anesthetized using an intraperitoneal injec-
tion with ketamine (100mg/kg) and xylazine (8mg/kg).
Then, blood was collected in heparinized capillary tubes via
a cardiac puncture and immediately centrifuged for 10 min
at 3000 rpm and 25°C for serum separation. Thoracic aorta
rings were harvested in ice-cold physiologic saline solution
(PSS: 0.288g NaH,PO,, 1.802g glucose, 0.44g sodium
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FIGURE 1: Schematic representation of the experimental design in vivo and in vitro. In vivo, 75 mice were randomly divided into five different
groups: Dox group, mice were routinely fed for 3 weeks; then intraperitoneal injected with six injections of 2.5 mg/kg Dox over 3 weeks for a
cumulative dose of 15mg/kg; TMP +Dox group, mice were administered 6 mg/kg TMP, once daily for 6 weeks via intragastric
administration, an hour before Dox administration; TMP + Dox + pAD/14-3-3y-shRNA group, mice were treated with a regimen similar
to the TMP + Dox group for 4 weeks, then injected with pAD/14-3- 3y-shRNA adenovirus; TMP + Dox + ABT-737 group, mice were
treated with a regimen similar to the TMP + Dox group for 5 weeks, followed by a once daily intraperitoneal injection with ABT-
737(20 ug/kg), an hour before TMP administration, for 1 week; Control group: mice were given an equal volume of PBS using a regimen
similar to the TMP + Dox group. For the in vitro experimental groupings: HUVECs in the control group were cultured under normal
conditions (37°C, 95% O, and 5% CO,) over the entire experiment; HUVECs in the Dox group were treated with 1 4uM Dox for 48 hours;
HUVECs in the TMP + Dox group were treated similar to the Dox group, but cells were also co-incubated with 20 uM TMP for 48 hours,
whereas HUVECs in the TMP + Dox + pAD/14-3-3y-shRNA group were treated with pAD/14-3-3y-shRNA for 2 hours before TMP
treatment; HUVECs in the TMP + Dox + ABT-737 group were treated in a manner similar to the TMP + Dox group, but these cells were
also co-incubated with 2 yuM ABT-737 for an hour; HUVECs in the TMP + Dox + Atr group were treated in a manner similar to HUVECs
in the TMP + Dox group, but were also co-incubated for 2 hours with 50 uM Atr; HUVECs in the Dox + CsA/MitoQ groups were treated
in a manner similar to the Dox group, but the cells were also co-incubated with 1M CsA/0.5uM MitoQ for 48 hours, respectively.
HUVECs that underwent these treatments were combined to form Phase A-C (See the 2.3.2 in the text).

pyruvate, 20.0g BSA, 21.48g NaCl, 0.875g KCI, 0.7195g  2.2.4. Determination of Biochemical and Tissues Injury
MgSO, 7H,0, 13.9g MOPS sodium salt, and 0.185g EDTA  Indexes. As a biomarker of tissue injury, the activities of
per liter solution at pH 7.4) and evaluated for vascular reac-  serum lactate dehydrogenase (LDH), and creatine kinase
tivity as described previously [33]. (CK) were measured by a microplate reader (Bio-rad 680,



Hercules, CA, USA) according to the specifications of their
respective assay kit (Nanjing Jiancheng Bioengineering Insti-
tute Co. Ltd., Nanjing, China).

The ferric reducing antioxidant power (FRAP) assay
(Cell Biolabs, Inc. Santiago, CA, USA), which is based on
reduction of the ferric tripyridyltriazine (Fe’"-TPTZ) com-
plex to ferrous (Fe*"-TPTZ), was used to evaluate the anti-
oxidant potential of the serum of mice at an absorption of
560nm [29, 34]. In brief, 5 ul serum and 15 ul deionized
water were mixed with 75ul FRAP color solution. The
mixture was incubated for 30min at 25°C and its OD
was measured at a wavelength of 560 nm by a spectropho-
tometer. A ferrous chloride standard was used to prepare
the standard curve. The concentration of samples, indicat-
ing antioxidant potential, was obtained using the equation
of the standard curve.

Malondialdehyde (MDA), superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GSH-Px) are
vital indexes for estimating oxidative stress [29, 35]. The anti-
oxidant enzyme activities and lipid peroxidation levels in
mice serum were determined according to the manufac-
turer’s instructions. In brief, collected supernatants were
measured using a microplate reader. Kits for measuring
MDA level, SOD, CAT, and GSH-Px activities were pur-
chased from Nanjing Jiancheng Bioenginering Institute Co.
Ltd. (Nanjing, China).

2.2.5. Hematoxylin-Eosin (H&E) Staining and the Terminal
Deoxynucleotidyl Transferase-Mediated Nick End Labeling
(TUNEL) Assay. Freshly harvested thoracic aortas were fixed
in 10% buffered formalin solution embedded in paraffin and
sectioned into 5 pm thick sections that were mounted onto
glass slides. To evaluate morphological changes, H&E stain-
ing was performed. In addition, to detect apoptosis, TUNEL
(Promega, Madison, WI, USA) staining method was per-
formed according to the manufacturer’s guidelines [7].

2.2.6. Vascular Reactivity. Vascular contractility and relaxa-
tion were determined as previously described [33, 36].
Briefly, thoracic aortas were placed in pressure myograph
chambers (DMT Inc., Atlanta, GA, USA), containing warm
PSS, cannulated and secured onto glass micropipettes, and
equilibrated at an intraluminal pressure of 50 mmHg for an
hour at 37°C. First, we confirmed that arteries maintained
constriction to phenylephrine (PE: 10'°-10*M) for the
duration of the experiment until no spontaneous dilatation
occurred during the constriction period (i.e. 5-12min).
Then, the samples were constricted by increasing doses
of PE (10°M, about EC,,), immediately followed by a
dose-response with endothelium-dependent dilator acetyl-
choline (ACh: 10°-10*M). After a washout period and
after pre-constriction to PE (10°M), a dose-response to
the endothelium-independent dilator sodium nitroprusside
(SNP: 10'%-10* M) was performed. The percent of dilation
was calculated based on the maximal luminal diameter of
each artery.

2.2.7. Determination of Nitric Oxide (NO) Contents. The NO
content in mice’s serum or the culture medium was indirectly
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reflected by the contents of nitrite and nitrate [37]. Nitrate is
converted to nitrite by aspergillus nitrite reductase, and the
total level of nitrite was measured using the Griess reagent
(G4410, Sigma-Aldrich), for which the absorbance was deter-
mined at 540 nm. The NO content in samples was presented
as the amounts of nitrite and nitrate (uM) per gram protein
of serum or per liter of culture medium.

2.2.8. Western Blot Analysis. The total amount of protein
from thoracic aortas samples, as well as total amount of pro-
tein and the mitochondrial proteins from HUVECs, were
extracted using a protein extraction kit (Applygen Technolo-
gies Inc, Beijing, China), respectively. The protein concentra-
tion was determined by Bradford method. A total of 50 ug of
protein was separated by denaturing SDS-polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride
membranes. Membranes were then blocked with 5% skim
milk, washed, incubated with primary antibodies directed
against 14-3-3y (1:1000), Bcl-2 (1:500), Bad phospho-S112
(1:500), eNOS (1:1000), eNOS phospho-S1177 (1:1000),
cyt C (1:1000), B-actin (1:2000), and COX4 (1:1000), then
incubated with Horseradish peroxidase-conjugated second-
ary antibody. Subsequently, membranes were incubated with
an enhanced chemiluminescence reagent for 2 min at room
temperature, and protein bands were visualized using an
enhanced chemiluminescence method and analyzed with
Quantity One software (Bio-Rad, Hercules, CA, USA) [7].

2.3. Experiments In Vitro

2.3.1. Endothelial Cell Culture and Adenovirus Transfection.
For transfection assays, HUVECs were cultivated in high-
glucose Dulbecco’s modified Eagle medium (DMEM,
Gibco-BRL, Grand Island, NY, USA) supplemented with
10% heat- inactivated fetal bovine serum (FBS, Gibco-BRL),
penicillin (100 U/mL), and streptomycin (100 pg/mL) and
cultured at 37°C in a humidified atmosphere at 5% CO.,.

Adenovirus pAD/14-3-3y-shRNA and negative control-
pAD/scrRNAi (shRNA of 14-3-3y gene, the target sequence:
GCTTCTGAGGCAGCGTATA and the negative control
sequence: TTCTCCGAACGTGTCACGT) were transfected
into HUVECs cultured in fresh DMEM supplemented with
15% FBS. Transfection efficiency was roughly 85% after 48
hours. Transfected cells were incubated at 37°C, 95% O,,
and 5% CO, for 2 hours before use in the experiments.

2.3.2. Experimental Design (Figure 1)

(1) Phase A. Firstly, we investigated whether TMP-treated
HUVECs confirmed protective effects against the
endotheliotoxicity induced by Dox. As well, the optimal
concentration of TMP-treated was determined.

Cells were randomly divided into the following experi-
mental groups: HUVEC:s in the control group were cultured
under normal conditions (37°C, 95% O, and 5% CO,) over
the entire experiment; HUVECs in the Dox group were
treated with 1 uM Dox for 48 hours [7]; HUVECs in the
TMP +Dox group were treated similar to the Dox group,
but cells were also co-incubated with different concentrations
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of TMP (10, 20, 40, or 80 uM) for 48 hours. At the end of the
experiments, cell viability and LDH activity were determined.

(2) Phase B. Next, we further confirmed whether 14-3-3y
expression and Bcl-2 activity could affect the protective
effects of TMP on Dox’s endotheliotoxicity.

Cells were randomly divided into five groups. Thereinto,
the control, and the Dox group were treated with the above
(1). HUVECs in the TMP + Dox group were treated similar
to the Dox group, but cells were also co-incubated with 20
uM TMP for 48 hours, whereas cells in the TMP + Dox
+pAD/14-3-3y-shRNA groups were treated with pAD/14-
3-3y-shRNA for 2 hours before TMP treatment; HUVECs
in the TMP + Dox + ABT-737 group were treated similar to
the TMP+Dox group, but these cells were also co-
incubated with 2 yM ABT-737 for an hour [31]. At the end
of the experiments, cell viability, apoptosis, LDH and caspase
3 activities, NO levels in the culture medium, the expression
of 14-3-3y, Bad phospho-S112, eNOS, and eNOS phospho-
S1177 in the lysate of HUVECs, and Bcl-2 expression in
mitochondria were determined.

(3) Phase C. Finally, we investigated how TMP-treated
HUVECs maintain mitochondrial function and possible
mechanisms.

In brief, HUVECs were randomly divided into six
groups. Thereinto, HUVECs in the control, the Dox, and
the TMP +Dox group were treated with the above (2).
HUVECs in the TMP + Dox + Atr group were treated similar
to cells in the TMP + Dox group, but were also co-incubated
for 2 hours with 50 uM Atr [38]; HUVECs in the Dox
+ CsA/MitoQ groups were treated similar to the Dox group,
but the cells were also co-incubated with 1 uM CsA/0.5 uM
MitoQ for 48 hours, respectively [39, 40].

At the end of the experiments, cell viability and LDH
activity, oxygen consumption rate (OCR), extracellular acid-
ification rate (ECAR), intracellular and mitochondrial ROS
generation, levels of NAD*, NADH, GSH, and GSSG in
mitochondria/intracellular, mitochondrial membrane poten-
tial (MMP), mitochondria permeability transition pore
(mPTP) opening, and cyt C release from mitochondria to
cytoplasm in HUVECs were determined.

2.3.3. 3-(4,5-Dimethylthiazol-2-Y1)-5-(3-Carboxymethoxyphenyl)-
2-(4-Sulfophenyl)-2H -Tetrazolium (MTS) Assay. Cells were
plated in 96-well plates at a density of 1 x 10* cells/well, incu-
bated at 37°C with 20 yl MTS (5 mg/ml, Promega, Madison,
WI, USA) in 100 ul of DMEM medium for 2 hours. Next, the
absorbance of each well was measured at 490 nm by a micro-
plate reader (Bio-Rad680). The absorbance was directly pro-
portional to the number of live cells.

2.3.4. Measurement of LDH and Caspase-3 Activities. In
HUVECs, LDH is an intracellular enzyme that is released
into the culture medium upon cell damage [7]. In this study,
at the end of the experiment, the supernatant was collected,
and the LDH activity was determined by a microplate
reader (Bio-rad 680) according to the specifications of the

LDH assay kit (Nanjing Jiancheng Bioengineering Institute
Co. Ltd.).

Caspase-3 activity was measured in the cytosolic fraction
of isolated HUVECs as described previously [7]. Briefly,
caspase-3 activity was determined by measuring the cleavage
of a caspase-3-specific substrate [acetyl-Asp-Glu-Val-
Asp(DEVD)-p-nitroanilide (pNA)(DEVD-pNA)] using a
caspase-3 activity assay kit (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s instructions.

2.3.5. Assessment of Endothelial Apoptosis Using Annexin
V-FITC and PI. Assessment of apoptosis of HUVECs was
performed using an Annexin V-EGFP/PI apoptosis detection
kit (BD Biosciences, San Diego, CA, USA). Annexin V-
stained cells were analyzed using a Cytomics FC500 flow
cytometer (Beckman Coulter, Brea, CA, USA) and DCF
fluorescence was determined, which is an index of cellular
damage [7].

2.3.6. Measurement of Intracellular and Mitochondrial ROS.
Intracellular and mitochondrial ROS generation was mea-
sured using a DCFH-DA or mitoSOX probe as previously
method [41]. In brief, cells were harvested and washed with
serum-free DMEM media. Then, cells were mixed with
serum-free media containing 10 yM DCFH-DA probe
(Molecular Probes, Eugene, OR, USA) or 5 uM mitoSOX
probe (Thermo Fisher Scientific, Waltham, MA, USA) and
incubated at 37°C in the dark for 30 min with slight agitation
every 5 min. Subsequently, cell pellets were collected, washed
three times with PBS, and resuspended in 500 uL PBS for
flow cytometry analysis (Cytomics FC500). The induced
green fluorescence from 10,000 cells was documented at
488 or 510 nm. Flow Jo software was used to analyze the aver-
age fluorescence intensity.

2.3.7. Evaluation of OCR and ECAR. Mitochondrial respira-
tion is an indicator of the functional bioenergetics capacity
of the mitochondria and overall cellular health [29, 42]. In
the present study, we used an XFp Extracellular Flux Ana-
lyzer (Seahorse Biosciences, North Billerica, MA, USA) to
evaluate the OCR, which was measured as a function of time.
In brief, HUVECs were seeded in Seahorse XFp cell cultured
miniplates at a density of 5,000 cells/well and subjected to the
corresponding treatment. After analysis of basal respiration,
oligomycin (complex V inhibitor, 10 uM), carbonyl-cya-
nide-4-(trifluoromethoxy) phenylhydrazone (FCCP, per-
meabilizes the inner mitochondrial membrane for protons,
2 uM), rotenone/antimycin A (inhibitors of complex I and
I, 0.5uM/0.5 uM) were added sequentially. Wells without
cells served as background and were used to normalize the
reading of each well to the background noise of the plate.
OCR was normalized to total protein per well.

To monitor glycolytic function, ECAR, expressed as
mpH/min, was determined. The measurement procedure
was similar to that of OCR described above. After measure-
ment of basal ECAR, glucose solution (80 mM), oligomycin
(5mM), and 2-DG (100mM) were added sequentially to
determine glycolysis, glycolytic capacity, and the glycolytic
reserve, respectively [42].



2.3.8. Isolation of Mitochondrial Fractions and Assessment of
Nicotinamide Adenine Dinucleotide Mitochondrial. At the
end of the experiments, HUVECs were collected and washed
twice with cold PBS. The cells were resuspended in 1 x Cyto-
sol Extraction Buffer Mix and homogenized on ice. The mix-
ture was left on ice for 15 min and centrifuged at 1,300 x g for
5min at 4°C. The supernatant was then transferred into a
new tube and spun at 17,000 x g for 10 min at 4°C to precip-
itate the mitochondria. This pellet was resuspended in 15%
Percoll (Cat. No. P4937, Sigma- Aldrich), and layered onto
a preformed gradient of 22% Percoll, then layered onto 50%
Percoll. The Percoll density gradient was centrifuged at
17,000 x g for 10 min at 4°C, and purified mitochondria were
collected at the interface between the 50% and 22% gradients.
The purified mitochondrial sample was centrifuged at
7,000 x g for 10 min at 4°C [27, 43].

Nicotinamide adenine dinucleotide exists in an oxidized
(NAD") form and a reduced (NADH) form. Total NAD™"
and NADH levels in the purified mitochondrial samples were
quantified using an NAD"/NADH quantification kit accord-
ing to the manufacturer’s instructions (Biovision, Milpitas,
CA, USA) [43]. Total NAD*/NADH levels were assessed by
converting all NAD™ in the samples to NADH using the
NAD Cycling Enzyme Mix and NADH Developer included
in the kit. Nicotinamide adenine dinucleotide reduced-only
concentrations were achieved by heating the mitochondrial
samples to 60°C for 30 min to decompose NAD". Reduced
nicotinamide adenine dinucleotide was measured at OD
450 nm using a spectrophotometer microplate reader (Bio-
Tek Instruments, Winooski, VT, USA). Known concentra-
tions of purified NADH were used to generate standard
curves and to calculate mitochondrial concentration. Values
of NAD" were generated by subtracting the NADH-only
value from the total NAD"/NADH value.

2.3.9. Assessment of Intracellular GSH, GSSG, and GSH/GSSG
Ratio. Reduced glutathione is the most abundant intracellu-
lar thiol. The intracellular redox state is reflected by the levels
of oxidized (GSSG) and reduced (GSH) glutathione. The
GSH/GSSG ratio is also an essential indicator of cellular
health [44, 45]. Measurements were performed according to
the manufacturer’s instructions using supernatants from cells
lysed after treatment. GSH, GSSG, and GSH/GSSG ratio
assay kits were purchased from Beyotime Institute of Bio-
technology (Haimen, Jiangsu, China).

2.3.10. Assessment of MMP. Flow cytometry analysis was
used to assess the loss of MMP using the fluorescent indica-
tor, JC-1 (5, 5, 6, 6-tetrachloro-1,1’,3,3’-tetraethyl-benz-
imidazole carbocyanine iodide, Invitrogen, Carlsbad, CA,
USA). HUVECs were harvested and the cell suspension was
incubated with JC-1 (200 yM) at 37°C for 20 min followed
by two rounds of washing with PBS to remove the remaining
reagents. Fluorescence was measured with a Cytomics FC500
flow cytometer with initial excitation and emission wave-
lengths (ex/em) of 530 and 580 nm (red), followed by ex/em
at 485/530 nm (green). The ratio of red to green fluorescence
intensity of cells indicated the level of MMP [7].
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2.3.11. Opening of mPTP. In cell apoptosis, mPTP opening
plays a major role and the Ca** induced mitochondria swell-
ing assay can be used to determine mPTP opening. The iso-
lated mitochondria were resuspended in swelling buffer
(KCl 120 mM, Tris-HCI 10mM, MOPS 20mM, KH,PO,
5mM), and poured into a 96-well microtiter plate. The addi-
tion of 40 ul of CaCl, solution (200 nM) to each well served as
a stimulant of mPTP opening and resulted in a steady decline
in mitochondrial density. The absorbance at 520nm was
measured every minute until stable values were observed.
To measure the extent of mPTP opening, changes in absor-
bance were calculated [7].

2.4. Statistical Analysis. All values were expressed as the
means * standard error of mean (SEM). One-way analysis
of variance (ANOVA) was employed to test the significance
of differences in the biochemical data across groups, followed
by post hoc testing for individual differences. The results
were considered significant at a value of P <0.05.

3. Results

3.1. TMP-Treated Alleviates Vascular tissue’s Damage
Induced by Dox Toxicity in Mice. As shown in Figure 2(a),
as expected, the activities of serum LDH and CK in the Dox
group were significantly increased (P < 0.01), which were sig-
nificantly decreased following TMP-treated (P<0.01), and
restored mostly when combined with pAD/14-3-3y-shRNA
or ABT-737 (P <0.01), indicating that Dox had caused tissue
and/or organ damage in mice, TMP could effectively resist
it, but which depended on 14-3-3y expression and Bcl-2
activity.

Histopathological examination of mice’s thoracic aortas
also confirmed the protective effects of TMP on Dox-
induced vascular toxicity. As shown in Figure 2(c), in the
Dox’s mice, some inflammatory changes, such as inflamma-
tory infiltration, and cell swelling, were found in the thoracic
aorta’s tissue. However, tissue injury was significantly
reduced with TMP-treated. Further, the apoptosis of thoracic
aorta’s tissue was assayed using TUNEL staining
(Figure 2(d)). In microscopy, the Dox group clearly pro-
moted apoptosis of the thoracic aorta’s tissue, which was sig-
nificantly reversed by TMP-treated. However, when
combined with pAD/14-3-3y-shRNA or ABT-737, the above
protective effects of TMP were mostly canceled.

As illustrated in Figure 2(b), the serum contents of NO in
the Dox’s mice were much lower (P <0.01), which were sig-
nificantly reversed by TMP-treated (P <0.01). This change
could be mostly completely counteracted by pAD/14-3-3y-
shRNA or ABT-737 (P<0.01). Furthermore, we detected
the expression of eNOS and p-eNOS of the thoracic aorta’s
tissue in all mice, respectively. As illustrated in Figures 3(c)
and 3(g), the aortic tissue in the Dox’s mice, the p-eNOS/e-
NOS ratio was reduced (P<0.01), which significantly
reversed by TMP-treated (P<0.01), but it could be only
partly counteracted by pAD/14-3-3y-shRNA or ABT-737
(P<0.01). The above results indicated that TMP-treated
could promote the phosphorylation of eNOS in the aortic
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FIGURE 2: TMP-treated alleviates vascular tissue’s damage induced by Dox toxicity in mice. (a) The activities of mice’s serum LDH and CK.
(b) Serum contents of NO. (c) H&E staining was performed for morphological analysis in the thoracic aortas tissue. Blue arrow: spotty
necrosis; Orange arrow: hypertrophy of interstitial cells. (d) TUNEL staining was performed for morphological analysis in the thoracic
aortas tissue. Orange arrow: TUNEL-positive cells. Data are presented as the mean + SEM. for fifteen individual experiments. a: P<0.01,
versus control group; b: P<0.01, versus Dox group; c: P <0.01, versus TMP + Dox group.

tissue, increase NO synthesis, which also only partly
depended on 14-3-3y expression and Bcl-2 activity.

3.2. TMP-Treated Protects the Vascular endothelia’s Function
against the Endotheliotoxicity by Dox in Mice. Generally, the
control experiments of endothelium-dependent dilation
(EDD) with Ach and endothelium-independent dilation
(EID) with SNP are noteworthy criteria for judging whether
the vascular endothelium’s function normally or not [33].
As shown in Figures 3(a) and 3(b), EDD in the Dox group
was markedly impaired (P <0.01), and area under the curve

(AUC) of dose-effect relationship decreased to 34.3% of the
control group (P<0.01). TMP-treated improved EDD such
that dilation was significantly increased at several doses of
Ach (P<0.01), and AUC also recovered to 78.6% of the
control group (P <0.01), but it could be mostly also reversed
by pAD/14-3-3y-shRNA or ABT-737 to 42.5% and 45.5% of
the control group, respectively (P<0.01). Similarly, EID in
the Dox group was significantly impaired, and the AUC
was 28.3% compared to the control group, TMP-treated
improved could also reverse the related changes (P<0.01,
Figure S1A and B of the section of Supplementary
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FIGURE 4: TMP-treated protects HUVECs against the endotheliotoxicity induced by Dox. (a) Cell viability of HUVECs. (b) LDH activities in
culture media. (c) Histogram of the caspase-3 activity in HUVECs. (d) Flow cytometry dot plots (x-axis: annexin V-staining, y-axis: PI
staining), and the quantitation of apoptotic cells. Data are presented as the mean + SEM. for eight individual experiments. a: P<0.01,
versus control group; b: P <0.01, versus Dox group; c: P < 0.01, versus TMP + Dox group.

materials). This indicated that TMP-treated could
significantly alleviate vascular endothelium’s damage by
Dox toxicity, it also has considerable to ease harm to
vascular smooth muscle, of course, which also depended on
14-3-3y expression and Bcl-2 activity.

As illustrated in Figures 3(c)-3(f), it was interesting that
in the aortic tissue TMP-treated up-regulated 14-3-3y
expression and promoted the phosphorylation of Bad,
especially upregulation of mitochondrial Bcl-2 expression
(P<0.01). However, ABT-737, a specific Bcl-2 inhibitor
[31], did not affect up-regulation of 14-3-3y expression and
Bad phosphorylation by TMP-treated (P> 0.05), but could
significantly reduce Bcl-2 expression by TMP-treated in
mitochondria (P<0.01).

3.3, TMP-Treated Protects HUVECs against the
Endotheliotoxicity Induced by Dox. Cell viability and LDH
leakage generally serve as indexes of cell injury [7]. To eval-

uate the effects of TMP-treated, we tested different concen-
trations of TMP-treated on HUVECs that were subjected
to Dox toxicity. As shown in Figure S2A and B of the
section of Supplementary materials, HUVECs subjected to
Dox toxicity showed a decrease in cell viability (P<0.01)
and an increase in LDH activity (P<0.01). TMP-treated
significantly increased cell viability and reduced LDH
activity (P<0.01) in a concentration-dependent manner.
The optimal concentration of TMP-treated was determined
to be 20 uM by chosen for subsequent experiments.
Interestingly, co-treatment by pAD/14-3-3y-shRNA or
ABT-737 mostly abolished the protective effects of TMP-
treated (Figures 4(a) and 4(b), P <0.01).

When compared with the control group, cell viability and
LDH activity did not change when using TMP alone, CsA
alone, MitoQ alone, pAD/scrRNAi alone, TMP+ pAD/14-
3-3y-shRNA, TMP +pAD/scrRNAi, TMP + ABT-737, and
TMP + Atr (P>0.05), however, treatment with pAD/14-3-
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3y-shRNA alone, ABT-737 alone or Atr alone, cell viability
was lower and LDH activity was higher compared to that of
the control group (P <0.01, Figure S3A and B of the section
of Supplementary materials), indicating that 14-3-3y
expression, Bcl-2 activity, and mPTP closing play a vital
role in maintaining normal HUVECs function. This was
also the case for the pAD/14-3-3y-shRNA+Dox, the ABT-
737 +Dox, and the Atr+Dox groups compared with the
Dox group (P<0.01). But cell viability and LDH activity
did not change when using pAD/scrRNAi+Dox (P> 0.05,
Figure S4A and B of the section of Supplementary
materials), indicating that could aggravate HUVECs
injury using pAD/14-3-3y-shRNA downregulates 14-3-3y
expression, or ABT-737 inhibits Bcl-2, or Atr opens the
mPTP. However, pAD/scrRNAI as a negative control could
not affect cell viability and LDH activity.

As shown in Figure 4(c), the caspase-3 activity in the Dox
group was significantly increased when compared to that in
the control group (P<0.01), whereas TMP-treated signifi-
cantly inhibited the caspase-3 activity when compared to
the Dox group (P<0.01). The caspase-3 activities of
increased upon TMP plus pAD/14-3-3p-shRNA or ABT-
737 (P<0.01).

The degree of HUVECs apoptosis was evaluated using
Annexin V/PI double staining, then analyzed by flow cytom-
etry (Figure 4(d)). The results showed that when compared
with the Dox group, apoptosis by TMP-treated was signifi-
cantly reduced (P < 0.01). However, a higher rate of apoptosis
was observed in cells with TMP plus pAD/14-3-3y-shRNA or
ABT-737 (P<0.01).

3.4. TMP-Treated Alters the Expression, Phosphorylation,
or Sublocalization, or Metabolism of the Related Active
Proteins in HUVECs of Dox Injury. As illustrated in
Figures 5(a)-5(d), in HUVECs TMP-treated significantly
up-regulated 14-3-3y expression and promoted the phos-
phorylation of Bad, especially upregulation of mitochondrial
Bcl-2 expression (P<0.01), TMP plus pAD/14-3-3y-shRNA
could completely reverse the above changes. However,
ABT-737 had no effect on up-regulation of 14-3-3y expres-
sion and Bad phosphorylation by TMP (P> 0.05), but could
significantly reduce Bcl-2 expression in mitochondria caused
by TMP-treated (P <0.01).

When compared with the control group, 14-3-3y expres-
sion did not change when using pAD/scrRNAi alone-treated,
as same as using TMP + pAD/scrRNAi+Dox and TMP + Dox
(P>0.05, Figure S5 of the section of Supplementary
materials), indicating that pAD/scrRNAi did not affect 14-
3-3y expression as a negative control.

As illustrated in Figures 5(a), 5(e) and 5(f), in HUVECs,
the p-eNOS/eNOS ratio increased significantly (P <0.01)
after TMP-treated, and NO content increased significantly
(P<0.01) as a follow-up result, but pAD/14-3-3y-shRNA or
ABT-737 could partly counteract it (P<0.01). The above
results indicated that TMP-treated could promote the phos-
phorylation of eNOS in HUVECs, increase NO synthesis,
which also only partly depended on 14-3-3y expression and
Bcl-2 activity.
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3.5. TMP-Treated Preserves the Intracellular/Mitochondrial
Balance between ROS Generation and Their Neutralisation
in HUVECs. It has previously been shown that oxidative
stress plays a key role in Dox toxic injury [7, 8]. First, we
found that HUVECs were treated by 1 uM Dox added
1uM CsA [39], a mPTP closing agent, or 0.5uM MitoQ
[40], a mitochondria-targeted CoQ-10 antioxidant co-incu-
bation, cell viability increased and LDH activity in the culture
medium decreased, these results indicated that CsA and
MitoQ alleviate caused HUVECs injury by Dox toxicity.
However, 50uM Atr, a potent mPTP opener, could
completely reverse the protective effects of 20 uM TMP, that
is, it could decrease cell viability and increase LDH activity in
the culture medium (P<0.01, Figure S6 A and B of the
section of Supplementary materials).

After adding Dox for 48 hours, the peak of intracellular/-
mitochondrial ROS in HUVECs was significantly moved to
the right, indicating both significant increase in intracellu-
lar/mitochondrial ROS generation of the Dox group
(P<0.01, Figure 6(a)). Moreover, adding TMP/CsA/MitoQ
co-incubation caused a significant shift of the peak of intra-
cellular/mitochondrial ROS in HUVECs to the left, which
indicated a significant decrease in intracellular/mitochon-
drial ROS generation when compared with the Dox group
(P<0.01). However, adding Atr co-incubation could reverse
TMP’s effect (P<0.01), this strongly suggests that mPTP is
open or closed and plays an important role in intracellular/-
mitochondrial ROS generation.

Several small molecular markers such as NAD*/NADH
[43, 45] and GSH/GSSG [44, 46] in mitochondria/intracellu-
lar are useful indexes of redox state and redox balance [47].
In HUVECs, the content of NADH and GSH, GSH/GSSG
ratio increased significantly (P<0.01) and the content of
NAD" and GSSG, NAD*/NADH ratio decreased (P< 0.01)
in TMP treatment (Figures 6(b) and 6(c)); these results were
similar to that achieved with CsA and MitoQ treatment.
This results further confirm that TMP, like CsA or MitoQ,
could significantly reduce oxidative stress and ROS genera-
tion in mitochondria. The effects were also found to directly
relate to mitochondrial mPTP opening as Atr, a potent
mPTP opener, could almost completely cancel the effect of
20 uM TMP (P<0.01). This phenomenon was consistent
with the changes in cell viability and LDH activity men-
tioned above.

Usually, in animal serum, MDA content, SOD, CAT, and
GSH-Px activities are determined to assess the level of oxida-
tive stress [7, 29], and FRAP assay is used to evaluate the anti-
oxidant potential [29, 34]. In this study, as shown in Table 1,
in mice’s serum after TMP-treated, SOD, CAT, and GSH-Px
activities were significantly increased and MDA content was
decreased (P < 0.01). Consistent with the lower level of oxida-
tive stress, the FRAP results indicated a high antioxidant
potential in the TMP group (P <0.01), however, the above
protective effects of TMP-treated could be mostly counter-
acted by pAD/14-3-3y-shRNA or ABT-737 (P<0.01).

3.6. TMP-Treated Maintains Mitochondrial Function in
HUVECs. To explore the protective effects of TMP on mito-
chondrial respiration, OCR was measured using a Seahorse
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FI1GURE 5: TMP-treated alters the expression, phosphorylation, or sublocalization, or metabolism of the related active proteins in HUVECs of
Dox injury. (a) Western blot’s banding of the related proteins in HUVECs. (b) Histogram of 14-3-3y expression in the cytoplasm. (c)
Histogram of p-Bad expression in the cytoplasm. (d) Histogram of Bcl-2 expression in the mitochondria. (e) Histogram of p-eNOS/eNOS
expression in the cytoplasm. (f) The contents of NO in culture medium. On (a), from left to right, lane 1: control; lane 2: Dox; lane 3:
TMP + Dox; lane 4: TMP + Dox + pAD/14-3-3y-shRNA; lane 5: TMP + Dox + ABT-737. Data are presented as the mean + SEM. for eight
individual experiments. a: P < 0.01, versus control group; b: P <0.01, versus Dox group; c: P <0.01, versus TMP + Dox group.

XF analyzer in HUVECs. The OCR of cells treated with
20 uM TMP remained higher than those treated with 1 yM
Dox (P<0.01, Figure 7(a)). As shown in Figure 7(b), basal
respiration before the addition of oligomycin, ATP produc-
tion after the addition of oligomycin, maximal respiration
after the addition of FCCP, and spare respiratory capacity
after the addition of rotenone/antimycin A were significantly
higher in HUVEC:s following TMP treatment than Dox treat-
ment. The proton peak was, however, significantly lower with
TMP treatment than Dox treatment (P<0.01).

ECAR was used to determine the changes in glycolytic
rate in HUVEGs. As illustrated in Figure 7(c), the ECAR

of TMP-treated cells remained higher than in Dox cells
(P<0.01). Basal rates of glycolysis and glycolytic capacity
were significantly higher in HUVECs by TMP-treatment
following oligomycin injection (P <0.01). In contrast, non-
glycolytic acidification increased slightly (Figure 7(d)).
These findings suggest that the energetic demand of
HUVECs was increased and intracellular acidosis was cor-
rected after TMP treatment due to better maintenance of
the mitochondria.

Loss of MMP occurs in the early stages of apoptosis. In
live cells, JC-1 accumulates in the mitochondrial matrix and
only exists in its monomeric form in apoptotic and dead cells
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FIGURE 6: TMP-treated preserves the intracellular/mitochondrial balance between ROS generation and their neutralisation in HUVECs. (a)
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ROS generation; right: histogram of the intracellular/mitochondrial ROS generation at various treatments. MFI: mean fluorescence intensity.
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levels of HUVECs after different treatments. left: histogram of intracellular GSH levels at various treatments; middle: histogram of
intracellular GSSG levels at various treatments; right: histogram of intracellular GSH/GSSG ratio at various treatments. Data are presented
as the mean + SEM for eight individual experiments. a: P <0.01, versus control group; b: P<0.01, versus Dox group; c: P<0.01, versus
TMP + Dox group.

TaBLE 1: TMP preserved the ferric reducing antioxidant power, the activities of antioxidant enzymes and reduced the levels of lipid
peroxidation in the mice’s serum against Dox’s endotheliotoxicity.

Groups FRAP2+ SOD activ%ty GSH-Px actilvity CAT activ?ty MDA contegt
(mmol Fe“"/L) (U/g protein) (U/g protein) (U/g protein) (nmol/g protein)
Control 492+0.21 96.1+5.2 263+1.8 175+1.1 332+2.0
Dox 1.56 +0.06 ° 228+19° 524032 47+04° 151.6+14.1°
TMP + dox 3.60+0.23° 66.1+3.9° 171+15° 13.6+12° 557+51°
TMP + dox + pAD/14-3-3p-shRNA 1.85+0.07 ™€ 27.3+2.4°¢ 82+0.5"° 7.6+0.6 > 11524122 "¢
TMP + dox + ABT-737 1.95+0.09 >< 292+3.15¢ 9.1+0.8 %€ 7.9+0.8 °¢ 102.5+11.5 ¢

Values were presented as mean + SEM. for fifteen individual experiments. a: P < 0.01, versus control group; b: P < 0.01 versus Dox group; c: P < 0.01 versus
TMP + Dox group.

because of the loss of MMP [7]. As shown in Figure 8(a), bation, resulted a substantial loss in MMP, because of a shift
MMP was kept after TMP-treated because the peak of  of the peak of MMP to the left (P<0.01).

MMP levels significantly shifted to the right (P <0.01). Simi- mPTP opening is a primary cause in cellular apoptosis.
larly, CsA or MitoQ treatment also resulted in a significant ~ The status of mPTP opening was determined by Ca®*-
increase in MMP (P < 0.01), but the addition of Atr, co-incu- induced swelling of mitochondrial [7]. Figure 8(b) shows that
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when compared with the Dox group opening of the mPTP
was inhibited after TMP-treated (P<0.01). CsA or MitoQ
treatment also lead to similar effects; however, with the addi-
tion of ATR, the effect of TMP-treated on the opening of
mPTP was reversed (P<0.01).

On the release of mitochondrial cyt C into the cytosol of
HUVECs cells were evaluated using Western blot analysis.
As shown in Figure 8(c), Dox injury resulted in a significant
accumulation of ¢yt C in the cytosol (P<0.01) and cyt C in
the cytosol was significantly reduced when cells were treated
with TMP, or CsA, or MitoQ (P < 0.01), but with the addition
of ATR, the effect of TMP-treated was canceled (P<0.01).

4. Discussion

Dox is a chemotherapeutic drug to treat, including breast
cancer, bladder cancer, Kaposi’s sarcoma, lymphoma, and
acute lymphocytic leukemia [1]. However, in a dose-

dependent manner, Dox could cause the irreversible cardio-
myopathy [2, 10-12]. In addition to cardiotoxicity, many
kinds of cytotoxicity induced by Dox have gradually attracted
great attention, especially endothelial dysfunction [3, 4, 48,
49]. It has been noted that the toxicity of Dox to the myocar-
dium and vascular endothelium is often accompanied by and
may even cause and effect each other [3-6]. In this study, we
could observe the endotheliotoxicity of Dox on vascular
endothelium whether in vivo or in vitro, whether related
enzymatic indexes, endothelial function indexes, cell sur-
vival, and apoptotic indexes, or morphological indexes
(Figures 2-5).

TMP is a main biologically active ingredient purified
from the rhizome of Ligusticum wallichii [14]. Recently,
people has found abundant TMP in mature vinegar and
old vinegar [15]. It had been explored many pharmaco-
logically activities of TMP, such as scavenging free radi-
cals, blocking calcium overload, protecting mitochondria,
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F1GURE 8: TMP-treated maintains mitochondrial function in HUVECs. (a) MMP levels were evaluated by JC-1. The results of the fluorescence
peak on the x-axis was used to assess the level of MMP. (b) Ca**-induced swelling of mitochondria was used to determine mPTP opening.

The changes in absorbance at 520 nm were detected every 2 minute. The data were accessed by the following equation: AOD = A520,
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(c) Western blot analysis and histogram of cyt C expression in the cytosol. From left to right, lane 1: control; lane 2: Dox;

lane 3: TMP + Dox; lane 4: CsA + Dox; lane 5: MitoQ+Dox; lane 6: TMP + Dox + Atr. Data are presented as the mean + SEM. for eight
individual experiments. a: P <0.01, versus control group; b: P <0.01, versus Dox group; c: P <0.01, versus TMP + Dox group.

improving energy metabolism, inhibiting cell apoptosis,
inducing cytoprotection and so on [15-17]. Many studies
have shown that TMP and its derivatives or compatibility
with salvianic acid A/resveratrol possess functional cardio-
protection/neuroprotection after myocardial ischemia-
reperfusion/ischaemic stroke through interfering with
PI3K/Akt/GSK3 S, PGCla/Nrf2, BDNF/Akt/CREB pathway,
up-regulating Nrf-2 and HO-1 expression, maintaining
Ca®" homeostasis, and inhibiting inflammatory reaction,

etc. [18-20, 50-52]. Some researchers have shown that
TMP and prescriptions as mentioned above can attenuate
injury Dox-induced cardiotoxicity and nephrotoxicity by
inhibiting oxidative stress, cell autophagy and apoptosis
[53, 54]. TMP and the prescriptions can also reverse multi-
drug resistance induced by Dox in breast cancer, bladder can-
cer, hepatocellular carcinoma through regulating the
expression and function of P-gp, MRP2, MRP3, MRP5,
MRP1, GST, Bcl-2, and TOPO-II, or directly enhance the
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anti-cancer effect of Dox [55-58]. In the study, TMP revers-
ing the vascular endothelium injury induced by Dox-
endothelio- toxicity could be confirmed through reducing
LDH and CK activities in serum, maintaining EDD, causing
a reduction in caspase-3 activity, apoptotic rate, and histo-
pathological changes of vascular endothelium (in vivo,
Figures 2 and 3). Furthermore, TMP increased cell viability,
decreased LDH and caspase-3 activity, and apoptotic rate
(in vitro, Figures 4 and 5). These results indicate that TMP
could reverse or alleviate the damage of Dox toxicity to vas-
cular endothelium in vivo and in vitro.

Studies have shown that TMP is a multi-target and
multi-mechanism ingredient [14], that regulates signaling
pathways and affects the expression and activity of specific
proteins is one of its prominent mechanisms [14-17]. Our
previous work has also found that TMP could up-regulate
14-3-3y expression, phosphorylate Bad (S112), translocate
Bcl-2 to the mitochondria, improve mitochondrial function,
and reduce apoptosis ultimately against LPS injury in car-
diomyocyte [20]. Coincidentally, in this study, both in vivo
and in vitro, with the protective effects on vascular endothe-
lium, TMP could significantly up-regulate 14-3-3y expres-
sion, phosphorylate Bad (S112), and Bcl-2 expression,
especially in mitochondria. However, pAD/14-3-3y-shRNA,
an adenovirus knocking down intracellular 14-3-3y expres-
sion, not only knocked down 14-3-3y expression and inhib-
ited Bad phosphorylation, but also significantly decreased
Bcl-2 expression in mitochondria (Figures 3(c)-3(f) and
5(a)-5(d)). Concurrently, the protective effects of TMP on
vascular endothelium were lost (Figures 2-5). Interestingly,
ABT-737, a specific inhibitor of Bcl-2, could not change
the up-regulation of 14-3-3y expression and promote Bad
phosphorylation. However, it could cancel TMP’s effect of
Bcl-2 expression in the mitochondria (Figures 3(c)-3(f)
and 5(a)-5(d)) and its protective effects on the vascular
endothelium (Figures 2-5). Studies have confirmed that
Bcl-2 and Bad usually combine to form a complex in the
cytoplasm [59]. When stimulated by certain stimuli, at
Ser-112 and/or Ser-136 sites, 14-3-3s phosphorylate Bad,
Bcl-2 dissociates from the complex and translocate targeting
to mitochondria to exert corresponding physiological effects
[60]. Combining with the above results of predecessors and
ourselves, we could conclude that TMP can significantly
up-regulate 14-3-3y expression. Owing to Dox toxicity,
14-3-3y phosphorylates Bad, releases Bcl-2, and translo-
cates targeting mitochondria, reverses or alleviates the vas-
cular endothelial damage. In other words, TMP against the
endotheliotoxicity of Dox depends on the 14-3-3y expres-
sion and Bcl-2 activity. In addition, some studies have
found TMP induces the phosphorylation of eNOS
Ser1177 and protects the myocardium [61], in the study,
pAD/14-3-3y-shRNA or ABT-737 could not completely
inhibit or cancel the effects of TMP on improving p-eNO-
S/eNOS ratio and NO content (Figures 2(b), 3(g) and 5(e),
5(f)), or that part of the effect of TMP did not depend
entirely onl4-3-3y expression and Bcl-2 activity.

A growing evidence demonstrate that in Dox-induced
cytotoxicity ROS generation caused by triggers subsequent
pathophysiological changes [3-6, 10-12]. Studies have
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shown that Dox accumulates through the reduction of the
redox cycling in complex I of electron transport chain
(ETC) in mitochondria, thereby increasing ROS generation
[62]. Furthermore, mitochondrial NADH-dependent enzymes
reduce Dox to corresponding semiquinone radicals, which
undergo redox cycles to form superoxide radicals and hydro-
gen peroxide [63]. In this study, we found that mice after
injected Dox, the antioxidant potential was weakened
(Table 1, FRAP), the level of oxidative stress was enhanced
(Table 1, MDA content, SOD, CAT, and GSH-Px activities).
In HUVECs that were treated by Dox, both intracellular/mi-
tochondrial ROS generation significantly increased, NAD™,
GSSG, and NAD'/NADH increased, NADH, GSH, and
GSH/GSSG  decreased, MitoQ, a mitochondria-targeted
CoQ-10 antioxidant, could completely reverse the above
changes (Figure 6), indicating that increased oxidative stress
was responsible for HUVECs damage, moreover, it provides
an experimental basis for “excessive ROS comes from mito-
chondria” [62]. This result is consistent with the mainstream
literature reports. Subsequently, TMP could significantly
reverse the increase of oxidative stress induced by Dox,
resulting in the antioxidant potential was enhanced, the level
of oxidative stress was weakened (in vivo, Table 1), a signifi-
cant decrease in both intracellular/mitochondrial ROS gener-
ation, a significant increase in NADH, GSH, and GSH/GSSG,
and a significant decrease in NAD", GSSG, and NAD"/-
NADH (in vitro, Figure 6). More interestingly, the above
effects of TMP are very similar to those of MitoQ, and CsA,
a mPTP closing agent, and can be completely reversed by
Atr, a potent mPTP opener (Figure 6). It is generally believed
that TMP has a certain antioxidant capacity in the cytoplasm
[12, 17]. There is no evidence that TMP can scavenge free
radicals in mitochondria like MitoQ. Therefore, it is inappro-
priate to explain the above effects of TMP by its direct antiox-
idant capacity. Considering the similarity between TMP and
CsA, and the reversal of the above effects of TMP after open-
ing mPTP with Atr, we can use the “ROS-induced ROS
release” (RIRR) hypothesis to explain it. The hypothesis
[64] suggests that when mitochondrial ROS increases,
MMP becomes unstable and mPTP opens continuously, then
mitochondria swell and rupture, irreversibly damaging mito-
chondria. Therefore, ROS are released from its matrix into
the cytosol and absorbed rapidly by adjacent normal mito-
chondria, which induces similar changes in adjacent mito-
chondria, and cascade-like positive feedback amplification,
which ultimately leads to apoptosis [65]. Therefore, mPTP
openness plays an important role in RIRR, and ROS is the
most important stimulus for mPTP opening [66], which
forms a vicious circle. TMP could promote the translocation
of Bcl-2 to mitochondria. Like CsA, TMP could close mPTP,
stabilize MMP, suppress RIRR mechanism, inhibit ROS burst
(Figures 6 and 8), terminate vicious cycle, attenuate ulti-
mately the injury of vascular endothelium induced by Dox.
Mitochondria are multifunctional organelles, and can
actively or passively drive cellular dysfunction or demise [29,
67]. Indeed, its structural and functional integrity is funda-
mental to cellular life [29, 68]. In the study, when TMP helps
Bcl-2 to translocate in mitochondria, mitochondrial function
improves markedly. These include: increased mitochondrial
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FIGURE 9: Diagram exhibiting a new mechanism of TMP protects mitochondrial function via 14-3-3y/Bcl-2 in Dox-induced
endotheliotoxicity. Dox induced excessive mitochondrial ROS generation, activating RIRR mechanism, weakening MMP, opening mPTP,
induce ROS burst, leading to mitochondrial dysfunction, which in turn damages vascular endothelium. TMP upregulated 14-3-3y
expression of vascular endothelium, promoted the translocation of Bcl-2 into mitochondria, closed mPTP, keeped MMP, inhibited RIRR
mechanism, thereby suppressed oxidative stress, improved mitochondrial function, and alleviated Dox-induced endotheliotoxicity.

respiration and glycolytic function (the abilities of oxidative
phosphorylation and ATP production), corrected intracellular
acidosis, normalized energy metabolism (Figure 7), stable
MMP, inhibited mPTP opening, and markedly reduced cyt C
release into the cytoplasm (Figure 8). Therefore, we can con-
clude that mitochondria are the ultimate target organelles for
TMP to protect vascular endothelium from Dox toxicity.

5. Conclusion

In summary, Dox-induced excessive mitochondrial ROS
generation, activating RIRR mechanism, weakening MMP,
opening mPTP, inducing ROS burst, leading to mitochon-
drial dysfunction, which in turn damages vascular endo-
thelium. TMP upregulated 14-3-3y expression of vascular
endothelium, promoted the translocation of Bcl-2 into
mitochondria, closed mPTP, kept MMP, inhibited RIRR
mechanism, suppressed oxidative stress, thereby improved
mitochondrial function, and alleviated Dox-induced endothe-
liotoxicity (Figure 9).
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5,5, 6, 6’-tetrachloro-1,1’,3,3 - tetraethyl-
benzimidazolo carbocyanine iodide
Lactate dehydrogenase
Lipopolysaccharide

Malondialdehyde

Mitoquinone
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MMP: Mitochondrial membrane potential

mPTP: Mitochonondria permeability transition pore

NAD™ Oxidized nicotinamide adenine dinucleotide

NADH: Reduced nicotinamide adenine dinucleotide

NO: Nitric oxide

OCR: Oxygen consumption rate

PBS: Phosphate buffered saline

PE: Phenylephrine

PSS: Physiologic saline solution

RIRR: ROS-induced ROS release

ROS: Reactive oxygen species

SEM: Standard error of mean

SEN: Sulforaphane

SNP: Sodium nitroprusside

SOD: Superoxide dismutase

TUNEL: Terminal deoxynucleotidyl transferase d UTP
nick-end labeling

TMP: Tetramethylpyrazine.
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Supplementary Materials

Figure S1: Effects of TMP on vascular reactivity of mice’s tho-
racic aortas (endothelium-independent dilation, EID). (A)
Endothelium-independent dilation (EID) of the thoracic aor-
tic strips. (B) Area under of the curve for EID of the thoracic
aortic strips. Data are presented as the mean + SEM. for fifteen
individual experiments. a: P<0.01, versus control group; b:
P<0.01, versus Dox group; c: P<0.01, versus TMP+Dox group.
Figure S2: TMP protects HUVEC:s against the endotheliotoxi-
city induced by Dox. TMP-treated significantly increased cell
viability and reduced LDH activity (P<0.01) in a
concentration-dependent manner. (A) Histogram of the cell
viability. (B) Histogram of the LDH activity. Data are pre-
sented as the mean + SEM for eight individual experiments.
Data are presented as the mean + SEM for eight individual
experiments. a: P<0.01, versus control group; b: P<0.01, versus
prior dosage. Figure S3: Effects of TMP/CsA/MitoQ, or down-
regulated 14-3-3y expression, or inhibited Bcl-2 activity on the
cell viability and LDH activity of normal HUVECs. Cell viabil-
ity and LDH activity did not change by using MP alone, CsA
alone, MitoQ alone, pAD/scrRNAi alone, TMP+pAD/14-3-
3y-shRNA, TMP+pAD/scrRNAi, TMP+ABT-737, and TMP
+Atr when compared with the control group (P>0.05). How-
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ever, the cell viability of treatment with pAD/14-3-3y-shRNA
alone, ABT-737 alone or Atr alone were lower and the
LDH activity was higher compared to that of the control
group (P<0.01), indicating that 14-3-3y expression, Bcl-2
activity, and mPTP closing play an important role in main-
taining normal cell function, and pAD/scrRNAi as a nega-
tive control couldn’t affect cell viability and LDH activity.
(A) Histogram of the cell viability. (B) Histogram of the
LDH activity. Data are presented as the mean + SEM for
eight individual experiments. Data are presented as the
mean + SEM for eight individual experiments. a: P<0.01,
versus control group. Figure S4: Effects of downregulated
14-3-3y expression, or inhibited Bcl-2 activity on the cell
viability and LDH activity of HUVECs by Dox injury.
The cell viability of treatment with pAD/14-3-3y-shRNA
+Dox, ABT-737+Dox, and Atr+Dox were lower and the
LDH activity was higher compared to that of the Dox
group (P<0.01) , however, cell viability and LDH activity
did not change when using pAD/scrRNAi+Dox (P>0.05),
indicating that treatment with pAD/14-3-3y-shRNA down-
regulated the expression of 14-3-3y, or using ABT-737
inhibited Bcl-2, or allowing Atr to open the mPTP, thereby
aggravating HUVEGCs injury, and pAD/scrRNAI as a nega-
tive control couldn’t affect cell viability and LDH activity.
(A) Histogram of the cell viability. (B) Histogram of the
LDH activity. Data are presented as the mean + SEM for
eight individual experiments. a: P<0.01, versus control
group. Figure S5: Effects of TMP, pAD/14-3-3y-shRNA
and pAD/scrRNAi on 14-3-3y expression of normal
HUVECs. TMP could significantly up-regulated 14-3-3y
expression of normal HUVECs, pAD/14-3-3y-shRNA could
selectively silence 14-3-3 expression effectively, and
pAD/scrRNAi as a negative control couldn’t affect 14-3-3
expression. Data are presented as the mean + SEM for five
individual experiments. a: P<0.01, versus control group, b:
P<0.01, versus TMP group Figure S6: Effects of TMP/CsA/-
MitoQ, or TMP added 50 uM Atr on the cell viability and
LDH activity of HUVECs injuried by 1 uM Dox.
TMP/CsA/MitoQ with 1 uM Dox co-treat HUVECs, the
cell viability increased and LDH activity decreased, however
added 50 uM Atr could reverse the related effects of TMP.
(A) Histogram of the cell viability. (B) Histogram of the
LDH activity. Data are presented as the mean + SEM for
eight individual experiments. a: P<0.01, versus control
group; b: P<0.01, versus Dox group; c: P<0.01, versus
TMP+Dox group. (Supplementary Materials)
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The high recurrence frequency of gliomas but deficiency of effective treatment and prevalent chemoresistance have elicited interests
in exploring and developing new agents. Paris polyphyllins are monomers extracted from rhizome of Paris polyphylla var.
yunnanensis. Here, we first reported that polyphyllin VII (PP7) exhibited cytotoxic effect on glioma cells. PP7 significantly
suppressed the viability and induced cell death of U87-MG and U251 cells after 24 h, with the IC50 values 4.24 + 0.87 uM and
2.17 £ 0.14 uM, respectively. Both apoptotic and autophagic processes were involved in the cytotoxic effect of PP7, as PP7
activated the Bcl2/Bax pathway and the inhibition of autophagy partly rescued the toxicity of PP7 in glioma cells. In addition,
an inhibition of AKT/mTORCI activity was found after PP7 administration, and it seemed that the overproduction of reactive
oxygen species (ROS) was responsible for this effect. Namely, the removal of ROS by NAC treatment mitigated PP7-induced cell
death, autophagy, and its effect on the AKT/mTORCI signaling. Additionally, a combination assay of PP7 with temozolomide
(TMZ), the most used chemotherapy for glioma patients, was performed resulting in synergism, while PP7 reduced TMZ
resistance through inhibition of MGMT expression. Thus, our study reports PP7 as a potential agent for glioma treatment and
reveals its underlying mechanisms of action.

1. Introduction glioma patients is still high according to recent reports
[2, 3]. The median survival time of glioma patients is 12-
15 months, the rate of high-grade glioma patients survival
over 1 year is lower than 30%, and the 5-year survival rate

after diagnosis is 5% [4, 5]. The alkylating agent temozolo-

Gliomas are the most common type of primary tumors in the
brain, accounting for 30% of all brain and central nervous
system tumors and 80% of all the malignant brain tumors

[1]. The recurrence and mortality rates of gliomas are quite
high, resulting in poor prognosis. Despite progresses in neu-
rosurgery and radio- and chemotherapy, the fatality rate of

mide (TMZ) is the most used treatment for glioma after sur-
gical resection and radiotherapy [4]. TMZ methylates DNA
at the O° position of guanine, which may cause mismatch
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pairing of guanines with thymines rather than cytosines
resulting in hypermutation and genomic instability that
finally leads to cell death [6]. However, the side effects of
TMZ were widely reported, such as low white blood cell
counts, fever, swollen gums, trouble breathing, and many
others according to the Electronic Medicines Compendium
(UK) [7, 8]. Previous data showed that TMZ-induced hyper-
mutation was associated with drug resistance [9]. Therefore,
mounting efforts need to be done to explore and develop
more effective agents for the glioma treatment, or for to
define new combined treatments with TMZ to reduce its side
effects [10].

Polyphyllins are a class of saponins isolated from the
rhizome of a traditional Chinese herb—Paris polyphylla
var. yunnanensis (so-called Rhizoma paridis) [11]. Various
polyphyllins have been identified by previous studies,
including polyphyllin I (PPI), polyphyllin II (PPII), poly-
phyllin C (PPC), polyphyllin D (PPD), polyphyllin VI
(PP6), and polyphyllin VII (PP7), and a wide range of
pharmacological effects of these saponins were also reported,
such as anti-inflammatory, immunity-enhancing, and espe-
cially antitumor activity [12, 13]. It has been demonstrated
that PPI suppressed the proliferation rate of tumor cells, such
as non-small-cell lung cancer cells, hepatocellular carcinoma
cells, ovarian cancer cells, and osteosarcoma cells [14-17].
PPD inhibited growth of breast cancer cells in vitro and
decreased the volume of xenografts formed by these cells
[18]. Both PPI and PPD were able to increase the apoptosis
of glioma cells [19, 20]. The mechanisms underlying the anti-
tumor properties of polyphyllins are diverse, and previous
studies have demonstrated that increased ROS production,
autophagy, activated cell death processes, and disrupted cell
cycle distribution contribute to the polyphyllin mechanisms
of action probably in an associated manner [15, 21].

Polyphyllin VII (PP7) is an active pennogenyl saponin
with larger molecular weight than other identified poly-
phyllins. Researchers have recently focused on its bioactiv-
ities in cancer treatment, and effective anticancer property
of PP7 was found in liver, lung, breast, and colorectal can-
cer cells [21-24]. However, the anticancer activity of PP7
and its underlying mechanism against gliomas are still
unexplored and not well defined. In this work, we aim
to investigate the sensitivity of glioma cells to PP7
in vitro, evaluate the possibility of its combination with

Absorbance of test sample — Absorbance of blank
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a new perspective for PP7 application in glioma treatment,
which could be beneficial for glioma patients.

2. Materials and Methods

2.1. Reagents. PP7 was purchased from Chengdu Must Bio-
Technology Co., Ltd. (Chengdu, China), and the purity of
PPI was >98%. N-acetyl-L-cysteine (NAC) was purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
Insulin-like growth factor 1 (IGF-1) and epidermal growth
factor (EGF) were purchased from PeproTech (Rocky Hill,
USA). 3-methyladenine (3-MA, S2767) and bafilomycin Al
(Baf-Al, S1413) were from Selleck Chemicals (Houston,
TX, USA). TMZ was supplied by Tasly Pharmaceutical Co.,
Ltd. (Tianjin, China). The Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo Molecular Technologie (Kuma-
moto, Japan). Hoechst33342/PI kit, cell mitochondrial isola-
tion kit, and dihydroethidium were supplied by Beyotime
Institute of Biotechnology (Haimen, China).

2.2. Cell Culture. The glioma cell lines U87-MG and U251
were obtained from the Shanghai Institutes of Biological
Sciences, Chinese Academy of Sciences (Shanghai, China).
U87-MG and U251 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; HyClone, GE Healthcare
Life Sciences, Logan, UT, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and 1% penicillin-streptomycin
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Cells were maintained at 37°C in a humidified atmo-
sphere (5% CO,).

2.3. Cell Viability Assay. Cell viability was determined by
CCK-8 assay as reported before [1]. The cells were seeded
with a density of 5 x 10° cells/well in 96-well plates and incu-
bated, at 37°C, in complete medium (DMEM with 10% FBS)
with serial dilutions of PP7 for 24h. CCK-8 was added to
each well of the 96-well plate (CCK-8, plus fresh medium at
a fixed ratio of 1:10, 100 ul/well), followed by further incu-
bation for 1h. The absorbance was measured at 450 nm
using a microplate reader (Thermo Fisher Scientific, Inc.).
The half-maximal inhibitory concentration (IC50), defined
as the drug dose at which cell growth is inhibited by 50%,
was measured using GraphPad Prism software version 5.0

Cell viability rate (%) =

TMZ, and further reveal the molecular mechanisms
behind these processes. Our study is aimed at displaying
2.4. Hoechst 33342/Propidium Iodide (PI) Staining.
Hoechst 33342 and propidium iodide (PI) double staining
were performed according to the manufacturer’s instruc-
tions. Briefly, U87-MG or U251 glioma cells were plated
in 12-well plates with a density of 5x 10* cells/well and

Absorbance of control — Absorbance of blank

x 100%. (1)

(GraphPad Software, Inc., La Jolla, CA, USA). The formula
was used as follows:

treated with PP7 at 37°C for 24h. The cells were washed
in PBS three times and incubated in Hoechst33342/propi-
dium iodide (PI) solution (10ug/ml) for 30min at 4°C.
Finally, fluorescence microscopy was used to observe the
PI and Hoechst-positive signals of U87-MG or U251 glioma
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cells in 15 nonoverlapping fields, and the cell death rate was
calculated by the ration of PI-positive cells to Hoechst
33342-positive cells. For each treatment group, >1000 cells
were analyzed in triplicate.

2.5. Reactive Oxygen Species (ROS) Detection. ROS assay kit
purchased from Beyotime Institute of Biotechnology was
used according to the manufacturer’s instructions and previ-
ous report [25]. Dihydroethidium was prepared as a 10 mM
solution. U251 and U87-MG glioma cells were treated with
PP7 at 37°C for 24 h. Then, cells were incubated with 10 uM
dihydroethidium (Eth) in DMEM at 37°C for 30 minutes.
Finally, fluorescence microscopy was used to observe the
ROS production of U251 glioma cells. The fluorescence
intensity of Eth was analyzed by Image-Pro Plus software,
and then the fluorescence intensity value of each experimen-
tal group was compared with the fluorescence intensity value
of the control group to get a relative value and quantified by
GraphPad Prism software version 5.0 (GraphPad Software,
Inc., La Jolla, CA, USA).

2.6. Western Blotting Analysis. Western blotting was per-
formed according to standard procedures as reported before
[1]. To extract protein from cultured cells was sonicated in
lysis buffer (2% SDS with proteinase inhibitors and phospha-
tase inhibitor). The protein concentration of each extract was
measured using the BCA Protein Assay kit (Thermo Scien-
tific Pierce). Equal amounts of protein from each extract were
loaded into each lane of a gel and separated by SDS PAGE.
The proteins were transferred onto PVDF membranes using
standard procedures. The membranes were then blocked
with 5% nonfat dry milk in TBST (TBS with 0.1% Tween
20, pH 7.6) for 1 hour at room temperature (RT) and incu-
bated overnight with respected primary antibody at 4°C.
After 3 washes with TBST at RT for 10 minutes each wash,
the membranes were incubated 1 hour with a 1:10,000 dilu-
tion of appropriate secondary antibodies diluted in TBST at
RT. The membranes were washed another 3 times with TBST
at RT for 10 minutes each wash, proteins were then detected
with ECL reagent (Thermo Scientific Pierce), and the mem-
branes were exposed to film (Kodak). The antibodies in our
experiments include Bax (Abcam, ab232479, 1:1000 dilu-
tion), Bcl-2 (Abcam, ab32124, 1:1000 dilution), caspase-3
(Abcam, ab197202, 1:1000 dilution), cleaved caspase-3
(Abcam, ab32042, 1:300 dilution), cytochrome C (Abcam,
ab133504, 1:1000 dilution), prohibitin (Abcam, ab75766,
1:2000 dilution), AKT (Cell Signaling Technology, 92725,
1:2000 dilution), pAKT (S473) (Cell Signaling Technology,
40608, 1:2000 dilution), pAKT (T308) (Cell Signaling Tech-
nology, 29658, 1:2000 dilution), pS6 (5240/244) (Cell Signal-
ing Technology, 2215S, 1:2000 dilution), p4EBP1 (T37/46)
(Cell Signaling Technology, 9459, 1:1000 dilution), pS6K
(T389) (Cell Signaling Technology, 9205, 1:1000 dilution),
SQSTM1/P62 (Abcam, ab91526, 1:2000 dilution), LC3B
(Abcam, ab192890, 1:500 dilution), GAPDH (Millipore,
MAB374, 1:2000 dilution), p-actin (Boster,BM0627,
1:1000 dilution), Goat anti-Rabbit IgG (H+L) Secondary
Antibody (Pierce, 314601:10,000 dilution), and Goat anti-
Mouse IgG (H+L) Secondary Antibody (Pierce,

314301:10,000 dilution). We used Image] software to quan-
titate western blots. Firstly, we measured the grey value of
blots by using Image]. Secondly, normalized each sample
using a normalizer (housekeeping protein such as GAPDH
or B-actin, as mentioned above) and then the normalized
value of each experimental group was compared with the
normalized value of the control group to get a relative value.
Finally, we used GraphPad software to make a histogram.

2.7. Cell Mitochondria Isolation. We used a cell mitochon-
drial isolation kit (Beyotime Biotechnology, C3601) for mito-
chondrial isolation of U87-MG cells and U251 cells. Firstly,
we washed the cells with PBS, cells were harvested with
trypsin-EDTA solution, centrifuged at 100-200g for 5-10
minutes at room temperature, and the cells were collected.
Secondly, we added 1-2.5ml mitochondrial separation
reagent per 20-50 million cells and then cells were gently sus-
pended and placed on ice for 10-15 minutes. Thirdly, the cell
suspension was transferred to a glass homogenizer of appro-
priate size, homogenizing the cells about 10-30 times.
Fourthly, after homogenization, the cell suspension was cen-
trifuged for 10 min at 600g at 4°C. Fifthly, the supernatant
was carefully transferred to a new tube and centrifuged for
10min at 11,000g at 4°C. The precipitate was the isolated
mitochondria of the cells. Next, the supernatant was carefully
transferred to a new tube and centrifuged for 10min at
12,000 g at 4°C. The supernatant was the cytoplasmic protein
that removed mitochondria. Both cytoplasmic protein and
mitochondria were finally lysed for WB detection.

2.8. GFP-LC3 Puncta Imaging. We first constructed the GFP-
LC3 vector. The ¢cDNA encoding human LC3B (Gene ID:
81631) was obtained by PCR from U251 c¢cDNA. Primer
sequences used were as follows: LC3B forward, 5 -GCG
TCG ACCA TGC CGT CGG AGA AGAC-3" and reverse,

5'-GCG CGG CCG CTT ACA CTG ACA ATT TCAT-3'.
The forward primers included Sall restriction endonuclease
restriction site and the reverse primers included Not1 restric-
tion endonuclease restriction site. Firstly, using U251 cDNA
as template, LC3B coding sequences were cloned by adding
Taq2x mix enzyme and a pair of primers in the PCR ampli-
fication system. Secondly, the PCR products were subjected
to nucleic acid electrophoresis and LC3B ¢cDNA were puri-
fied from the nucleic acid gel. Thirdly, LC3B cDNA and
PEGEFP-C1 vector were subjected to Sall/Notl double restric-
tion enzyme digestion, and then the LC3B cDNA were
inserted into the pEGFP-C1 vector by T4 DNA ligase.
Fourthly, the ligation products of the previous step were
transformed into E. coli competent cells, and then the clone
was selected and the plasmid was extracted to obtain the
GFP-LC3 plasmid. Finally, sequencing was performed to
identify the plasmid.

U251 cells and U87-MG cells were seeded with a density
of 2 x 10° cells/well in 12-well plates and incubated in com-
plete medium (DMEM with 10% FBS) for overnight and then
were transfected with GFP-LC3 plasmid using Lipofecta-
mine™ 2000 (Invitrogen). Briefly, for each well of 12-well
plates, we diluted 2 ug GFP-LC3 plasmid into 50 yl medium
without serum in tube A and diluted 2 yl of Lipofectamine™



2000 into 50 yl medium without serum in tube B, and incu-
bated for 5min at room temperature. Then, we added 50 ul
of the tube B to tube A, mixed gently, and incubated at room
temperature for 20 min to allow DNA-Lipofectamine™ 2000
complexes to form. This DNA-Lipofectamine™ 2000 com-
plex (100 pl) was added directly into each well of the plates
containing cells and mixed gently. Twenty-four hours after
transfection, corresponding treatments were performed for
8h. Finally, fluorescence microscopy was preformed to
observe the GFP-LC3 puncta of U251 glioma cells as
described before [26]. The number of GFP-LC3B puncta
per cells was assessed in 10 nonoverlapping fields and mea-
sured by Image-Pro Plus software, and then we calculated
the average LC3 puncta per cells in these 10 nonoverlapping
fields and made the graph by GraphPad Prism software. For
the treatment of 3-MA, U251 and U87-MG cells were treated
with PP7 (2uM and 4 uM to U251 cells, 3 uM and 6 uM to
U87-MG cells) for 8h, 3-MA (5mM) was added into U251
and U87-MG cells 3 hours after adding PP7, and then the
puncta were evaluated. In CCK-8 assay, U251 and U87-MG
cells were treated with PP7 (4uM to U251 cells, 6 uM to
U87-MG cells) alone or in combination with 3-MA (5 mM)
for 24h. For the treatment of bafilomycin Al, U251 and
U87-MG cells were treated with PP7 (4 uM to U251 cells,
6 uM to U87-MG cells) alone or together with bafilomycin
Al (10nM) for 24 h.

2.9. Real-Time PCR. Total RNA was extracted from the U251
cells and U87-MG cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer’s instructions after being treated with indicated concen-
trations of PP7 or TMZ. In each group, 2 ug RNA was reverse
transcribed into cDNA using the Revert Aid First Strand
cDNA Synthesis kit (Thermo Fisher Scientific, Inc.) for RT-
PCR as described before [1]. One microliter cDNA was
added to a total volume of 20 yl. PCR amplification system
qPCR was performed using the SYBR Premix Ex Taq™ II
kit (Takara Biotechnology, Co., Ltd., Dalian, China). Relative
fold levels were determined using GAPDH gene as normal-
izer control. The qPCR results were analyzed by Bio-Rad
CFX Manager 3.0 software, and the normalized value of each
experimental group was compared with the normalized value
of the control group to get a relative value. Threshold cycle
(Ct) values should be within the range mean + 1 for each ref-
erence gene across all samples to ensure similar cDNA yield
from each RT reaction. Primer sequences used were as fol-
lows: MGMT mRNA forward, 5'- ACC GTT TGC GAC
TTG GTA CTT-3" and reverse, 5'- GGA GCT TTA TTT
CGT GCA GACC-3'. GAPDH mRNA forward, 5'- GGA
GCG AGA TCC CTC CAA AAT -3' and reverse, 5'- GGC
TGT TGT CAT ACT TCT CAT GG -3'.

2.10. Statistical Analysis. Statistical evaluation was conducted
using SPSS 19.0 (SPSS, Inc., Chicago, IL, USA) for Windows
package software. Data from western blots, LC3 punctum
quantifications are presented as the mean + standard
deviation, while the others are presented as mean +
standard error of mean. Differences among multiple groups
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were compared by one-way analysis of variance, and differ-
ences between two groups were compared by the Student ¢
-test. p < 0.05 was considered to indicate a statistically signif-
icant difference.

3. Results

3.1. PP7 Decreases the Viability of U87-MG and U251 Cells.
To evaluate the cytotoxic effect of PP7, two human glioma
cell lines (U87-MG and U251) were exposed to PP7 at dif-
ferent concentrations for 12, 24, and 36h before CCK-8
assay. As shown in Figures 1(a) and 1(b), cell viability of
both U87-MG and U251 cells was suppressed by PP7,
while the most pronounced dose-dependent effect was
achieved after 24h with IC50 values 4.24 yuM +0.87 uM
and 2.17 +0.14 uM, respectively. According to these IC50
values, concentrations of 3 yM and 6 uM PP7 for U87-MG
cells, as well as 2 uM and 4 uM PP7 for U251 cells, were cho-
sen for most of the following experiments. The decrease in
cell viability of U87-MG and U251 cells after PP7 treatment
resulted from cell death induction according to the experi-
ments performed by Hoechst33342/propidium iodide (PI)
double staining (Figures 1(c)-1(e)). To discriminate the cell
death type, we analyzed the expression of Bcl-2 family pro-
teins as well as cleaved caspase 3 and found that PP7 reduced
the protein levels of Bcl-2, which was accompanied with an
increase of Bax and cleaved caspase-3 levels in U87-MG
and U251 cells (Figures 1(f)-1(k)). In addition, the subloca-
lizations of Bax and cytochrome C were compared between
mitochondria and cytoplasm, showing significant enrich-
ment of Bax in mitochondria while cytochrome C was more
abundant in cytoplasm fraction (Figures 1(1)-1(0)). All these
results demonstrated that PP7 decreased the viability of
glioma cells is mediated by the induction of apoptosis.

3.2. PP7 Promotes Reactive Oxygen Species (ROS) Production
in U87-MG and U251 Cells. Potential anticancer compounds
able to promote ROS production in cancer cells have a good
prospect for further preclinical investigations. In our study,
we found significantly increased ROS accumulation in U87-
MG and U251 cells after PP7 treatment, which was measured
by fluorescent dihydroethidium (Eth) labeling (Figures 2(a)
left, 2(b), and 2(c)). To study the relationship between ROS
production and cytotoxic effect induced by PP7, we further
performed ROS clearance with the common antioxidant N-
acetylcysteine (NAC). As shown by Eth labeling, ROS accu-
mulation was decreased after NAC treatment (Figures 2(a)
right, 2(b), and 2(c)). In addition, significantly increased cell
viability was detected by CCK-8 assay in U87-MG and U251
cells exposed to NAC/PP7 combined treatment (Figures 2(d)
and 2(e)). These results indicated that overproduction of
ROS was involved in PP7 cytotoxicity of glioma cells.

3.3. ROS Generated from PP7 Treatment Induces Autophagy
in U87-MG and U251 Cells. To investigate whether the over-
production of ROS in PP7-treated glioma cells induced cellu-
lar autophagy, the protein levels of widely used autophagy
markers—LC3 and SQSTM1 (p62)—were analyzed. In our
study, SQSTM1 (p62) protein levels were significantly
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F1GURE 1: PP7 cytotoxicity in U87-MG and U251 cells. (a, b) The cell viability of U87-MG and U251 cells treated with different concentrations
of PP7 was assessed after 12, 24, and 36 h. (c—e) Representative images and quantifications display increased cell death of U87-MG and U251
cells under PP7 treatment for 24 h, labeled with Hoechst33342/PI. Arrows indicate dead cells. (f, g) Western blots and their quantification
show increased Bax and cleaved caspase-3 protein levels but decreased Bcl-2 levels in a dose-dependent manner in U87-MG cells
and (h, i) in U251 cells. (j, k) Quantifications of the ratio of cleaved caspase-3 to total caspase-3 in U87-MG and U251 cells after
PP7 treatment. (I, m) Western blots and their quantification show increased Bax protein levels in mitochondria as well as increased
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loading control for mitochondrial fraction, while B-actin was an internal control for the cytoplasmic fraction. Solvent controls are
presented as 0 uM groups, while N stands for the repetition of experiments. *p <0.05, **p < 0.01, ***p <0.001.

reduced, while increased LC3 II/LC3 I ratio was observed in
U251 and U87-MG cells under a series of PP7 increasing
concentrations and at different time points (Figures 3(a)-
3(1)). To further corroborate this finding, GFP-LC3 plasmids
were transfected into U251 and U87-MG cells. We observed
large amounts of fluorescent puncta formed in the cytoplasm
of U87-MG and U251 cells after PP7 treatment, displaying
the presence of LC3 conjugation that is considered as a hall-
mark event in the autophagic process (Figures 3(m) left and
3(n) left). These results indicated that PP7 indeed induces
autophagy in glioma cells. To investigate the role of ROS in
PP7-induced autophagy, we further performed the ROS
clearance experiment with the administration of NAC. We
found that the formation of GFP-LC3 puncta induced by
PP7 could be easily suppressed by the treatment of NAC,
suggesting that the PP7-stimulated ROS overproduction

was implicated in the subsequent autophagic process
(Figures 3(m) right, 3(n) right, 3(0), and 3(p)).

3.4. Autophagy Contributes to PP7 Cytotoxic Effect in Glioma
Cells. To evaluate whether autophagy was also implicated
in PP7-suppressed glioma cells viability, 3-methyladenine
(3-MA) was applied as an autophagy inhibitor. We found
that PP7-induced autophagy could be inhibited by 3-MA
both in U87-MG and U251 cells, as shown by increased
SQSTM1 (p62), decreased LC3II protein levels, and the
decrease in LC3 II/LC3 I ratio (Figures 4(a)-4(f)). More-
over, significantly less LC3 puncta were observed in both
glioma cell lines exposed to PP7 and 3-MA combined
treatment (Figures 4(g)-4(i)). Most importantly, cytotoxic-
ity induced by PP7 was partly rescued by 3-MA treatment
in U87-MG and U251 cells (Figures 4(j) and 4(k)). To
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strengthen our observations, we further performed the
experiments with another widely used autophagy inhibi-
tor—bafilomycin Al (Baf-Al) in U87-MG and U251 cells.
The results showed that PP7 cytotoxic effect was also
partly rescued by bafilomycin Al treatment (Figures 4(l)
and 4(m)). Therefore, the autophagic cell death, along
with apoptosis, is involved in the antiglioma effect of PP7.

3.5. PP7 Inhibits the AKT/mTORCI Signaling Pathway in
U251 and U87-MG Cells. Taking into consideration that
AKT promotes antiapoptotic and protumorigenic activities,
we investigated the effect of PP7 on AKT activation. The
treatment of U251 cells with PP7 resulted in a notable
decreased phosphorylation levels of AKT, while the total
levels of AKT remained unchanged, which suggested that
PP7 suppresses the activity of AKT pathway (Figures 5(a)
and 5(b)). Furthermore, we showed that suppressed AKT
phosphorylation could be rescued by growth factors (IGF-1
and EGF) (Figures 5(c) and 5(d)). AKT signaling is involved
in the regulation of mMTORCI activity; thus, the effect of PP7
on mTORCI activity was further analyzed. We found that
suppressed AKT activity after PP7 treatment caused the
inhibition of the mTORCI complex activity, as illustrated

by the decreased phosphorylation levels of mTORCI effec-
tors, 4E-BP1, pS6K, and S6 (Figures 5(e) and 5(f)). In
addition, we further evaluated the effects of PP7 on
AKT/mTORCI1 signaling in U87-MG cells and found the
same pattern as in U251 cells (Figures 5(g) and 5(h)). In
order to investigate whether the inhibitory response on
AKT/mTORCI signaling was also dependent on ROS,
NAC was administrated in combination with PP7, result-
ing in recovered phosphorylation levels of both mTORCI1
effectors and AKT (Figures 5(i) and 5(j)). Therefore, our
work demonstrated that AKT/mTORCI signaling pathway
is involved in PP7 antiglioma effect.

3.6. Synergistic Cytotoxic Effect of PP7 and TMZ Combination
in U251 and U87-MG Cells. Temozolomide (TMZ) is the
main chemotherapy utilized for glioma treatment with seri-
ous side effects. Therefore, the agents that could secure the
efficacy of TMZ when applied in combination and reduce
its side effects due to the decreased effective dose will be valu-
able for glioma treatment. In order to evaluate the potential
of PP7 in glioma treatment combined with TMZ, low ineftec-
tive concentrations of PP7 (0.2uM and 0.4uM for U251,
04uM and 0.8uM for U87-MG) were combined with
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V)
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analysis show decreased phosphorylation levels of AKT in PP7-treated U251cells. Solvent-treated cells are presented as 0 uM control. (c,

d) Western blots and corresponding quantification analysis show

the effects of growth factors’ application on phosphorylation levels of

AKT after PP7 treatment in U251cells. (e, f) Western blots and corresponding quantification analysis show decreased phosphorylation
levels of mTORCI effectors, 4E-BP1, p70S6K, and $6, in U251 cells treated with PP7. (g, h) Western blots and corresponding
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different concentration gradients of TMZ, which displayed
no statistically significant cytotoxicity to U251 and U87-
MG cells (Figures 6(a), 6(b), 6(e), and 6(f)). The combined
treatments lasted 24h. We found that the combination of
PP7 and TMZ significantly increased the cytotoxicity in
U251 and U87-MG cells, especially when 0.4 uM PP7 were
applied in combination with TMZ in U251 cells
(Figures 6(c) and 6(d)) and 0.8uM in U87-MG cells
(Figures 6(g) and 6(h)). Besides, Hoechst 33342/PI staining

confirmed the synergy of PP7 and TMZ in glioma cell death
induction (0.4 uM PP7 with 90 uM for U251 and 0.8 uM PP7
with 150 uM for U87-MG) (Figures 6(i)-6(l)). These data
indicated that even low concentrations of PP7 can increase
the cytotoxicity of TMZ, which offers a broad application
prospect for PP7.

3.7. PP7 Reduces TMZ Resistance in U251 and U87-MG Cells
by Suppressing the Expression of MGMT. In addition to the
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side effects, TMZ resistance resulting from abnormal expres-
sion of MGMT is also an important factor affecting the treat-
ment of gliomas. In our study, we found the induction of
MGMT expression in U251 and U87-MG cells after TMZ
treatment, and this induction could be suppressed by the
combined treatment of PP7 with TMZ (Figures 7(a)-7(d)).
As the AKT pathway was proven to be involved in the tran-
scriptional regulation of MGMT, we further investigated
the effects of PP7 on AKT phosphorylation which was
increased by TMZ treatment in U251 and U87-MG cells
(Figures 7(e)-7(h)). These results suggested that drug resis-
tance will be suppressed if PP7 is applied in combination
with TMZ.

4. Discussions

PP7 has been reported to exhibit strong anticancer activities
in some cancer types. Zhang et al. reported that PP7 induced

HepG2 cells death through an inhibition of the
PI3K/AKT/mTOR pathway [22], while Lin et al. found an
induction of G2/M cell cycle arrest and apoptosis in PP7-
treated lung cancer cells [21]. In glioma cells, polyphyllin D
(PPD) has been reported to induce apoptosis in U87 cells
through the JNK pathway [20], and PP1 has been reported
to induce cell cycle arrest and apoptosis in U251 cells also
via the JNK pathway [19]. However, the anticancer activity
of PP7 in glioma cells and its mechanism have not been
defined. In this present work, we displayed that PP7-
induced ROS production suppressed the activity of AKT sig-
naling to induce cell death in U251 and U87-MG cells. Apo-
ptosis is one of the major cell death-related pathways, and
Bcl-2 family is responsible for the release of proapoptotic fac-
tors, such as cytochrome C, to trigger mitochondria-related
and caspase-3 dependent apoptosis [27]. Antiapoptotic Bcl-
2 proteins (e.g., Bcl-2 and BCL-xL) function to directly bind
and inhibit the proapoptotic BCL-2 proteins (e.g., Bax) [28].
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Autophagy is a regulated lysosomal pathway critical for the
long-lived proteins and organelle degradation and recycling
[29]. The roles of autophagy in cancers are complex, and con-
troversial studies were published [30, 31]. However, lots of
works supported an anticancer property for autophagy, as
the autophagy gene Beclin-1 was proven to be a tumor sup-
pressor, while the tumor suppressor genes p53 and PTEN
were demonstrated to induce autophagy [32-34]. In our
study, we found increased Bax levels, cytochrome C release,
and induction of autophagy in PP7-treated glioma cells,
which suggested that PP7-induced glioma cells death may
be resulted from increased apoptosis and autophagic cell
death. Meanwhile, the U251 cells were more sensitive to
PP7 than U87-MG cells, which may be due to different
expressions of critical genes between them. For example,
U87-MG express WT p53, while U251 contained mutant
p53, and the expression of glutathione S-transferase omega-
1, a member of glutathione S-transferase super family that
is implicated in the drug resistance of cancer cells, is higher
in U87-MG cells than that in U251 cells [35, 36].
Physiologically, ROS are normal by-products generated
from metabolic or enzymatic processes [1]. Compelling
evidences have indicated that ROS function as a critical
regulator not only in normal cells but also in many cancer
cells for multiple cellular signaling pathways [1]. In order
to keep high proliferation metabolic rates, cancer cells
maintain much more ROS than normal ones. Although
numerous physiological roles of ROS have been reported,
especially as signaling molecules involved in cell growth,
differentiation, and tumor progression. The redox balance
in cancer cells is of critical importance, and excessive
ROS accumulations are catastrophic for cancer cells [37].
Besides, the antitumor property of ROS has elicited inter-
ests in recent years. Researchers have reported that ROS
were implicated in selective killing of cancer cells [38],

but a clear understanding of the mechanisms underlying
these processes is still elusive. The AKT/mTOR pathway
plays a crucial role in regulating cellular proliferation, cell
cycle, survival, and metabolism [39]. The impact of ROS
on AKT/mTOR was widely investigated, yielding conflict-
ing results. Some studies reported the amplification of
AKT/mTOR activity by ROS through an inactivation of
PTEN [40-42], whereas the others found that ROS were
capable of modulating AKT itself with an inhibitory effect,
especially under high doses [43-46]. In our study, we
found the phosphorylation of AKT and mTORCI1 down-
stream effectors were dramatically downregulated by PP7
administration, and this response could be reversed by
NAC treatment. These results were in concert with the
recent publications regarding negative redox regulation of
AKT/mTORCI and provided evidence that PP7 mediated
AKT/mTORCI inhibition via an ROS-dependent mecha-
nism [43-46].

The relationship between autophagy and tumorigenesis
has been well established. Autophagy could provide cancer
cells with additional energy or nutrients in some specific
periods, and it also functions as a cell death and tumor
suppressor mechanism [47]. Although physiological level
of autophagy is essential for cellular homeostasis mainte-
nance under various stress conditions, excessive or uncon-
trolled level of that is able to induce autophagic cell death
[30]. Furthermore, as different classifications of cell death,
apoptosis and autophagic cell death display intricate inter-
relationships between each other. Under some conditions,
synergetic effects of apoptosis and autophagy could be
found, whereas in other situations, autophagy can be trig-
gered only when apoptosis is suppressed, indicating that
different types of cell death may develop concomitantly
to response to different stress conditions [47, 48]. Mean-
while, the relationship between ROS accumulation and
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autophagy has been widely studied in the recent years, and
it is believed that ROS are an important inducer of
autophagy [29]. In our study, we found that PP7 could
induce both apoptosis and autophagy in glioma cells,
which was dependent on the generation of ROS. In addi-
tion to the coordination of energy, and growth signals,
mTORCI has been proven to modulate cellular autophagy
[49]. Expectedly, the suppressed mTORCI activity resulted
in an induction of autophagy in glioma cells, as demon-
strated by the accumulation of LC3 and decreased p62 levels
in PP7-treated cells. Moreover, the LC3 accumulation was
further proven by detection of autophagic puncta in GFP-
LC3 transfected glioma cells treated with PP7. Our study also
found that the cell death present in PP7-treated glioma cells
could be partly rescued by 3-MA and Baf-Al, inhibitors of
autophagy [50, 51], thus providing clear evidences for the
autophagy role in PP7-induced glioma cell death.

Surgical resection, radiotherapy, and TMZ chemotherapy
are the standard therapy for glioma patients, but seriously,
side effects [52] and the resistance to TMZ due to the expres-
sion of MGMT resulted in limiting efficacy of this treatment.
O° methylguanine-DNA methyltransferase (MGMT) is an
enzyme that is able to transfer the methyl-adduct from O°
guanine to cysteine residue, which effectively repair the
DNA alteration in tumor cells prior to replication [53].
Therefore, the presence of MGMT is considered to be the
main reason for the resistance of tumor cells to alkylating
agents. Li et al. have previously demonstrated that TMZ
could induce the transcription of MGMT in glioma cells
[54]. Some MGMT inhibitors, such as PaTrin-2, 06—benzy1—
guanine, and streptozotocin, were analyzed in a combination
treatment with TMZ, resulting in less activity of MGMT but
with serious drug reactions or systematic toxicity [54-56].
Therefore, there is an urgent need to develop agents which
combined with TMZ can inhibit the activity of MGMT and
reduce the TMZ resistance. In the present study, PP7 was
demonstrated to be efficient in a combination treatment with
TMZ, by suppressing the expression of MGMT induced by

TMZ treatment alone, and this effect may also through the
modulating of AKT signaling, as AKT pathway was proven
to be involved in the transcriptional regulation of MGMT
[54, 57]. Our data suggested that the combination of PP7
with TMZ can be considered as an effective treatment for gli-
omas, but further works are still needed to prove the anti-
glioma effect of PP7 in vivo.

In conclusion, we provide for the first-time evidence that
PP7 capably induces cell death in glioma cells, through the
induction of apoptosis and autophagic cell death via ROS-
induced AKT/mTORCI activity inhibition (Figure 8, left).
Moreover, combined treatments of PP7 with TMZ resulted
in more effective cytotoxicity and decreased MGMT expres-
sion, which can be foreseen as a strategy to attenuate the abil-
ity of glioma cells to repair the TMZ-induced DNA
methylation and therefore reduce the resistance of TMZ
(Figure 8, right). Thus, our results suggest a novel therapeutic
strategy based on PP7 treatment in gliomas. However, limita-
tions are still present. First, it is unclear how PP7 stimulates
the generation of ROS in glioma cells. Then, further evidence
needs to be provided to understand whether the combined
usage of PP7 and TMZ is effective in other glioma cell lines.
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Menyanthes trifoliata L. is a valuable medical plant found in Europe, North America, and Asia, which grows on peat bogs and
swamps. It has long been used in folk medicine as a remedy for various ailments. This is the first report to demonstrate the
protective antioxidant and anti-inflammatory properties of aqueous methanolic extracts derived from the aerial parts (MtAPV)
and roots (MtRV) of in vitro grown plants on human umbilical vein endothelial cells (HUVECs). It describes the influence of
the tested extracts on the expression of antioxidant (HO-1, NQO1, NRF2, kEAPI, and GCLC) and inflammation-related genes
(IL-1a, IL-1f, IL-6, TNF-a, and IFN-y) in cells stimulated with H,O, or LPS, respectively. In addition, M. trifoliata extracts were
found to moderately affect the growth of certain bacterial and fungal pathogens, with the strongest antibacterial effect found
against Pseudomonas aeruginosa and Enterococcus faecalis. M. trifoliata extracts demonstrated protective effects against
mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) damage caused by ROS, decreasing the numbers of mtDNA lesions
in the NDI and ND2 genes and nDNA damage in the TP53 and HPRTI genes and reducing cleavage in PARPI- and y-H2A X-
positive cells. The root extract of in vitro M. trifoliata (MtRV) appears to have better anti-inflammatory, antioxidant,
antimicrobial, and protective properties than the extract from the aerial part (MtAPV). These differences in biological properties
may result from the higher content of selected phenolic compounds and betulinic acid in the MtRV than in the MtAPV extract.

1. Introduction sands of years. Currently, it is estimated that 300,000 plant

species exist worldwide [1]; however, relatively few have con-
Health-promoting properties of plants have been used in the ~ firmed therapeutic or protective properties. Fortunately,
prevention and therapy of many human diseases for thou-  modern methods and equipment allow much faster and
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more accurate analyses of the resources hidden in plants. It is
well known that they synthesize a large number of metabo-
lites which play important roles, including defense against
herbivores, other plants, or pathogens, and some can be
successfully used in general health care [2-5]. One such
group of extremely valuable plant secondary metabolites is
the polyphenols, which allow the plant to respond to stress
agents. When assimilated through the diet in fruits, vegeta-
bles, tea, or medicinal and culinary herbs, these natural
compounds play a key role in the antioxidant protection of
the human body and are believed to have a significant impact
on reducing the risk of cancer or cardiovascular disease [6].
Therefore, there is a need to identity rich sources of these
compounds in nature and study their biological properties.

Menyanthes trifoliata L., Menyanthaceae, offers a lot of
promise. This medicinal plant, commonly known as
Bogbean, occurs in the northern hemisphere, mainly in the
circumpolar temperate zone of Europe, North America, and
Asia [7]. In traditional and folk medicine, its leaves are used
to treat lack of appetite, scurvy, fevers, and skin disorders.
Extracts obtained from in vitro cultures of this plant have also
been found to induce apoptosis in glioma cells [8]. Studies
have examined the biological properties of its metabolites
[9, 10], and their results indicate that M. trifoliata is a source
of phenolics or flavonols [11], some of which, such as pheno-
lic acids, scopoletin, rutin, or loganin, may have potential
medical applications [12-14].

The aim of this work is to determine the antioxidant, anti-
inflammatory, antimicrobial, and DNA-protective effects of
the aerial part and root extracts from Menyanthes trifoliata
plants grown in in vitro culture on Schenk and Hildebrandt
(SH) medium together with various other biological
properties.

2. Materials and Methods

2.1. Plant Material. In vitro shoots of M. trifoliata were
established from seeds as described previously [8]. In the
present study, young leaves, roots, and stems were used
for shoot regeneration. The explants were cultured on
0.8% agar-solidified Schenk and Hildebrandt (SH) medium
supplemented with 1.0mg/L 6-benzyladenine (6-BA) and
0.1 mg/L a-naphthaleneacetic acid (NAA) under the follow-
ing conditions: 16/8-hour light/dark photoperiod; light
intensity, 40 ‘umolm'2 s'; and temperature, 26°C. Light
green calli were observed after 14 days on the surface of
explants; these were then transferred to SH medium with
4.0mg/L 6-BA and 0.3mg/L NAA for shoot induction.
After four weeks, the shoots obtained from calli were trans-
ferred to SH rooting medium supplemented with 0.3 mg/L
6-BA and 1.0mg/L NAA. After two weeks, rooted young
plants were transferred to solid SH medium without growth
regulators and cultured under the conditions described
above. In M. trifoliata in vitro, propagation steps are shown
in Figures 1(a)-1(d).

2.2. M. trifoliata Aerial Part and Root Extract Preparation.
The plant extracts from aerial parts and roots of M. trifoliata
plants grown in vitro were prepared according to Sitarek et al.
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[15]. Briefly, 10 g of dry weight of aerial parts and roots was
used for extraction. The plant material was extracted for 15
minutes with 80% (v/v) aqueous methanol (500mL) at
35°C using an ultrasonic bath and then for 15 minutes with
300 mL of the same solvent. Finally, the extracts were filtered,
evaporated under reduced pressure, lyophilized to dryness,
and then kept dry in the dark until further use. The yields
(w/w) of the extracts were 52.8% and 50.4% of initial plant
dry weight for aerial parts (MtAPV) and roots (MtRV) of
M. trifoliata plants, respectively.

2.3. Phytochemical Analysis of Extracts of M. trifoliata Aerial
Parts and Roots. The phenolic compounds and betulinic acid
were examined in MtAPV and MtRV extracts by HPLC
(Dionex, Sunnyvale, USA) according to Kowalczyk et al. [8].

2.4. Cell Cultures. All experiments were performed on human
umbilical vein endothelial cells (HUVECs). These cells were
purchased from Gibco (Cascade Biologics®, catalog number
C0035C) and cultured in Medium 200 (Gibco, catalog num-
ber M-200-500) supplemented with Low Serum G Growth
Supplement Kit (LSGS Kit; Gibco, catalog number S003K)
at 37°C and 5% CO, in an incubator (Galaxy® 170 R-CO,
Incubator, New Brunswick Scientific) under a humidified
atmosphere.

2.5. Cell Viability. The MTT assay was employed to measure
the viability of HUVECs treated with different concentra-
tions of LPS or H,0O, and the MtRV and MtAPV extracts
of M. trifoliata plants grown in vitro. Briefly, cells were
seeded at 1 x 10* cells per well in 96-well culture plates and
were left overnight before being treated for attachment. The
cells were incubated for 24 hours with MtRV and MtAPV
extracts over the concentration ranges 0-5mg/mL. The
inflammatory process was initiated with 1 ug/mL LPS, and
separately, the antioxidant response was stimulated with
50 uM H,0,. In the next experiment, the cells were incubated
with 1 mg/mL MtRV and MtAPV extracts or pretreated with
LPS or H,0, for one hour and then treated with plant
extracts for 24 hours. After completing the incubation, the
cells were washed once and incubated with 0.5 mg/mL of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium bro-
mide (MTT) at 37°C for four hours. The MTT was then care-
fully removed and DMSO (100 yL) added to each well. The
mixture was vortexed at low speed for five minutes to fully
dissolve the blue crystals. Absorbance was measured at
570 nm with a reference at 630 nm using a BioTek Synergy
HT Microplate Reader (BioTek Instruments, Winooski, VT,
USA). Independent experiments were repeated in triplicate.
Cell viability was expressed as a percentage relative to the
untreated (control) cells, which was defined as 100%.

2.6. Gene Expression. HUVECs were first incubated in the
presence of LPS or H,O, for one hour and then with
I mg/mL MtRV and MtAPV extracts for 24 hours. Total
RNA was then extracted using an ISOLATE II RNA Mini
Kit, according to the manufacturer’s instructions. cDNA
was synthesized from total RNA using a High-Capacity
cDNA Reverse Transcription Kit. A sample of 1ng total
RNA was used as a template in a total volume of 10 uL,
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FIGURE 1: Subsequent stages of Menyanthes trifoliata regeneration. (a) Callus formation on the root after 20-day incubation on SH medium
with 1.0 mg/L (6-BA) and 0.1 mg/L (NAA). (b) Regenerated shoot formed on SH medium with 4.0 mg/L 6-BA and 0.3 mg/L NAA. Fourth
week of incubation. (c) Rooted young plants grown on SH medium supplemented with 0.3 mg/L 6-BA and 1.0 mg/L NAA before transfer
to fresh solid SH medium. (d) Regenerated plant grown on solid SH medium without growth regulators after five weeks. Bar = 1 cm.

following the manufacturer’s instructions. Next, gene expres-
sion was analyzed by TagMan Probe-Based Real-Time PCR
Assay. TagMan probes (Life Technologies) were used to ana-
lyze 10 genes (HO-1, NQO1, kAEP1, GCLC, IL-1a, IL-1p3, IL-
6, TNF-a, and IFN-y), and beta actin (ACTB) was included as
the reference gene. qRT-PCR was performed using TagMan®
Real-Time PCR Master Mix (Life Technologies) and a
CEFX96™ Real-Time PCR Detection System (Bio-Rad Labo-
ratories, Hercules, CA, USA) working on CFX Manager™
Software (version 3.1). The thermal cycling conditions were
as follows: 10 minutes of polymerase activation at 95°C,
followed by 40 cycles of 30s denaturation at 95°C and 60s
annealing/extension at 60°C. Each sample was run in tripli-
cate. The basal expression level was calculated using the C,
method [16].

2.7. Determination of Nuclear DNA (nDNA) Damage and
Mitochondrial DNA (mtDNA) Damage. Total genomic
DNA (nuclear and mitochondrial) was isolated from cells
treated with 1 mg/mL MtRV and MtAPV extracts for 24h
and then treated with 50 uM H,O, for one hour using a
QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. DNA concen-
trations were determined by spectrophotometric measure-

ment of absorbance at 260nm, and the purities were
calculated by the A260/A280 ratio using a BioTek Synergy
HT Microplate Reader (BioTek Instruments, Winooski, VT,
USA). The semilong run quantitative RT-PCR (SLR-qRT-
PCR) was used to assess mitochondrial DNA (mtDNA)
and nuclear DNA (nDNA) damage, as described previously,
with some modifications [17]. All conditions were described
previously [18].

2.8. Cytoplasmic ROS and Mitochondrial ROS Detection. The
cells were incubated with 1 mg/mL MtRV or MtAPV for 24
hours and then with 50 yuM H,O, for one hour. DCFDA
(molecular probe, Life Technologies) staining was used to
detect cytoplasmic ROS. DCFDA was diluted to a 5 ymol/L
final concentration with Hanks’ balanced salt solution
(HBSS), which was incubated with the cells at 37°C for 30
minutes. A MitoSOX Red mitochondrial superoxide indica-
tor was used to measure mitochondrial ROS production.
The indicator was diluted to a 5 ymol/L final concentration
with HBSS, which was applied to incubate cells at 37°C for
30 minutes. The cells were washed three times with HBSS.
The fluorescence emission was measured using a BioTek
Synergy HT Microplate Reader. Each sample was run in
triplicate.



2.9. Analysis of Cellular Phosphorylated H2A.X and Cleaved
PARP Levels. HUVECs were plated in a six-well plate at a
density of 2 x 10° viable cells. The following day, the cells
were treated with MtRV and MtAPV extracts (1 mg/mL)
for 24 h and then incubated with 50 uM H,O, for one hour.
After incubation, the cells were collected, and phosphory-
lated H2A.X- and cleaved PARP-positive cells were detected
using the Apoptosis, DNA Damage and Cell Proliferation Kit
(BD Pharmingen, 562253) according to the protocol given by
the manufacturer. The cells were analyzed with a FACSCanto
IT cytometer (Becton Dickinson, San Jose, California, USA).

2.10. Antimicrobial Activity. The following strains were
tested: Staphylococcus aureus (ATCC 25923), Enterococcus
faecalis (ATCC29212), Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853), and the yeasts
Candida albicans (ATCC 10231) and Saccharomyces cerevi-
siae (ATCC 2601). The growth conditions of all the tested
microorganisms were described previously by Sitarek el al.
[19]. MtRV and MtAPV extracts were used in this study.
The minimum inhibitory concentration (MIC) and the
Minimum Bactericidal/Fungicidal Concentration (MBC or
MEFC) of the tested extract were determined as detailed pre-
viously [19].

2.11. Data Analysis. The statistical analysis was performed
using GraphPad Prism 5. All experimental values presented
in this study were expressed as mean + standard deviation
(SD). The Shapiro-Wilk test to analyze the normality of the
distribution of results was used. Next, the results were ana-
lyzed for equality of variance using Levene’s test. Significant
differences were identified using the ANOVA test for multi-
ple comparisons, followed by the Dunnet post hoc test.

3. Results

3.1. Chemical Composition of Aerial Part (MtAPV) and Root
Extracts (MtRV) of M. trifoliata Plants. The following pheno-
lic compounds have previously been identified in MtRV and
MtAPV extracts: chlorogenic acid (177 and 258 ug/g dry
weight, respectively), ellagic acid (518 and 451 ug/g dry
weight, receptively), sinapinic acid (146 and 71 ug/g dry
weight, respectively), syringic acid (114 ug/g dry weight and
not detected, respectively), rutin (256 and 153 ug/g dry
weight, respectively), and also pentacyclic triterpene-
betulinic acid (5437 and 395 ug/g dry weight, respectively)
[8]. The main components of the plant extracts are presented
in Table 1.

3.2. Effects of MtAPV and MtRV Extracts on Cell Viability.
Our results showed that the MtRV and MtAPV extracts of
M. trifoliata plants did not present any cytotoxic effect on
the human umbilical vein endothelial cells (HUVECs) in
the tested concentrations (0-5 mg/mL) after 24-hour incuba-
tion (Figure 2).

In further experiments, 1 yg/mL LPS or 50 uM H, 0, was
used: these values did not exhibit 50% growth inhibition
(ICs, value) of cells and were used for the induction of
inflammation or antioxidant effect, respectively (data not
shown). In addition, the effect on cell viability was deter-
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TaBLE 1: Chosen secondary metabolites of aerial parts (MtAPV)
and roots (MtRV) of Menyanthes trifoliata plants grown in vitro [8].

MtRV MtAPV
Compounds .
ug/g dry weight
Betulinic acid 5437.15+141.33 395.31 +£14.50
Chlorogenic acid 177.34 +£9.57 257.9+14.70
Ellagic acid 518.11 £26.46 450.65 +14.22
Rutin 256.20 + 3.24 152.99 +6.24
Sinapinic acid 146.53 +7.03 71.16 +3.34
Syringic acid 113.80 + 0.80 nd.
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FiGure 2: Cell viability after 24-hour treatment of MtRV and
MtAPV extracts of M. trifoliata plants at concentrations of 0-
5mg/mL on HUVECs. Data are presented as mean + SD.
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Ficure 3: Cell viability after 24-hour treatment of HUVECs with
1mg/mL of M. trifoliata MtRV and MtAPV extracts and
pretreatment with LPS and H,O,. Data are presented as mean + SD.

mined for both extracts of M. trifoliata in combination with
LPS or H,0,. It was found that the HUVECs demonstrated
no significant difference in cell viability following treatment
with MtRV or MtAPV extracts alone, MtRV or MtAPV in
combination with H,O,, and also MtRV or MtAPV in
combination with LPS (Figure 3).
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3.3. Gene Expression. Quantitative real-time RT-PCR was
used to measure mRNA levels of the antioxidant genes HO-
1, NQO1, NRF2, kAEP1, and GCLC and inflammation genes
IL-1a, IL-1f3, IL-6, TNF-a, and IFN-y after treatment with
50 uM H,O, or 1 ug/mL LPS for one hour and after treat-
ment with the MtRV or MtAPV extract of M. trifoliata for
24 hours. Our results demonstrated that treatment with both
extracts at a concentration of 1 mg/mL was able to change
the level of antioxidant genes in H,O,-stimulated
HUVECs compared to the controls. Similar results were
obtained for inflammatory genes. All the tested genes in
the LPS-stimulated cells demonstrated changes in expres-
sion following treatment with either extract compared to
controls, but better anti-inflammatory properties were
observed for the MtRV extract. The results are shown in
Figures 4(a) and 4(b).

3.4.  Quantification of Nuclear DNA (nDNA) and
Mitochondrial DNA (mtDNA) Damage. mtDNA and nDNA
damage was examined by SLR-qRT-PCR amplification of
DNA isolated from HUVECs exposed to MtRV or MtAPV
extracts for 24 hours and then 50 uM H,O, for one hour.
The cells exposed to 50 uM H,O, demonstrated a significant
increase in lesion rate in the NDI and ND5 regions: about five
lesions per 10 kb DNA. Similarly, the same cells demonstrated
an increase in lesion rate in the HPRTI and TP53 regions of
nDNA: about five lesions per 10kb DNA were observed. In
the cells, 24-hour treatment with MtRV or MtAPV extracts
was found to bestow a protective effect against mtDNA and
nDNA damage by decreasing the mtDNA lesion number in
the NDI and ND5 genes and nDNA damage in the TP53
and HPRT1I genes (Figures 5(a)-5(d)).

3.5. Cytoplasmic ROS and Mitochondrial Superoxide
Generation Detection. Cytoplasmic and mitochondrial ROS
levels were measured after 24-hour treatment with MtRV
and MtAPV (1 mg/mL) extracts and then one-hour treat-
ment with 50 uM H,0O,. Following 24-hour treatment with
either tested extract, decreased cytoplasmic and mitochon-
drial ROS levels were observed compared to the cells treated
with only H,0,, indicating the presence of a protective effect
(Figures 6(a) and 6(b)).

3.6. Assessment of PARP1- and y-H2A.X-Positive Cell Levels
by Flow Cytometry after Treatment with MtAPV and MtRV
Extracts. The levels of yH2A . X- and cleaved poly (ADP-
ribose) polymerase 1- (PARP1-) positive cells were evaluated
to determine the protective effect of MtRV and MtAPV
extracts on HUVECs induced by 50 uM H,0,. It was found
that the HUVECGs treated with 50 uyM H,O, generated a
higher level of yH2A.X- and cleaved PARP1-positive cells
than untreated cells. In turn, 24-hour incubation of cells with
MRV and MtAPV extracts demonstrated a protective effect
on cells following treatment with 50 uM H,0,, reflecting a
significantly lower percentage of yH2A.X- and cleaved
PARPI-positive cells. Although both extracts demonstrated
a protective effect, better results were observed for the MtRV
extract (Figures 7(a) and 7(b)).

3.7. Assessment of Anmtimicrobial Activity of MtAPV and
MRV Extracts. The antimicrobial activity of MtRV and
MtAPV extracts against Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia coli, Enterococcus faecalis, Saccharo-
myces cerevisiae, and Candida albicans was screened using
MIC and MBC/MFC methods. Both the tested extracts
showed moderate antimicrobial activity (Table 2) against
various strains at a range of MIC values (150-925 pg/mL)
and for MBC/MFC (500-2500 pg/mL). The MtRV extract
showed better activity than the MtAPV extract against P.
aeruginosa and E. faecalis, with a MIC value of 150 ug/mL.
The MtRV extract demonstrated also better antifungal activ-
ity than the MtAPV extract for C. albicans and S. cerevisiae,
with MIC values of 625 ug/mL and 725 ug/mL, respectively,
and with MFC values of 625ug/mL and 1500 ug/mL,
respectively.

4. Discussion

Plants are well-known to have beneficial effects on human
health. Their extraordinary wealth of biologically active com-
pounds makes them indispensable for human life and allow
the prevention of many civilization diseases. One plant spe-
cies that contains many valuable biologically active com-
pounds is Menyanthes trifoliata. Extracts and infusions of
this plant are used as anti-inflammatory, diuretic, or cleans-
ing agents, becoming an important element of phytomedi-
cine [20].

This work is the first to demonstrate the protective prop-
erties of M. trifoliata extracts derived from aerial parts and
roots of plants cultivated in vitro. It examines the anti-
inflammatory and antioxidant properties of M. trifoliata
extracts (MtRV and MtAPV extracts) in human umbilical
vein endothelial cells (HUVECs) which had previously been
treated with LPS or H,O,. Inflammation is a very complex
physiological phenomenon developing in the tissue under
the influence of different stimuli and is mediated by a wide
range of specific components. It involves interactions
between signal molecules produced by leukocytes, macro-
phages, and mast cells, as well as by the activation of com-
plements [21-23]. A range of studies describe the anti-
inflammatory properties of plant extracts against a wide
spectrum of normal and cancer cells [24-26].

One of the aims of the study was to investigate the anti-
inflammatory properties of M. trifoliata extracts on HUVECs
following stimulation by lipopolysaccharide (LPS) for 24
hours. LPS is the main component of the outer membrane
of Gram-negative bacteria. It activates mononuclear phago-
cytes and other cell types by toll-like receptor 4 to promote
the secretion of inflammatory mediators including TNF-q,
IL-6, and IL-18 [27]. It was found that the aerial part
(MtAPV) and root (MtRV) extracts of in vitro-derived M.
trifoliata exhibit an anti-inflammatory effect by decreasing
the expression of selected genes encoding inflammation-
associated cytokines (IL-1a, IL-13, IL-6, TNF-«, and IFN-y).

Many reports indicate that M. trifoliata is a source of
phenolic compounds such as coumarins, flavonols, or iri-
doids [11]. Our previous study also showed the presence of
various phenolic compounds in the extracts of in vitro- and
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FIGURE 4: (a) mRNA expression of antioxidant genes after 24-hour treatment of MtRV and MtAPV extracts (1 mg/mL) of M. trifoliata plants

and stimulation with 50 uM H,O,. (b) mRNA expression of inflammatory genes after 24-hour treatment with MtRV and MtAPV extracts of
M. trifoliata plants and 1 ug/mL LPS. *For comparison control vs. MtAPV and MRV extracts. “For comparison MtAPV vs. MtRV extracts.

ACTB served as the reference gene. Data are presented as mean + SD (n

=3).
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FIGURE 5: Quantification of nuclear DNA (nDNA) (a, b) and mitochondrial DNA (mtDNA) (c, d) lesion frequency per 10 kb DNA by SLR-
gRT-PCR amplification of total DNA from human umbilical vein endothelial cells exposed to MtRV and MtAPV (1 mg/mL) extracts for 24
hours followed by 50 uM H,0, for one hour. *For comparison control vs. MtAPV and MtRV extracts. “For comparison MtAPV vs. MtRV
extracts. Data represent the mean + SD of three replicates.
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F1GURE 6: The production of ROS in human umbilical vein endothelial cells exposed to MtRV and MtAPYV extracts of M. trifoliata (1 mg/mL)
for 24 hours followed by 50 uM H,O, for one hour, measured using the probes: DCFDA (a) and MitoSOX (b). *For comparison control vs.
MtAPV and MtRV extracts. “For comparison MtAPV vs. MtRV extracts. Results represent means + SD.

in vivo-derived M. trifoliata plants, with the content of ellagic ~ varying according to the plant part and growth conditions.
acid (299-518 ug/g dry weight), chlorogenic acid (129-  Betulinic acid, a pentacyclic triterpene, was found at its
258 ug/g dry weight), and rutin (82-256 ug/g dry weight)  highest concentrations in the roots of plants derived from
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FIGURE 7: Diagrams presented percentage of H2A.X phosphorylation- (a) and cleaved PARPI1- (b) positive human umbilical vein endothelial
cells after 24-hour exposure to MtRV and MtAPV extracts followed by 50 uM H, O, for one hour. *For comparison control vs. MtAPV and
MtRV extracts. “For comparison MtAPV vs. MtRV extracts. The values represent mean + SD of three independent experiments.

TABLE 2: Antimicrobial activity of MtRV and MtAPV extracts of M. trifoliata. Van: vancomycin; NOR: norfloxacin; ANF: amphotericin B.

Data represent the median values in triplicate.

Staphylococcus Pseudomonas Escherichia coli EnterocoFcus Sacchargmyces Candida albicans
Plant aureus aeruginosa faecalis cerevisiae
material MIC MIC MIC MIC MIC MIC

MBC MBC MBC MBC MEC MEC

(ug/mL) (ug/mL) (pug/mL) (pug/mL) (ug/mL) (ug/mL)
MERV 225 >500 150 >500 250 >500 150 >500 725 625 625 1500
extract
Mt APV 250 >500 250 >500 250 >500 250 >500 725 725 925 2500
extract
Cpszlt?;'f 7.82 VAN >500 <0.48 NOR >500 0.98 NOR >500 1.95VAN >500 <0.48 ANF >5000 <0.48 ANF >5000

in vitro cultures. The anti-inflammatory and antioxidant
activity of this plant compound is also well documented
in literature [28-30].

Our present findings indicated that the tested M. trifo-
liata extracts bestow a DNA-protective effect on the tested
cell line. We speculate that betulinic acid and the identified
phenolic acids (syringic acid, sinapinic acid, ellagic acid,
and chlorogenic acid) may be responsible for this positive
effect, especially as betulinic acid and sinapinic acid have
been found to suppress inflammatory cytokines such as IL-
6 or TNF-« [31, 32]. Betulinic acid (lupane-type triterpene)
exhibits a protective effect on mice exposed to lethal doses
of LPS and causes a reduction of LPS-induced TNF-« pro-
duction. In addition, betulinic acid is also known as an inhib-
itor of IFN-y production [33]. Kim et al. report the
compound to be an anti-inflammatory agent acting via inhi-
bition of the nuclear factor-xB (NF-«B) pathway. Similarly,
suppression of tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6), and interleukin-1 (IL-13) was demon-
strated in LPS-activated RAW 264.7 macrophages after betu-
linic acid treatment [34]. Similar properties have also been
described for sinapinic acid [35-37], ellagic acid [38], or
chlorogenic acid [39].

The present study also analyzes the influence of the two
M. trifoliata extracts on oxidative stress-related gene expres-
sion. Changes in the expression of genes encoding heme
oxygenase 1 (HO-1), quinone dehydrogenase 1 (NQOI),
nuclear factor (erythroid-derived-2)-like-2 (NRF2), Kelch-
like ECH-associated protein 1 (KEAP1), or glutamate-
cysteine ligase catalytic subunit (GCLC) cast light on the
protective role played by the components of the tested
extract in H,O,-stimulated cells. The MtRV and MtAPV
extracts, administered at 1 mg/mL, were found to influence
the expression of HO-1, NRF2, kEAP1, NQOI, and GCLC
genes in H,O,-stimulated HUVECs, with the MtRV extract
demonstrating better protective properties than the
MtAPV.

Previous studies provide a wealth of information describ-
ing the cytoprotective effect of plant phenolic compounds on
HUVECs [40-42]. Some affect the expression of oxidative
stress-related genes; for example, those contained in the
green tea extract increase the mRNA level of heme
oxygenase-1 (HO-1) in human aortic endothelial cells [43],
while the polyphenolic antioxidant fraction from Nymphaea
nouchali leaves increases HO-1 and Nrf2 level in RAW 264.7
cells [44]. Recently, special attention has been paid to the
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close relationship between inflammation and oxidative stress.
The appearance of an excessive amount of free radicals reacts
with cell membrane fatty acids, proteins, or DNA, leading to
mutation and consequently to the development of many dis-
eases. In this context, searching for natural components that
protect cells from adverse changes is extremely desirable.

The present study also tested cytoplasmic and mitochon-
drial ROS levels in H,O,-stimulated HUVECs after treat-
ment with MtRV and MtAPV extracts. Our results,
obtained with dichloro-dihydro-fluorescein diacetate and
red mitochondrial superoxide indicator (MitoSOX), found
the plant extracts to exert a protective effect by decreasing
cytoplasmic and mitochondrial ROS levels in cells. The
MtRV extract demonstrated a stronger antioxidant effect
than the MtAPV extract. It is known that ROS are produced
in epithelial cells by many enzymes, including nicotinamide
adenine dinucleotide phosphate oxidase (NOX), nitric oxide
synthase (NOS), or xanthine oxidase (XOD), as well as the
respiratory chain complex [45]. ROS are extremely impor-
tant elements that play a crucial role in the initiation of
inflammatory processes. Elevated levels of ROS produced
by polymorph nuclear neutrophils (PMN) at the site of
inflammation can lead to epithelial cell dysfunction and
consequent tissue damage [46]. A considerable body of evi-
dence indicates that the excessive cellular production of
ROS may be closely related to the induction of inflammation
and consequently affect the development of diseases such as
Alzheimer’s, Parkinson’s, or cancer [47]. Our findings con-
firm that M. trifoliata extracts exhibit protective antioxidant
properties, probably due to the presence of identified pheno-
lic compounds and pentacyclic triterpenes, such as betulinic
acid, which is consistent with literature data [48]. It should
also be noted that the MtRV extract appears to offer the
strongest cytoprotective effects.

Nuclear and mitochondrial DNA damage was also
quantified by SLR-qRT-PCR amplification of DNA from
HUVECs exposed to plant extracts followed by 50 uM
H,0,. Both extracts were found to have a protective effect,
resulting in a decrease in the lesion rate for all the tested
nuclear and mitochondrial DNA regions after incubation
with MtRV and MtAPV extracts compared to cells incu-
bated only with 50 uM H,O,. Although mitochondrial and
nuclear DNA damage, and hence the protective effects of
the tested extracts, can be detected by various methods such
as Southern blot analysis or comet assay, the present study
used a semilong run RT-PCR-based assay. Also, the MtRV
extract demonstrated a stronger protective potential against
ROS-derived DNA damage than the MtAPV extract.

Plant phenolic compounds are known to bestow a pro-
tective effect on DNA against various physical or chemical
factors [49-51]. A similar study investigating the protective
effect of Salvia officinalis and Thymus vulgaris extracts on
the DNA of HepG2 cells was performed by Kozics et al.
[52]. Their results indicate that H,0,-induced DNA damage
was significantly reduced in cells pretreated with both the
tested plant extracts, which were also found to contain
phenolic compounds and betulinic acid. Another study
examined the effect of a purified Eugenia jambolan leaf and
fruit extract on HepG2 cells; the extracts were found to be

rich sources of many phenolic compounds and betulinic acid
and to exhibit antigenotoxic and antimutagenic effects [53].

Other studies have shown that phenolic compounds,
including phenolic acids, can reduce the level of oxidative
DNA damage in a variety of cell types [54, 55]. However,
the present study is first to report the ability of the
in vitro-derived M. trifoliata plant extract to protect cells
against DNA damage. As noted in previous studies, our
results suggest that the protective effect demonstrated by
the examined extracts is related to its phenolic compound
content, including betulinic acid, and the synergy between
extract components.

Flow cytometric analysis showed that M. trifoliata
extracts had a protective effect on the tested cells. HUVECs
treated with H,O, generated a higher level of yH2A .X- and
cleaved PARPI-positive cells than untreated cells. On the
other hand, 24-hour incubation with the studied MtRV and
MtAPYV extracts exhibited a protective effect against pretreat-
ment with H,0, by reducing the number of yH2A.X- and
cleaved PARP1-positive cells. Poly (ADP-ribose) polymerase
1 (PARP1) is responsible for the ADP-ribosylation process
(PARylation), which is a common posttranslational modifi-
cation of DNA damage. This modification regulates many
other biological processes, including the reorganization of
chromatin or DNA damage response (DDR). In addition,
PARP is a substrate for caspases and is cleaved during apo-
ptosis into 86 and 24 kDa fragments [56, 57]. For this reason,
PARP1 acts as a good DNA damage sensor [58]. Similarly,
the H2A.X protein is a key factor in the repair of damaged
DNA and can be phosphorylated on the 139th serine residue
in the presence of DNA damage [59]. Phosphorylated pro-
tein causes a conformational change in the DNA-H2A.X
complex, which allows recruitment of proteins needed to
repair DNA injury [60].

Our results clearly show that M. trifoliata extracts from
plants derived from in vitro cultures play an important role
in DNA protection of the tested cells. This is consistent with
other literature data showing that polyphenol-rich natural
products also inhibit the increases in cleaved PARP level
[61, 62]. Similarly, the level of phosphorylated H2A.X,
another determinant of DNA damage, has previously been
found to be reduced under the influence of the black tea
or Camptosorus sibiricus extract [63] in other cells. It is
most likely that the phenolic compounds and pentacyclic
triterpene present in the MtRV and MtAPV extracts may
be responsible for the biological effect observed in the
present study.

The study also examines the antibacterial and antifungal
properties of M. trifoliata extracts. The tested MtRV and
MtAPV extracts demonstrated stronger antibacterial than
antifungal action. It was also shown that the MtRV extract
possessed a stronger effect against the tested microorganisms
than MtAPV. The best bacterial growth inhibitory effects
were obtained against Pseudomonas aeruginosa (ATCC
27853) and Enterococcus faecalis (ATCC29212) for the
MtRV extract (MIC = 150 pg/mL). Similar effects were dem-
onstrated for the MtAPV extract against all the tested bacte-
ria (MIC =250 ug/mL). Also, better fungal growth inhibition
was exhibited by the MtRV extract than the MtAPV extract
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against Candida albicans (ATCC 10231) and Saccharomyces
cerevisiae (ATCC 2601), where the MIC for Candida albicans
was 625 ug/mL. Many plant species naturally produce com-
pounds with antimicrobial or antifungal properties [64-66].
IvaniSova et al. [67] examined the antimicrobial activity of
M. trifoliata leaf extracts, rich sources of polyphenols and
flavonoids, and extracts from other plants against three
Gram-negative bacteria and two Gram-positive species.
The M. trifoliata extract demonstrated the strongest antibac-
terial activity against Escherichia coli, Salmonella enterica
subsp. enterica, Bacillus thuringiensis, Staphylococcus aureus
subsp. aureus, and Pseudomonas aeruginosa, which corre-
sponds to our results. This study found M. trifoliata to be
the richest source of polyphenols, flavonoids, and phenolic
acids among all the analyzed wild plants in the study. The
antibacterial and antifungal properties of M. trifoliata
extracts have also been investigated by Paudel et al. [68] by
testing their influence on pathogenic microorganisms such
as S. aureus, E. coli, and C. albicans. In this case, the plant
extracts were active only against S. aureus. The authors attri-
bute these differences in antimicrobial activity to variations
in antimicrobial metabolites among the tested samples.

The search for new antibacterial compounds has recently
become an extremely important issue due to emerging resis-
tance of pathogens to traditional medicines; in this sense,
plant-derived compounds can play a potentially important
role. They often have specific chemical structures that can
inhibit bacterial growth through new mechanisms of action
[69]; however, this group of secondary metabolites may also
be of great importance in the development of new com-
pounds against human pathogens. Based on data obtained
in previous studies [70-72], it is likely that betulinic acid
may be chiefly responsible for the antibacterial and antifun-
gal effects of the tested extracts [70, 73]. Additionally, we sus-
pect that phenolic acids may have a similar effect and show
synergistic effects with other components, particularly since
the MtRV extract showed the best antimicrobial properties.
Generally, the antibacterial and antifungal mechanism of
action of many phenolic compounds is not yet fully under-
stood [69]. Some studies indicate that they interact with a
range of targets such as DNA, DNA gyrase [74], protein
kinases [75], and helicase, among others [69]. Attempts
should be made to identify new antimicrobial components,
especially as increasing numbers of multidrug-resistant
strains are appearing in the environment [76].

5. Conclusion

The results of our study demonstrate for the first time that
MtRV and MtAPV extracts from M. trifoliata plants derived
from in vitro cultures showed antioxidant and anti-
inflammatory effects on human umbilical vein endothelial
cells (HUVECs) stimulated by H,O, or LPS, and of the
two, the MtRV extract demonstrated the strongest activities.
Additionally, the protective effect was observed which was
associated with a decrease in DNA damage, reductions in
cytoplasmic and mitochondrial ROS levels, and reduced
yH2A X- and cleaved PARP1-positive HUVEC numbers.
Furthermore, the tested extracts demonstrated moderate
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antimicrobial activities against various pathogenic bacterial
and fungal strains. Therefore, this plant may play a potential
role in the therapy and prevention of many civilization
diseases.
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The use of natural antioxidants in cancer therapy has increased: first, due to the potential of natural antioxidants to kill tumour cells
and second, because of their capacity to protect healthy cells from the damage caused by chemotherapy. This review article
discusses the antioxidant properties of extracts obtained from medicinal plants from the Brazilian Cerrado and the cell death
profile induced by each of these extracts in malignant cells. Next, we describe the capacity of other medicinal plants from the
Cerrado to protect against chemotherapy-induced cell toxicity. Finally, we focus on recent insights into the cell death profile
induced by extracts from Cerrado plants and perspectives for future therapeutic approaches.

1. Introduction

Natural products or their derivatives represent approxi-
mately 60% of all chemotherapeutic agents approved by
the Food and Drug Administration (FDA), including vin-
cristine, vinblastine, and Taxol [1-3]. However, the search
for medicinal plants with anticancer properties has inten-
sified in recent years since chemotherapeutic agents are
limited by a high rate of drug resistance and by severe
side effects. Additionally, some of the current drugs used
in cancer therapy are very expensive to produce [2, 4].
Therefore, there is great interest in the discovery and
identification of effective anticancer compounds and mol-
ecules with low production costs and high target cell
selectivity [5-7].

Brazil is considered to be the territory with the richest
biodiversity in the world [8-11]; the Cerrado is the second

main biome, exhibiting a great diversity of natural plants
[9, 12, 13]. The Cerrado is located in the middle west of
Brazil, encompassing almost 2 million km? that covers 21%
of the Brazilian territory [14, 15].

Numerous studies have evaluated the biological effects of
extracts from medicinal plants from the Cerrado. These
extracts include Stryphnodendron adstringens, popularly
known as barbatiméo, which has displayed antiulcerogenic
and antifungal effects [16], and Campomanesia adamantium,
popularly known as Guavira, which has presented antidia-
betic properties, anti-inflammatory, and diuretic actions
[17]. Another plant from the Brazilian Cerrado is Senna
velutina; little is known about its biological effects, but
an important study investigated its antitumour activity in
a leukaemia cell lineage [18]. In addition, the Jacaranda
[19] and Harconia [20] genera are other examples of
medicinal plants from the Cerrado commonly used in folk
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medicine and with some described biological properties,
mainly antioxidant activity. Finally, Schinus terebinthifolius
and Guazuma ulmifolia are used in traditional medicine to
treat ulcers, diarrhoea, arthritis, and infections [21] and
inflammation, gastrointestinal diseases, and diabetes [22],
respectively. The botanical features and geographical dis-
tribution of plants from the Brazilian Cerrado are outlined
in Table 1.

This review article discusses the antioxidant properties of
extracts obtained from medicinal plants from the Brazilian
Cerrado and the cell death profile induced by these extracts
in malignant cells. Next, we describe the capacity of other
medicinal plants from the Cerrado to protect against
chemotherapy-induced cell toxicity.

2. Redox Balance Potential

Natural antioxidants are molecules that protect cells from
the damage induced by reactive oxidative species (ROS)
[4, 66]. These ROS, including superoxide anion (O,’-)
and hydrogen peroxide (H,0O,), are involved in various
cellular processes (host immune defence, cell signaling,
cellular respiration process, and others); however, if they
are not properly regulated by the antioxidant system,
ROS initiate a number of deleterious effects, which may
cause the oxidation of biomolecules [67, 68]. For example,
excessive ROS results in lipid peroxidation, a process in
which free radicals attack polyunsaturated fatty acids, a
lipid present in the cell membrane, resulting in membrane
rupture and the production of toxic molecules, especially
malondialdehyde (MDA), associated with cell damage and
mutagenicity [68-70].

Superoxide is generated from diverse metabolic pathways
in cells, including the mitochondrial respiratory chain and
the enzymatic action of cytochrome p450 and NADPH oxi-
dases [71, 72]. The superoxide that results from these reac-
tions can undergo dismutation to generate water (H,O) by
superoxide dismutase (SOD), an enzyme in the antioxidant
system or can react with nitric oxide (NO®), to generate
reactive nitrogen species, such as peroxynitrite (ONOO"),
the most powerful oxidant [67, 69].

Superoxide dismutase catalyses the dismutation of O,*”
to hydrogen peroxide (H,0,), which is a less reactive species
and a substrate for other enzymes involved in the antioxidant
system. Successively, in a Fenton reaction, H,0O, can be mod-
ified to a toxic hydroxyl radical (OH") in the presence of
transmission metals, such as iron (Fe**), and therefore
should be decomposed to H,O. For this step, the most
efficient enzymatic antioxidants are catalase (CAT) and/or
glutathione peroxidase enzymes (GPx) [73, 74]. GPx reduce
peroxides to water (or alcohol) through oxidation of selenol
residue to selenenic acid (RSe-OH) groups which are con-
verted back to selenols by the tripeptide glutathione (GSH).
Oxidazed gluthatione (GSSH) is oxidazed back to GSH by
glutatione reductase [67, 69, 73].

Numerous studies have evaluated the antioxidant poten-
tial of extracts from plants from the Cerrado. Campos et al.
[18] studied the effects of S. velutina on radical scavenging
activity. Extracts prepared from the leaves of S. velutina in
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an ethanol solvent were found to be very potent inhibitors
of radical scavenging activity by the DPPH (2,2'-diphenyl-
1-picrylhydrazyl) method, and the concentration necessary
for the 50% inhibition (IC,,) of DPPH of these extracts
was lower than that of the commercial antioxidant butyl-
ated hydroxytoluene (BHT) (6.3 +1.3 versus 21.3+1.2 ug
/mL). Similarly, Dos Santos et al. [46] evaluated the anti-
oxidant capacity of a leaf extract of Hancornia speciosa in
an ethanolic solvent and also observed a potential activity
by the DPPH method and improved IC;, values in rela-
tion to BHT (9.4+0.8 versus 66.1 +23.6 yg/mL).
Espindola et al. [38] found that an extract prepared from
the root of C. adamantium in an aqueous solvent and BHT
had similar antioxidant capacities by the DPPH method
(ICsy : 37.3+4.1 versus 36.1+9.1ug/mL) [38]. Baldivia
et al. [16] evaluated the antioxidant effects of an extract from
the stem bark of S. adstringens by the DPPH and ABTS

methods (2,2’ -azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)). The antioxidant efficacy of S. adstringens is similar
to that of ascorbic acid according to both methods (DPPH
ICsq, 3.81 +£0.02 versus 2.65 + 0.03 ug/mL; ABTS IC,,, 1.83
+0.15 versus 1.34 £ 0.01 ug/mL).

These results demonstrate that the extracts obtained from
S. velutina, H. speciosa, C. adamantium, and . adstringens may
directly react with free radicals by electron donation radical
scavenging, thereby inhibiting ROS-induced damage. These
actions can be attributed to the presence of phenolic com-
pounds. The antioxidant efficiency of a phenolic com-
pound depends on the capacity of a hydrogen atom in a
hydroxyl group on an aromatic structure to be donated
to a free radical [75, 76]. Among the phenolic compounds
described as major potential antioxidants, gallic acid is a
well-described phenolic compound with antioxidant and
antihaemolytic activities in human erythrocytes [77-79].
Procyanidins are also excellent antioxidants capable of pro-
tecting erythrocytes from oxidative haemolysis [80, 81].
Furthermore, flavonoids known as catechins [82, 83],
rutin [84, 85], and quercetin [86, 87] are among the most
abundant and important chemical constituents of plant spe-
cies and are described as lipid peroxidation inhibitors.
The phenolic compounds identified in extracts of C. ada-
mantium, S. velutina, and S. adstringens are listed in Table 2.

The extracts from these plants also showed antioxidant
activity and demonstrated lipid peroxidation prevention
in 2,2'—azobis(-amidinopropane) dihydrochloride- (AAPH-)
induced erythrocyte haemolysis as evidenced by MDA pro-
duction. Importantly, MDA is related to cell damage and
mutagenicity and the inhibition of this process can restore cell
homeostasis and prevent the development of oxidative stress-
related disease [88].

Casagrande et al. [19] evaluated the activities of SOD,
CAT, and GPx antioxidant enzymes in human erythrocyte
lysates and found that a hydroethanolic extract of Jacaranda
decurrens subsp. symmetrifoliolata leaves increased the
enzyme activity of glutathione peroxidase and reduced the
activity of superoxide dismutase and catalase. Rocha et al.
[21] showed that the enzymatic activity of SOD and GPx
enzymes increased upon treatment of human erythrocytes



Oxidative Medicine and Cellular Longevity

"[£5] syuerd reyuowreuro
Se ‘s9)B)S Payu) Y} SUIpnul ‘SaLIIUNOD
Joj0 ur paonpoxur A[pS1e[ sem pue
eOLIOUTY INOS JO JS0W $10A00 A[qeqoid
J] 'STRIAD) SEUIJA] pUe [NG Op 0SSOID)
OJeJA SE Yons SuorSaI IaY}0 Ul punoy
pue yInos 2y} 0} YIIOU Y} WOIJ }se0d
uernizelq ay3 Suore usas Apuanbaig a0y

*[£6] synyy pax pue ammyonas [eprwetdd
e ur sromofj [rews sey jued ayy pue ‘wd g
0} ¢ Surmseaw sjaea] £4q ajrsodwiod are
S9ABI[ Y[, "W (09 03 dn yoeaI ued Yuni
3y} JO I2joUreIp Y} pue YySY ur w g
JSOWe ST Jey} 991} © ST SN10fi1j 119213} °§

"[96] 1109 viyoria1dsT IsuTeSe LTATIOR 2ARY
(9) s10eIXD S)INIJ pUB SIARI] Y] pue {[SG] (e)
snuad eprpue)) ay) jsureSe £JIAT)oE sey] 10eIIXd

yreq ay) ¢[FS] (Jow pue oY) T ad4) snaia xopdurrs
sad1oy JsureSe £J1A130e sey J0BIIXD YIeq wals
YT, "[£S] YSOuLSNIIY SVUOUIOPNIS] PUE SHAIND
s122020]Aydp1g IsuteSe £j1anoe pamoys 15uny
ondydopus paje[osy *[z5] s109y° Jureay punom
pue L1ojewrwejur-njue sey| (3) SIABI[ WOIJ [10
[en3uassa oy pue ‘[15] av1IV]YSY $11920201d2.41§
pu® winpavf sn2020.491u5 Jsurede AJIaroe
Pamoys (W :d) JOBI)XD Jed] PUE SSIM) WOIJ [10
[enuassa ay [, 's199y° [0S] (9Y) suLylrenue pue
[6¥] (:qowr) aatsuayradAynue aaey pue [gy] ured
sryjedoinau Jear) ued (ur) $)OBNXD Jed] Y],
"[£¥] Ly1anoe oneqerprue sey (9) 108X Jea] oY,

deadeIpIedeuy

1ppeY snijofitfjuqatar snusos

‘[9%] eonzaus A pue
BIAT[Og ‘NIdJ ‘Aendered se yons SoLIUNOD
JOYJO UT PAqLIDSIP pue AI0JILId) UBI[IZeI
a1} Jnoydnoy) panqrusip APpIp

‘[9%] 1ead a1} Jo JeT]) 0 JeTrLUTS adeys
® seq Iy [rews 9y, -adeys pajeduope
UB JABY PUE 2)IYM dI€ SIOMOJ T,
'saz1s pue sadeys ur parrea pue aj1soddo
pue ‘Suneursfe ordurts are saAed] oY,
“yuni) ySnoi pue ‘snonjio} (W (1-g) pazis
-WINIPaUI € Sey Jey) 2213 © SI vs019ads [

"SONIALOR [GF] (9) dLaqeIpniue pue ‘[H¥ ‘¢¥|
(3) A103eTIPOSEA ‘[7¥] 2AIsUaLIAdAynue 2ALY O}
PuNOJ sem () 198IIXd Jed[ oY) pue {[1§] Ljanoe

Aroyewrwrejur-njue sey xa3e[ 3y [0%] (9Y)

SanIATO® dA19)01doIsed pue ‘erqoiorwmue
fJ1s9qoNIUE OT)oqRIPTIUE Sy JOBIIXA YIeq ],

aeaoeufoody

SOWON) Vs0192ds VIULOIUDE]

‘[6¢] AenSereq
pue eunuadry ur suordar juadelpe swos
ur SUIALITE pUe BULIE}R)) BJURS PUE ‘MG OP
0SSOID) OJJA ‘STBION) SBUIJA] SE YONS $33e)s
UBI[IZBIG SWOS UT UONNQLISIP JIWDPU

‘[6€] opim wo €7 03 6°T 4q
Sua] ur un §'9 03 ' Woiy axe oJuel Jes]
31} JO SUOISUSWIP I} pue (Jea[ arnjeur
31} UO ITey OU JSOUI[e )IM) JU2sIqe[d
pue (peoiq uey) 18uof) 3uojqo ‘Gursoddo
o1dws a1 S9ARS] YT, YIeq YSIMOT[AA
[IIM 9SBQ ) WOIJ PayPULIq pue
SNON)IO) ST YUNT) YT, "UMOID PIZIULFIOSIP
B UM JYSIOY U W ¢ 0) W G'T wotj Suimoid
‘satpouerq Teondiye M sqnays axe Ao,

'sap? [8¢] drwaeprdijodAy
Ssey (M) JoBIIXD Jea[ 9y} pue ¢[£¢] A1anoe
[eaoyLIRIpIIUR SBY (9%0€/0L—M :9) 1ORIJXD
[9ad a1y {[9¢ ‘S¢] 10aye aandeddounue ue sey
(m) 10B1IX0 Pa3s A {[F¢] S30oP ATojRUTUIRfUT
-nue pue jo[)e[dnue dALY 0} puUNo}
sem (%0€/04—M :9) Joenxa [9ad ay,

BIRIIAIN

319g 0O
wnupwvpy visauvuoduwv)

‘[€€] puereq pue ‘omeq
0BG ‘STRIID) SBUIA ‘0SSOIL) OJRIA] ‘SBIOD)
‘[e19pa] OILNSI(] ‘BIYRY ‘SUNUBIO], :$3)e)S
UBI[IZEIg UT PaInqLusIp st A[eoyoads
a10W suadurnspe g Tizerg Jo suordax
WISINOS 3y} pue eneredIN UsaM}aq IR
3y} 03 payruur] st 1opudf Jo uonNQLISI(

"[£¢€] somads
I9T)0 WOIJ JUIISPTP “PajIasur A[areutalfe
$19Jea] I9PIO-pu0das Jo sired 9—¢ YIIM
asuas a1soddo ue ur syapyeay jo sired /-g
SeY SuaSuLspy °§ INONIS Jed] 1Y) £q
PaIenUaIaPIp 9q Ued $3199dg "YIeq pa1ofod
-JSTLI pue 981800 ‘AJSTNI © Sey [[ensn wo)s
91} pUE ‘SUOT)EDYTUIET JALY JOU SI0P YUNI)
1) “PaZIS-TUNIPAT o€ SNUSF STY) UT ST,

‘[z€] (q pue 4 ) eL2)oeq 2ARIsOd-tIesd
pue [1¢] (49€19) snapa
sad1oy [0¢ ‘67] (Io®I9/I-MB) SuvIIqIv VPIPUL)
[82] (q9®39/:]-M®) suvULIOf0IU s11220201dA1D)
jsurede )TATIO® [BIQOIDTWUTIUE JABY J0I)XD
YIeq Wals WOLJ SUOLDRIJ PUR ‘S199[3 [£7]
(3) oneqerpnue pue [9z] (9) 10o[n osednue
‘[sz] (M) Lroyewrwrepur-nue [Fg ‘] ureay
punom aAey () 108I1IX2 Ieq Wd)S pue $J00I 3,

Jeadeqe

[[IA0D) "JIeN
suadu1jspy uospuapouydiig

uonnqrysip resryderdoan

SaanjeoJ edrueloq

SINIATIO® [ed130]01g

Aqrureg

awreN

‘ope11a)) uerizerg woij sjueld jo uonnquisip resryderdoad pue ‘saInjeaj [edTue)0q SIANIATOE [edr30[org (] 14V,



Oxidative Medicine and Cellular Longevity

‘aonoely joueyjowr :jouwx

cuonoely 2)e10. A9 1OBI9 IOJEM 2]8JIOE 1-ME [UOTOBL] ‘[OUBYIOUI : WLIOJOIO[UD :WI:D OUBYID : OIPAY :d: 1 ‘IOJEM :[OUBYID M :d JOUBYIDUI :UI D]JOOL (B LIOJeM M QUEXDY : {OUBYID :3 :JUIA[OS "PUFT

'[S9] [1Ze1g 01 OIIXIIA WOIJ
POINQLISIP SI JeY) 921} © SI vyjofiuijn ‘0

'[§9] s1a19wmuad

9214} 0} om] Jo wriof remnsded e aaey 12242 [9 *¢9] 2anoaj01doxnses pue

‘[z9] JuexE[RIOSEA OAISUR)OdAY Sey (') Joenxd

“we vijofiun vunzung

'[09] 0sso1n) 01N JO A1eIS
WIYINOS Y] JO $3103ds JIUIPUS Ue ST SIY T,

BOUQ0I]
X selre] vyvjoijofiijariiuds
“dsqns sua.insap vpuvivvf

uonnqrustp [eorqderSoan

sy Yoe[q 9y pue sofepuadde wojiy 1eq wors 2q1, *[19] Eoustod SRSqEPTIUT SBIIBATRIN
Suo[ 9ARY SIOMOJJ 2} £2INJONIJS PIOAO Heq UL 19 Hequipt
we se Kegdsp vofitugn o fo sorva] oYL dARY (M) SJOBIJXD Jed[ U MIeq Wa)s YT,
[09]
20U2DSIYIP YY) UT UIdrewr LABMUOU € JIM “fy1A1)00 [6G] Ar0jRUITUEUI-)UR SBY
snoiqe[S pue ‘Umoiq ‘Apoom A[pwonxa (31 s3001 3y} pue sanIAnOe [86] oruseprdijodAy SeaneIIOuSt
omnsded 23eA0q0-SU0[qO UE ST JINIJ SIT pue pue ‘orwafors)safoypodLAy Arsaqonue : '
uorqo 03 reondiypo syopyes] ym ‘padiq dA®Y 0} PAQLISIP ST (3Y) J0IIXD Jed[ oY,
ST JB3[ $3] "W (OST-0S SoInseawr sapads ay T,
S9INJEIJ [EOTURIOY sanIAnoe [esroforg Arure,

aureN

‘ponNuUTIuOY) i1 A14V],



Oxidative Medicine and Cellular Longevity

[9%] Te 10 sorueg so(q

unnI pue
[o13jdwoey] WOy PIALIOP SPIOUOAR]] PUE
‘proe oruagoro[yd ‘proe orumb oyssurog

aseafar utsdayes pue s1s0}dodaN

[61] Te 32 opueidese))

sprouoae[j pue spunoduros srjouayq

stisojdode
)] PUE SISOIOAU ‘UOIIeAT)OR ¢-osedse])
‘uonjezrre[odap [eLIPUOYDOITIA

[2¥1] Te 19 onse)

[81] Te 10 soduren

SIATIRALIDP SUIDRIYJURBOIPATRI}S)

ot pue sdnoid (oneraAsal

JO d)I[0qeIaW dATOR) [ouue)eadrd
PUE UIYDI)BD JO SIATJBALIOP PIOUOAR[]

surpruefooyjueord orowiL
pue oLI_WIP pue ‘saprsodL[S oroyduraey
unn “uryoajedtds ‘urypagesoreSidy

04314 U1 SISEISLIDOW
Areuownd parredur pue ‘c-osedseo
pajeanoe ‘uonounysAp renusjod
QUBIQUIAW [ELIPUOYDOIIW Paonpur
S[oA] SOY Je[N[[2BIJUT PISLIIOU]
Xn[jur wnmpojes pue ‘saseyd go) pue
S a1} Je 3sa11e A[AO 120 ‘uonezLrejodop
[BLIPUOYDO0)IUT ‘UOTLAT)OR ¢-asedse)

[STT] Te 10 saATY

[P¥1] Te 32 [eOdsEq

[£1] e 30 sodwe))

(9%159) [osauIR]-(4Z) pue ‘QuauowlI|
‘oxopipiaia ‘ouaurd-v ouaydydofres-¢
‘oprxo aua[iAydoLres-¢
‘g-ouaroeurdf qoudnyeds QuadIAN-¢

UruowrepIed dU0d[eYD)

poe oryres pue ‘proe d1defpe [Aylow-QO
OPISOXAYAXO03P-() “DPISOXY-O
proe o13e[[o [AyIowW-O OPISOIUdJ-O
aprsojuad-([hoqes-Q)-O-uneoudw
pue opisojuad-O unedsonb unooLfur
9PISOXAYAX02P-() PUE IPISOJUIJ-O

uoneaijold (20 10ued pAIqIyu]

uorssaxdxo TEIN pasea1ddp
pue ‘vonejuawdery YN ‘uonjerajrjord
1190 190ued 23e3501d payqryuy

Xn[jul wnioped
pue ‘saseyd zo) pue § 9y Je Jsa1Te 9[04
[[92 ‘uoneanoe g-asedses pue ¢-asedse))

[£71] Te 30 owqes

[9%1] T8 30 wmjdey

[91] 'Te 10 e1arpreg

suryoajed pue ‘surprueooid ‘proe orjren

uonoely Pou-wAiod urpruefooyjueorg

suryoajed pue ‘surprueooid ‘proe orjren

uorssaxdxa
[-urpaq pue ‘¢-0)yT ‘g-osedseo
‘c-osedseo aaAT)oR ‘g-osedsed pasearour
pue oner g-TDg/Xeq pasearou]
uorssardxa
¢-asedsed pue g-asedsed pasearour pue
‘onjer g-1Dg/Xeq pasearour ofewrep
[BLIPUOUD0)IUI ‘SSIIIS JAIJBPIXO dSUU]
uoronpoxd
SOY pue ‘uonjearoe ¢-asedsed
‘uonjezire[odap [eLIPUOYDOIIA

EAd:!

paynuapt spunodwo))

$9IN)JJ D1X0J0IAD)

S[[92 [-Twmsey] SAABYT vso122ds "I
S[[92 795 SIARY SULINIAP [
9/19£SD asnow $00
pue S[[9> ZX2UQ1491d
S[[92 795 /1ean( SOABT punaA °§
[6SON Pue ‘®ToH ‘L-dOW
¢-0d SOABYT
sjooy
S[[92 795X SoABYT WNYUDUUDPD *7)
SEP-AN-VAW PUe L-1DIN
VEED pue ‘eHIS ®ToH Ieq walg
TXON-0T4919 Teq walg suaSu1Ispy °g
[PPON pasn syreq sarads jue[q

'syue[d opeLIa)) JO $10BIIXS WO paynuapt spunoduwod pue [enusjod d1X0j04D) i 14V,



Oxidative Medicine and Cellular Longevity

[6ST] ‘T 30 o1uUIR)
pue [17] Te 12 eyooy

[651] auaapueyayd
pue Quared ‘ouauowl| Quaurd-o
pue [1¢] poe d1qI0dse pue
‘uruue) ‘prouoaeyj ‘spunodwod srouayq

04714 u1 s1sAjowraey
QATJEPIXO PIONPAI pue AJIDIXOJOIPIED
PAONPUI-UIIqNIOXOP JSUTESE Pajoa)oid

9/19LSD
asnow pue S[[Pd 795

SoABIT

smijofnf1uiqaiar -

—NN_ Te 3o sojueg sog

Joxayduuaey [£soxay
[£s0XoyAX09p-O-1p pUE ‘UI[oN] [ASOXdY
[Asoxaydxoap-O ‘unooronb [Asosay
-[£s089yAX09p-O-1p pue [£s0JUdJ-O

sproe orumb pue oD

04314 U1 SISAJOWARY] JATIRPIXO
Paonpal pue £JIIX0J0IpIed padnpur
-urIqnIoxop ay) JsureSe pajoaloid

9/194SD
3snouw pue S22 795y

SOABIT

yIeq wo)g

vijofiun °o

EAd:!

paynuapt spunodwo))

$91INBJJ D1X0J0I4D)

[PPOIN

poasn Sireqd

sarads jue[q

‘panunuoy) :7 414V ],



Oxidative Medicine and Cellular Longevity

with an extract prepared from the leaves of S. terebinthifolius
in methanol solvent. Based on these results, it seems that J.
decurrens and S. terebinthifolius may modulate the endoge-
nous antioxidant system.

Extracts of C. adamantium, in addition to scavenging
activity, were described to reduce MDA in vitro and
in vivo [38]. The capacity of C. adamantium to present
in vivo antioxidant effects represents a major advantage for
the development of new products. In many cases, in vitro
findings are not reproduced in an organism due to various
factors, such as enzyme inactivation, poor absorption, and
tissue distribution [89, 90]. This finding suggests that the
C. adamantium extract showed a bioavailability profile
suitable for use in vivo.

These results demonstrated that these extracts are very
potent antioxidants due to their radical scavenging capacity
and their capacity to protect the cell against lipid peroxida-
tion. Furthermore, the synthetic antioxidants commonly
used are reported to be mutagenic and cause liver injury
[91]. The search for new antioxidants that are more effective
and have a better toxicity profile than current antioxidants is
desirable, and the plants described here may represent inter-
esting targets for this purpose.

3. Antioxidants and Cancer

Cancer is a multistage process resulting in an uncontrolled
cell cycle and cell division and apoptosis resistance and is
one of the main diseases that cause mortality worldwide
[92]. Carcinogenesis is a process that involves multiple steps,
including an initiation phase that can occur after exposure to
a carcinogenic agent, and commonly results in increased
production of ROS [93, 94]. The initialization of cancer cells
commonly depends on mutations in genes related to the reg-
ulation of the cell cycle, apoptosis, and/or growth factor sig-
nalling pathways, which can be induced by ROS-mediated
DNA mutations [95, 96].

The interaction between antioxidants and cancer cells
can occur in at least three ways:

(i) Prevention: the ability of antioxidants to protect cells
from ROS-induced DNA damage is the basis of the
association of antioxidants with cancer prevention
[97-99]

(ii) Protects against chemotherapy toxicity: chemother-
apy commonly increases the production of ROS,
which induces oxidative stress in cancer cells and
other tissues. Excessive ROS may cause a disruption
in cellular homeostasis, which can lead to toxicity.
Therefore, to improve the clinical response to che-
motherapy, combination approaches with antioxi-
dants are being investigated by providing protection
against toxic side effects [100, 101]

(iii) New anticancer molecules: recent evidence has sug-
gested that antioxidants can also be used to eliminate
cancer cells. Over the last few decades, antioxidant
extracts from medicinal plants have shown a great
cytotoxic potential [102, 103]

4. Cell Death Pathway in Cancer Cells

Currently, cell death continues to be considered a complex
process that results in a variety of pathways [104-106]. The
fact that cells die through different death pathways and that
cancer cells can be resistant to each cell death signalling path-
way is a relevant aspect in the development of new drugs for
anticancer therapy [107, 108]. To date, knowledge of the cell
death pathway induced by medicinal plants from the Cerrado
is still scarce [109, 110].

4.1. Classical Cell Death. Apoptosis is a regulated and con-
trolled process accompanied by a series of hallmarks,
including cell shrinkage, chromatin condensation, DNA
fragmentation, and apoptotic body formation, which is
dependent on the activation of a protease enzyme family
called caspases [111, 112]. In apoptosis, a change in the
membrane of the cell marks the cell for recognition and
phagocytosis by macrophages [113, 114].

Despite the modulation of apoptosis by drugs in cancer
cells, the activation of the intrinsic pathway is a critical step
[109, 115]. In response to insults, the opening of pores occurs
in the mitochondrial membrane and the release of proapop-
totic factors, such as cytochrome c, then forms an apopto-
some complex in the cytosol together with the apoptosis
inductor factor and pro-caspase-9, leading to caspase-9
activation. Caspase-9 then activates effector caspases such as
caspase-3, resulting in the cleavage of several cellular targets
involved in all aspects of apoptosis. The release of proapopto-
tic factors from mitochondria is regulated by proapoptotic
(BAX) and antiapoptotic (Bcl-2) proteins [116-118].

In addition to the Bcl-2 family, the intrinsic pathway
can also be modulated by intracellular calcium [119-121]
and the ROS generated by mitochondria [71, 72, 122].
The ROS generated by mitochondria, or elsewhere in the
cells, can activate p53, which activates proapoptotic Bcl-2
proteins that can inhibit the functions of antiapoptotic
proteins [71, 122-124]. Moreover, ROS cause mitochondrial
membrane depolarization and/or open Bax/Bak channels on
the mitochondrial membrane, which allows for the release of
apoptosis-inducing factor, endonuclease G, cytochrome c,
and Smac/Diablo into the cytosol [72, 124]. Furthermore,
the perturbation of intracellular Ca** homeostasis is also
associated with cell death. Endoplasmic reticulum stress
responses can induce lesions that affect membrane integrity
and the release of Ca®* [120, 121, 125]. Following Ca*" efflux
into the cytoplasm, the proapoptotic proteins Bak and Bax,
which are located in both the reticulum and mitochondria,
may be delivered to the cytosol. Calcium overload can induce
mitochondrial dysfunction and cell death accompanied by
membrane rupture, a process called necrosis [119, 125].

4.2. Alternative Cell Death Pathway. For several decades,
apoptosis was depicted as programmed cell death in malig-
nant and healthy cells and as a pivotal target for new thera-
pies. Recently, other forms of cell death have also been
increasingly noted [111, 126]. Discovering novel therapeutic
strategies that may induce alternative cell death pathways
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FIGURE 1: Cell death profile induced by extracts and/or compounds from medicinal plants of Cerrado.

appears to be especially useful for opposing malignant cell
resistance to caspase-dependent apoptosis [127].

Necroptosis is a form of necrosis that occurs under
caspase-deficient conditions [128,129]. At the molecular level,
necroptosis depends on the activation of serine/threonine
receptor-interacting protein kinases 1 and 3 (RIPK1 and
RIPK3) by death receptor ligands, which leads to the activation
of mixed lineage kinase domain-like pseudokinase (MLKL)
[130-132], allowing for a cascade of intracellular events
involving Ca** influx, ROS production, and membrane rup-
ture [133]. Moreover, accumulating evidence has shown that
necroptosis promotes an anticancer immune response [134].

Lysosome-dependent cell death is initiated by pertur-
bations of intracellular homeostasis and is demarcated by
the permeabilization of lysosomal membranes [135-137].
Upon lysosomal stress, lysosome-dependent cell death
proceeds through membrane permeabilization, resulting
in the release of proteolytic enzymes from the cathepsin
family to the cytoplasm, which activates death signalling
pathways. More commonly, ROS play a prominent causal
role in lysosomal permeabilization. The production of
hydroxyl radicals by Fenton reactions destabilizes the
lysosomal membrane upon lipid peroxidation, but an
increase in cytoplasmic Ca®" is also a key regulator repor-
tedly involved in the activation of lysosomal cell death
[138, 139]. Moreover, lysosomal dysregulation may be
associated with alterations in autophagy and the role of
ROS in homeostasis and cell death [137]. Autophagy is a
self-digestive process that involves lysosomal fusion to
degrade unnecessary or dysfunctional cellular components
[140]. The role of autophagy in cancer is controversial;
thus, the modulation of autophagy depends on each sub-
type of malignant cells and an improved understanding
of this pathway in the cancer environment [141].

5. Cell Death Profile Induced by Plants from
the Cerrado

Several reports from our group [16-19] have demonstrated
the potential anticancer properties of medicinal Cerrado
plants. Assessing the cell death profile induced by these
extracts, through cell death inhibitors and/or caspase
detection indicated the involvement of different cell death
pathways for each plant extract. For example, many stud-
ies have demonstrated the antitumour potential of plant
extracts through caspase-independent cell death, including
H. speciosa [20] and J. decurrens [19], while others such as
C. adamantium [17], S. velutina [18], and S. adstringens
[16] killed malignant haematologic cells or melanoma cells
through apoptosis (Figure 1 and Table 2).

Campos et al. [18] studied the effect of an extract from
the leaves of S. velutina in two leukaemia cell lines: Jurkat
cells, acute T cell leukaemia cells, and K562, Philadelphia
chromosome-positive cells. Jurkat cells were found to be
more sensitive to the cytotoxic effect of S. velutina than
K562 cells, and this effect was accompanied by caspase-3 acti-
vation, mitochondrial depolarization, and cell cycle arrest at
the S and G2 phases. Furthermore, these features were
reversed by chelation of calcium, demonstrating the
involvement of calcium as the main regulator of cell death
mediated by S. velutina. Castro et al. [142] evaluated the
effect of an extract from the roots of S. velutina on a mel-
anoma cell line B16F10-Nex2 and also evaluated the anti-
metastatic effect of this extract using models of tumour
volume progression and pulmonary nodule formation in
C57Bl/6 mice. The extract reduced cell viability and pro-
moted apoptotic cell death, caspase-3 activation, with
increased intracellular calcium and ROS levels, and cell cycle
arrest at the sub-G0/G1 phase. In vivo, the tumour volume
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progression and pulmonary metastasis of S. velutina-treated
mice decreased by over 50%. Taken together, these results
show that S. velutina had in vitro and in vivo antitumour
effects, predominantly through apoptosis, thus demonstrat-
ing its promising potential as a therapeutic agent in the treat-
ment of melanoma, leukaemia, and possibly other types of
cancer.

Other studies have identified the in vitro antiproliferative
activity of the extract from leaves of C. adamantium in many
cell lineages, including murine melanoma cells (B16-F10)
[143], prostate cancer cells (PC-3) [144], breast adenocarci-
noma cells (MCF-7), cervical adenocarcinoma cells (HeLa),
and glioblastoma cells (M059]) [145]. However, none of
these studies evaluated the cell death profile induced by
extract of C. adamantium. In another study, Campos
et al. [17] studied the cell death profile induced in Jurkat
cells by an extract prepared from the leaves and roots of
C. adamantium. A dose-dependent inhibition of viability
occurred in cells incubated with the leaves and roots of
C. adamantium. This effect was dependent on the accu-
mulation of cytosolic Ca®" and on cell cycle arrest at the
S phase. In addition, the cell death induced by extracts
was likely mediated by the intrinsic apoptotic pathway, since
both extracts induced the activation of caspase-9 and
caspase-3, and cell death was reversed after incubation with
a general caspase inhibitor.

Baldivia et al. [16] found a similar profile of cell death in a
study evaluating the effect of a hydroethanolic extract of the
stem bark from S. adstringens on the melanoma cell line
B16. S. adstringens increased the production of ROS, which
may have induced the disruption in mitochondrial mem-
brane potential that caused the apoptotic cell death observed
in melanoma cells. These in vitro experiments demonstrated
that S. adstringens is a potent cytotoxic extract that induces
apoptosis-mediated cell death [16]. Kaplum et al. [146]
investigated the in vitro anticancer activity of a proanthocya-
nidin polymer-rich fraction of the stem bark from S. adstrin-
gens (extracted in acetone : water) in cervical cancer cell lines,
including HeLa (HPV18-positive), SiHa (HPV16-positive),
and C33A (HPV-negative) cells, and evaluated in vivo
anticancer activity. HeLa and SiHa cells treated with the
extract exhibited intense oxidative stress, mitochondrial
damage, and increased Bax/BCL-2 ratio and caspase-9 and
caspase-3 expression. The inhibition of ROS production by
N-acetylcysteine significantly suppressed oxidative stress in
both cell lines. In vivo, the extract significantly reduced
tumour volume and weight of Ehrlich solid tumours and sig-
nificantly increased lipoperoxidation, indicating that it also
induced oxidative stress in the in vivo model. These findings
indicate that the proanthocyanidin polymer-rich fraction of
S. adstringens may be a potential chemotherapeutic candi-
date for cancer treatment. Sabino et al. [147] investigated
the in vitro anticancer activity of a fraction isolated from an
aqueous leaf extract of S. adstringens in breast cancer cell
lines. The fraction was cytotoxic against two human breast
cancer cell lines: the estrogen receptor-positive cell line
MCF-7 and the triple-negative cell line MDA-MB-435.
Treatment with the fraction increased the expression of
Bax, caspase-9, active caspase-3, caspase-8, LC-3, and

beclin-1 and decreased the expression of Bcl-2, caspase-3,
and pro-caspase-8 in cancer cells. Taken together, these
results show that S. adstringens had in vitro and in vivo
antitumour effects, predominantly through apoptosis, thus
demonstrating its promising potential as a therapeutic agent
in the treatment of melanoma, cervical cancer, breast cancer,
and possibly other types of cancer.

Despite the benefits of the pharmacological cancer
therapies, the high toxicity of chemotherapeutic drugs is
one of the main identified problems. Importantly, in this
context, S. adstringens and C. adamantium show less
toxicity against healthy normal cells and peripheral blood
mononuclear cells (PBMCs) than tumour cells. In parti-
cular, extracts made from the leaves of C. adamantium
did not change the viability of PBMCs at the evaluated
concentrations but exhibited an IC;, of 40 pg/mL in
Jurkat cells. Although there was a cytotoxic effect of S.
adstringens on PBMCs, this effect only occurred at the
highest concentration evaluated (>200pug/mL), which is
comparable to the IC;, (65ug/mL) exhibited against B16
cells, suggesting a high therapeutic index. These experi-
ments indicate that these plants show selective effects against
cancer cells and possibly do not confer any toxicity to healthy
normal cells. New targeted therapies with low toxicity and
limited side effects are promising for the development of
new anticancer agents [148].

Dos Santos et al. [46] evaluated the cell death profile of an
extract from H. speciosa in an acute myeloid leukaemia cell
line, Kasumi-1. The extract from H. speciosa promoted
caspase-independent apoptosis because the pancaspase
inhibitor did not inhibit the cytotoxic activity of these
extracts. This extract killed Kasumi-1 through the involve-
ment of cathepsins and necroptosis and consequently, an
alternative pathway of cell death. Cell signalization depen-
dent on lysosomal degradation remains not yet understood,
and it seems to modulate autophagic flux [137]. Thus, addi-
tional studies evaluating the modulation of autophagic flux
mediated by H. speciosa are desirable.

Casagrande et al. [19] evaluated the cell death profile
induced by extracts from J. decurrens in K562 erythroleukae-
mia cells. These researchers found concentration-dependent
cytotoxic activity against the malignant cells studied, which
occurred through late apoptosis and necrosis, the activation
of caspase-3, and a decrease in mitochondrial membrane
potential. Clinically, this cell death pathway (necrosis and
necroptosis) is promising for the development of new anti-
cancer compounds against malignant cells resistant to apo-
ptosis [149, 150]. Moreover, accumulating evidence has
shown that necroptosis promotes an anticancer immune
response [134]. The great potential of necroptosis induced
by H. speciosa and J. decurrens suggests further evaluation
of the immunogenicity capacity of these medicinal plants.

Many phenolic compounds derived from Cerrado plants
have demonstrated potential anticancer properties. At high
concentrations, the phenolic compounds can act as prooxi-
dants and impair the redox balance of malignant cells
[151-155]. Gallic acid is a phenolic compound found in both
C. adamantium and S. adstringens. Gallic acid induces
death in various cell lines via the intrinsic apoptotic pathway



10

[79-81]. S. velutina also has a large number of phenolic com-
pounds; specifically, the phytochemical analysis of roots
identified flavonoid-like molecules, such as epigallocatechin,
epicatechin, rutin, kaempferol glycosides, and dimeric and
trimeric proanthocyanidins [18], and identified the main
compounds to be the flavonoid derivatives of catechin and
piceatannol (active metabolite of resveratrol) groups and
dimeric tetrahydroanthracene derivatives [142].
Accordingly, several flavonoids, such as luteolin, jacar-
anone, triterpenes, ursolic acid, and oleanolic acid, have
been identified in the genus Jacaranda and their cytotoxic
activities have been described [155-158]. Further studies
to isolate and identify the compounds in the medicinal plants
H. speciosa, ]. decurrens, S. velutina, C. adamantium, and
S. adstringens and clinical trials to study these extracts
and/or isolated compounds have potential to facilitate the
development of alternative therapeutic strategies and the
design and selection of new drugs for cancer therapy.

6. Protection against Chemical Toxicity by
Plants from the Cerrado

Chemotherapy commonly increases the production of ROS,
which induces oxidative stress in cancer cells and other
tissues [160, 161]. Excessive ROS may disrupt cellular
homeostasis, leading to toxicity [162-164]. In fact, after
chemotherapy treatment, oncology patients exhibit signs
of lipid peroxidation in plasma, reduced levels of antioxidant
vitamins in the blood, and decreased levels of GSH in tissues
[165]. For example, drugs such as taxanes (paclitaxel and
docetaxel) and vinca alkaloids (vincristine and vinblastine)
induce cell death by cytochrome c release from mitochondria
and interfering with the electron transport chain, resulting in
the production of superoxide radicals [166]. Other drugs,
such as anthracyclines (for example, doxorubicin), also
generate extremely high ROS levels [167].

Combinatory approaches with antioxidants can protect
the health tissues against toxic side effects, improving the
clinical response of chemotherapy [164, 168-170]. Regard-
less of the role of plant antioxidants from the Cerrado in che-
motherapy, two recent studies evaluated the effect of
doxorubicin on chemotherapy using in vitro and in vivo
models. Dos Santos et al. [22] evaluated the capacity of
G. ulmifolia extract to protect against doxorubicin injury
in vitro and in vivo. The oxidative stress markers in human
erythrocytes exposed to doxorubicin, including haemolysis
and MDA, were reduced by the combined use of G. ulmifolia
extract and doxorubicin. G. ulmifolia extract also induced
cardioprotection in rats treated with doxorubicin. G. ulmifo-
lia extract was able to prevent MDA production in the car-
diac tissue of animals treated with doxorubicin. Similarly,
Rocha et al. [21] described the potential of S. terebinthifolius
to protect against doxorubicin injury in vitro and in vivo. The
treatment of C57Bl/6 mice with a S. terebinthifolius leaf
extract protected against doxorubicin-induced cardiotoxi-
city, corroborating the results of the reduced oxidative
haemolysis in vitro. The cotreatment of doxorubicin with
G. ulmifolia or S. terebinthifolius did not attenuate cytotoxic-
ity in erythroleukaemic cells, confirming that these antioxi-
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dants do not specifically interfere with the cytotoxic efficacy
of this anticancer agent. In conclusion, G. ulmifolia and
S. terebinthifolius have been found to be capable of protecting
against the damage caused by doxorubicin and can offer a
therapeutic opportunity for treating cancer.

Other studies have evaluated the antimutagenic potential
of some plants from the Cerrado. As discussed previously,
carcinogenesis initiation, progression, and promotion are
processes related to increased intracellular ROS. Martello
et al. [171] described the antimutagenic activities of
C. adamantium hydroethanolic extract in Swiss mice treated
with cyclophosphamide. When the extract was administered
in combination with cyclophosphamide, the micronucleus
frequency and apoptosis were reduced. Extract components
might affect cyclophosphamide metabolism, which possibly
leads to the increased clearance of this chemotherapeutic
agent. Thus, caution should be exercised when consuming
these extracts, especially when received in combination
with other drugs. de Oliveira et al. [172] investigated the
capacity of C. adamantium fruits to protect HepG2 cells
(hepatocytes) from carbon tetrachloride- (CCl,-) induced
toxicity. Carbon tetrachloride (CCl,) is a highly toxic chem-
ical that is used to investigate hepatotoxicity. Pretreatment
of HepG2 cells with pulp or peel/seed hydroalcoholic extract
significantly protected against the cytotoxicity induced by
CCl,. Additionally, the cells treated with both extracts (both
at 1000 ug/mL) showed normal morphology (general and
nuclear), in contrast to the apoptotic characteristics of the
cells only exposed to CCl, [172].

In another study, using a similar model, Abdou et al.
[173] found that the administration of an ethanol extract
of leaves from S. terebinthifolius significantly protected
against CCl, liver damage in Wistar rats. Interestingly, S.
terebinthifolius extract inhibited hepatocyte apoptosis as
revealed by an approximate 20-time downregulation in
caspase-3 expression compared with the CCl,-untreated
group. Endringer et al. [97] investigated the capacity of
H. speciosa to induce antioxidant response element (ARE)
activation in HepG2 cells transfected with ARE-luciferase
plasmid. ARE is a regulatory enhancer gene encoding pro-
tective proteins, including phase II detoxification enzymes
such as NAD(P)H:quinone oxidoreductase and antioxidant
enzymes such as glutathione (GSH) S-transferases (GST).
Extracts and fractions (methanol and methanol : water (1:1))
caused ARE induction.

7. Conclusion

The evidence discussed in this review indicates that the
medicinal plants from the Cerrado show antioxidant activity,
anticancer activity, and protective effects against chemical
toxicity. These plants are potential candidates for the identi-
fication of effective pharmacological compounds. Therefore,
the in vivo assay followed by clinical trials may provide clear
evidence on the potential benefits of these extracts and/or
isolated compounds and may facilitate the development of
alternative therapeutic strategies and the design and selection
of new drugs for cancer therapy.
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Glioblastoma (GBM) is the most common and devastating primary brain tumor. The presence of cancer stem cells (CSCs) has been
linked to their therapy resistance. Molecular and cellular components of the tumor microenvironment also play a fundamental role
in the aggressiveness of these tumors. In particular, high levels of hypoxia and reactive oxygen species participate in several aspects
of GBM biology. Moreover, GBM contains a large number of macrophages, which normally behave as immunosuppressive tumor-
supportive cells. In fact, the presence of both, hypoxia and M2-like macrophages, correlates with malignancy and poor prognosis in
gliomas. Antioxidant agents, as nutritional supplements, might have antitumor activity. Ocoxin® oral solution (OOS), in particular,
has anti-inflammatory and antioxidant properties, as well as antitumor properties in several neoplasia, without known side effects.
Here, we describe how OOS affects stem cell properties in certain GBMs, slowing down their tumor growth. In parallel, OOS has a
direct effect on macrophage polarization in vitro and in vivo, inhibiting the protumoral features of M2 macrophages. Therefore,
OOS could be a feasible candidate to be used in combination therapies during GBM treatment because it can target the highly
resilient CSCs as well as their supportive immune microenvironment, without adding toxicity to conventional treatments.

1. Introduction

Glioblastomas (GBMs) are the most aggressive form of pri-
mary brain tumors. Histologically, they are characterized by
pronounced hypercellularity, aberrant vasculature, and
necrotic regions [1]. Standard treatment of GBM consists of
maximal safe surgical resection followed by focal, fractionated
radiotherapy, in combination with concurrent and adjuvant
chemotherapy with the DNA alkylating agent temozolomide
(TMZ) [2]. In any case, the prognosis is still grim, with less
than 10% of GBM patients surviving 5 years after diagnosis,
so novel treatment modalities are urgently required.

GBM cancer stem cells (CSCs) are able to self-renew, dif-
ferentiate and repopulate the whole bulk of the tumor, and

they have been associated with tumor relapse after treatment
[3]. Maintenance of an undifferentiated state of GBM CSCs
seems to be controlled by cues from their niches, mainly vas-
cularized areas and hypoxic regions [4, 5]. Paradoxically,
hypoxia is associated with an increase in reactive oxygen spe-
cies (ROS) [6]. In fact, molecules that induce a decrease in
endogenous ROS levels have been recently associated with
the inhibition of CSC-like properties in GBM [7, 8].

Dietary supplements (including antioxidants) are widely
used among patients with cancer, with the potential to be
anticancer and antitoxic agents, reducing side effects.
Whereas some authors have reported undesirable interac-
tions with conventional therapies, others have suggested
a synergistic effect [9, 10]. Ocoxin® oral solution (OOS)
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is a nutritional supplement with recognized antioxidant,
anti-inflammatory and immunomodulatory properties.
The solution is composed, among others, of green tea
extract, glyzyrrhicic acid, and vitamins C, B6 and B12,
which have undergone a molecular activation process that
boosts their antioxidant and biological activities. It was
synthesized by combining two products, Viusid® and
Ocoxin®. The Viusid component has shown beneficial
effects in patients suffering from chronic hepatitis C and
cirrhosis, showing antioxidant and immunomodulatory
effects [11, 12]. OOS has also been tested in several cancer
clinical trials, resulting in a significant improvement in the
quality of life of patients, better tolerance to conventional
therapies, and an increase in the survival index [13]
(NCT01392131). Moreover, OOS antitumor effects have
been validated in vitro and in vivo in preclinical breast cancer
[14] and acute myeloid leukemia models [15], playing an
inhibitory role for the liver metastasis of colorectal carci-
noma [16, 17]. In all cases, when administered to animal
models, OOS showed no detrimental effects. In fact, it even
improved the overall health state of the mice.

Here, we have tested the effect of OOS in GBM models.
For that we have used primary cell lines, derived from patient
samples. We have observed that OOS has a dual function, it
reduces tumor growth in some GBM through the modulation
of CSC properties, and it shows a striking capacity to inhibit
M2-like macrophage polarization, both in vitro and in the
tumor environment. Moreover, pretreatment with OOS
reduces the protumoral function of M2 macrophages. There-
fore, OOS could be a good candidate to be used in combina-
tion therapies during GBM treatment, especially if we
consider that it has been marketed for years without any
report of adverse effects.

2. Materials and Methods

2.1. GBM Cell Culture. GBM1 (L0627) was provided by
Rosella Galli (San Raffaele Scientific Institute, Milan, Italy);
GBM2 (12015) and GBM3 (12001) were obtained by disso-
ciation of human GBM surgical specimens from patients
treated at Hospital Universitario 12 de Octubre (Madrid,
Spain). We obtained an informed consent for study partic-
ipation from both patients. None of them was under the
age of 18. The study was performed with the approval
and following the guidelines of the Research Ethics Com-
mittee of Hospital 12 de Octubre (CEI 14/023). Primary
GBM cells were cultured in Neurobasal medium (Invitro-
gen) supplemented with B27 (1:50, Invitrogen), Glutamax
(1:100, Invitrogen), penicillin-streptomycin (1:100, Lonza),
0.4% heparin (Sigma-Aldrich), 40 ng/ml EGF (PeproTech),
and 20 ng/ml bFGF, (PeproTech) and passaged after enzy-
matic disaggregation using Accumax (Millipore), as previ-
ously described [18].

2.2. GBM In Vitro Assays. For viability assays, 5000 cells were
seeded in triplicate wells of a 96-multiwell plate coated with
Matrigel (Becton-Dickinson, 15 mg/ml stock solution diluted
1:100 in DMEM medium (Lonza)). 24h later, cells were
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treated with OOS (1:100) (Catalysis S.L.) and viability was
measured after 72h of treatment. For that, cells were incu-
bated with Hoechst 33342 (1:200, Sigma-Aldrich) and pro-
pidium iodide (1:1000, Merck) and fluorescence was
measured in a Cytell Cell Imaging System (GE Healthcare
Life Sciences). Wells containing nontreated cells were con-
sidered as 100% viability for each tested cell line. For self-
renewal assays, GBM neurospheres were disaggregated into
single cells and plated in fresh medium in the absence of
OOS at a clonal density of 2.5 cells/ul in triplicate wells of a
96-multiwell plate. 24 hours later, GBM cell lines were
treated with OOS (1:100). The percentage of self-renewing
cells was determined 6 days after treatment by counting the
number of individual neurospheres that originated from
plated cells. Nontreated cells were used as a control.

2.3. Macrophage Isolation and Culture. Peritoneal macro-
phages were isolated as described in [19]. In brief, for macro-
phage isolation, 2.5 ml of 3% thioglycollate (Sigma-Aldrich)
was injected into the peritoneum of C57BL/6 mice. Four days
later, peritoneal cells were harvested and 15000 cells/well
were seeded in a 96-multiwell plate for viability and ROS
assays. Otherwise, 2.5 x 10° cells/well were seeded in a 6-
multiwell plate for RNA isolation. Cells were cultured in
RPMI 1640 (Fisher Scientific) with 10% of heat-inactivated
fetal bovine serum (FBS, Fisher Scientific) and penicillin-
streptomycin (1:100, Lonza) for 3h. The amount of FBS
was then reduced to 2% for overnight cell starvation. After
overnight starvation, cells were treated with or without
1:100 OOS, in the presence of the differentiation inducers:
LPS (200 ng/ml, InvivoGen), IL4 (20 ng/ml, PeproTech) or
GBM1 conditioned medium (CM, 1:1) (obtained after 72h
incubation of GBM1 cells in neurosphere media). Control
cells were maintained in 2% FBS medium. After 24 h, LPS
and IL4 were removed but OOS was maintained for another
24 h before macrophage analysis.

2.4. Macrophage In Vitro Assays. Macrophage viability was
assessed using AlamarBlue reagent (Fisher Scientific). The
reagent was added to the media (1:10) and incubated for
4h at 37°C and 5% CO,, protected from light. Fluorescence
of the samples was measured (excitation at 560 nm and emis-
sion at 600nm) in an Infinite 200 PRO microplate reader
(Tecan). Wells containing only culture media were used as
a background control for all the samples measured, and wells
containing nontreated cells were considered as 100% viabil-
ity. ROS measurement was performed using dihydroethi-
dium (DHE) reagent (Cayman Chemical). DHE was added
to the media (1:800) and incubated for 1h at 37°C and 5%
CO,, protected from light. Fluorescence of the samples was
measured in a Cytell Cell Imaging System. Wells containing
only culture media were used as a background control for all
the samples measured, and wells containing nontreated cells
were considered as 100% ROS. For the coculture experiment,
2.5x 10° macrophages were seeded per 6-multiwell plate.
After the overnight starvation, cells were treated with or
without 1:100 OOS, in the presence of IL4 (20ng/ml,
PeproTech). Control macrophages were maintained in 2%
FBS medium. After 24h, IL4 was removed but OOS was
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maintained for another 24h. After OOS removal, macro-
phages were washed and freshly dissociated GBM1 cells
(expressing the luciferase reporter) (250000 cells) were
added on top of the macrophages (in GBM media without
growth factors). Three days later, luciferin was added (150
pg/ml) and luminiscence was measured in an IVIS equip-
ment (Perkin Elmer).

2.5. Mouse Xenograft Assays. Animal care and experimental
procedures were performed in accordance with the European
Union and National Guidelines for the use of animals in
research and were reviewed and approved by the Research
Ethics and Animal Welfare Committee at our institution
(Instituto de Salud Carlos III, Madrid) (PROEX 244/14).
Heterotopic and orthotopic xenografts were performed as
previously described [20]. For heterotopic xenografts, 1 x
10° cells were resuspended in culture media with Matrigel
(1:10, BD) and then subcutaneously injected into athymic
nude Foxn1™ mice (Harlan Iberica). When the subcutaneous
tumors were noticeable (around 4 mm in diameter), OOS or
water was orally administered to the mice (100 ul/day, 5 day-
s/week). During the treatments, tumors were measured with
a caliper twice a week until mice sacrifice. Tumor volume was
calculated as 1/2 (length x width?). Relative tumor growth
was calculated in relation to tumor volume at day 1 of treat-
ment. For orthotopic xenografts, stereotactically guided
intracranial injections in athymic nude Foxnl™ mice were
performed by administering 0.5 x 10° GBM1 cells resus-
pended in 2 yl of culture media. The injections were made
into the striatum (coordinates: A-P, -0.5 mm; M-L, +2 mm;
and D-V, -3 mm; related to the bregma) using a Hamilton
syringe. Mice were orally treated with OOS or water (200
ul/day, 5 days/week) 3 weeks after the intracranial injections
until mice were sacrificed at the onset of symptoms.

2.6. Tumor Tissue Analysis. At the endpoint, subcutaneous
tumors or brain tumors were dissected and the tissue was
fresh frozen for molecular analysis, dissociated for flow
cytometry analysis or fixed o/n in 4% paraformaldehyde
(Merck) and embedded in paraffin. Paraffin-embedded tissue
was cut with a microtome (Leica Microsystems) (3 ym sec-
tions), and sections were stained with hematoxylin-eosin
(H&E) or incubated with specific antibodies for immunohis-
tochemical- (IHC-) DAB staining.

2.7. Western Blot (WB). For immunoblot analysis, cells were
collected and rinsed in cold PBS. Samples were resuspended
in 0.1% SDS-RIPA buffer supplemented with a protease
inhibitor cocktail (Roche), incubated 20 minutes on ice and
centrifuged at 14000 rpm for 15min at 4°C. Protein con-
centration was determined using a commercially available
colorimetric assay (Pierce BCA Protein Assay Kit, Thermo
Scientific). Approximately 20 pg of protein were resolved
by 12% SDS-PAGE and transferred onto a nitrocellulose
membrane. Membranes were blocked for 1h at room tem-
perature in 5% BSA in TBS-T (10mM Tris-HCI, pH 7.5,
100 mM NaCl and 0.1% Tween-20) and then incubated o/n
at 4°C with the corresponding primary antibody diluted in
5% BSA in TBS-T. After washing 3 times with TBS-T, mem-

branes were incubated for 1 hour at room temperature with
their corresponding secondary antibody diluted in TBS-T.
Detection was done by enhanced chemiluminescence with
ECL (Millipore). Primary and secondary antibodies are
shown in Supp. Table S1 and S2, respectively.

2.8. Quantitative Real-Time PCR (qRT-PCR). RNA was
extracted from both frozen pellets of cells or frozen tissue sec-
tions with the High Pure RNA Isolation Kit (Roche) follow-
ing the manufacturer’s instructions. Total RNA (1 ug) was
reverse transcribed with the PrimeScript RT Reagent Kit
(TAKARA) in a total volume of 20 yl. The product of this
retrotranscription was tenfold diluted for quantitative PCR
analysis. Quantitative real-time PCR (qRT-PCR) was per-
formed using the Light Cycler 480 (Roche) with SYBR
Premix Ex Taq (TAKARA) in LightCycler® 480 Multiwell
Plates using 10 uM of forward and reverse primers and
2ul of cDNA template (tenfold diluted). Cycling condi-
tions included an initial denaturation for 10 minutes at
95°C, followed by 45 cycles of 10s at 95°C, 10s at primer
hybridization temperature and 10s at 72°C. Quantification of
gene expression was performed by the delta-delta Ct method,
and Ct values were calculated following the manufacturer’s
instructions (LightCycler Software, Roche). The expression
of the housekeeping genes Actin or RPII was used as an inter-
nal expression control. Primers used are indicated in Supp.
Table S3.

2.9. Flow Cytometry Analysis. Tumor cells were disaggregated
into individual cells with Accumax (5 min, RT) and erythro-
cytes were lysed with Quicklysis (15min, RT; Cytognos)
before staining. Cells were stained with anti-CD44-FITC
(ImmunoTools, Supplementary Table S1) diluted in PBS
+0.5% BSA+2mM EDTA (staining buffer) for 20 min on
ice and treated with PI (5 pug/ml, Sigma-Aldrich) for 5min
on ice. After staining, cells were washed with staining buffer
and analyzed by flow cytometry (FACSCalibur, Becton
Dickinson) using the Flow]Jo software.

2.10. Immunohistochemical Analysis (IHC). Tumors were
fixed o/n at 4°C in 4% paraformaldehyde (PFA, Merck),
rinsed with 0.1 M phosphate buffer (PB), and dehydrated
by an ethanol gradient before embedding in paraffin for
microtome sectioning. Tumors were cut with a microtome
(Leica Microsystems), and paraffin sections (3 pm) were
dewaxed and rehydrated. Antigen retrieval was achieved by
microwaving the sections in 10 mM sodium citrate (pH 6.0)
and endogenous peroxidase was blocked with 0.3% hydrogen
peroxide. Tissue sections were blocked with 5% BSA+10%
FBS in PB-Triton X-100 (0.1%) and incubated o/n at 4°C
with anti-Activated Caspase 3 in blocking buffer. Sections
were incubated with a secondary antibody labelled with bio-
tin (2 hours at room temperature) before incubation with
ABC-Peroxidase Solution (Thermo Scientific) for 30 min at
room temperature. The peroxidase activity was developed
with DAB (Vector) and sections were counterstained with
hematoxylin. Images were acquired with a Leica DM4B
microscope and analyzed by using Image] software. The



primary and secondary antibodies used are indicated in
Supp. Table S1 and S2, respectively.

2.11. Statistical Analysis. The survival of nude mice was
analyzed by the Kaplan-Meier method and evaluated with
a two-sided log-rank test. Student’s t-test was performed for
statistical analysis of in vitro studies. Data in graphs are pre-
sented as means + SEM. *P <0.05; **P <0.01; ***P <0.001.
Statistical values of P> 0.05 were not considered significant.

3. Results

3.1. OOS Inhibits the Self-Renewal Capacity of Some GBM
CSCs. To explore the antitumor activity of OOS we used
three different primary GBM cell lines derived from human
samples, grown in the absence of serum and in the presence
of growth factors, in the form of floating neurospheres
enriched in CSCs [21]. Three days’ incubation in the pres-
ence of OOS (1:100) did not produce a significant change
in cell viability (Figure 1(a)). However, the same concentra-
tion of OOS inhibited the capacity of GBM1 and GBM2 cells
to grow at highly diluted conditions (self-renewal assay)
(Figure 1(b)), which is a feature related to CSCs and tumor-
initiating properties [22]. Interestingly, we did not observe
a significant effect of OOS on the self-renewal capacity of
GBM3 cells. In agreement with these results, we observed a
significant inhibition of CSC-related markers in GBM1 cells
treated with OOS for 24 h (Figure 1(c)), whereas the supple-
ment did not change the expression of these genes in GBM3
cells (Figure 1(d)).

GBM is a very heterogeneous group of tumors. In fact, we
know that the behavior of GBMI1 and GBM2 differs from
GBM3 as the first two grow in a highly angiogenic manner
in the mouse’s brain, whereas the third one generates very
invasive tumors (Gargini et al.,, manuscript in preparation)
[23]. We have also observed differences in the metabolic pro-
file of GBM3 cells, in comparison with GBM1 and GBM2
cells, with a clear upregulation of glycolytic enzyme LDHCI
(Lactate-dehydrogenase-C1) expression and a significant
reduction in the expression of the mitochondrial enzyme
ACSSI (Acyl-CoA synthetase short-chain family-memberl)
(Figure 1(e)). Moreover, OOS induced the expression of sev-
eral antioxidant enzymes in GBM1 and GBM2, but not in
GBM3 (Figure 1(f)). We also checked the status of the detox-
ifying Nrf-2 (Nuclear factor erythroid-2-related factor 2) sys-
tem. Nrf-2 can be modulated in response to redox imbalance
[24] and it induces the expression of several antioxidative
genes like hemoxygenase-1 (HO-1) and NAD(P)H Quinone
Dehydrogenase 1 (NQO-1) [25]. OOS augmented the levels
of Nrf-2 protein in the three cell lines, although the expres-
sion of its targets was induced in GBMI1 and GBM2 cells
but not in the GBM3 line, being GBM1 the one that responds
to lower levels of OOS at shorter times (Figure 1(g)). All these
results reinforce the idea that the metabolic and redox pro-
files of GBM3 cells, compared to GBM1 and GBM2 cells,
are quite different and this might be the cause for their lack
of response to OOS. Moreover, the results suggest that the
expression of some of these proteins could be used as bio-
markers of response to OOS.
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3.2. The Growth of Some GBMs Is Impaired by Systemic
Administration of OOS. CSCs in GBM have been associated
with tumor initiation and growth. In order to test if the inhi-
bition of self-renewal induced by OOS in vitro has an effect
on tumor growth, we injected the three primary GBM lines
into the flanks of immunodeficient (nude) mice. When
tumors became visible, animals received intragastric admin-
istration of OOS and tumor growth was monitored with a
caliper. The results showed that there was a significant
reduction in tumor growth in GBMI, a small but not sig-
nificant inhibition of GBM2 growth, and no reduction in
GBM3 tumors (Figures 2(a)-2(c)). Histological analysis of
GBM1 tumors showed no changes in the number of mito-
ses or in the number of Activated Caspase 3-positive cells
(Supp. Figure S2), suggesting that OOS does not affect
overall tumor growth or survival, which correlates with the
lack of effect on cell viability (Figure 1(a)). Moreover, we
observed a significan change in GBMI1 tumors in the
expression of the marker NESTIN, associated with GBM
CSCs, which was not observed in GBM3 tumors
(Figure 2(d)). This reinforces the idea that OOS reduces the
stem cell properties of certain GBMs, affecting tumor growth.
With the goal of measuring the effect of OOS in an ortho-
topic setting, we performed an intracranial injection of
GBM1 cells in nude mouse brains. We observed that systemic
administration of OOS reduces tumor burden (Figure 3(a)).
To further quantify tumor growth, we dissected the right
hemispheres from the mouse brains and we measured the
expression of S-tubulin, with primers that recognize specifi-
cally the human sequence. We compared it with the expres-
sion of the RNA polymerase subunit-2 (RPII), measured
with primers that equally recognize both human and mouse
sequences. In the dissected brains, we observed a significant
reduction in the human component (Figure 3(b)), confirm-
ing that the effects of OOS are visible in the brain. We also
dissociated the injected hemispheres and we analyzed the
cells using flow cytometry, measuring a strong reduction in
the percentage of CD44" cells (Figure 3(c)). CD44 is consid-
ered a marker for GBM CSCs [26, 27], reinforcing the idea
that OOS affects GBM1 tumor growth by impairing CSCs.

3.3. OOS Stimulates Changes in the Macrophage Component
of GBM Tumors. Other authors have suggested that OOS
increases the level of inflammatory cytokines [15]. To check
if OOS has an effect on the immune component of GBMs,
we performed a qRT-PCR analysis of a panel of markers of
mouse lymphoid and myeloid cells in the dissected GBM1
and GBM3 tumors. We detected a change in macrophage
polarization markers after OOS treatment, with a significant
decrease in the expression of M2 (immunosuppressive) genes
in GBM1 tumors as well as in GBM3 tumors (Figure 4(a)).
We also detected an increase in some M1 (inflammatory)
genes after OOS treatment, but only in GBMI1 tumors
(Figure 4(b)). GBM can contain large amounts of microglia
and tumor-infiltrating macrophages, and their density is pos-
itively correlated with glioma grade, which suggests that they
support tumor progression [28]. In fact, pharmacological
or genetic inhibition of macrophage recruitment and M2
polarization blocks glioma growth [29]. Glioma-associated
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GBM clonal spheres in the presence of OOS (6d), n = 3. (c, d) Relative expression (QRT-PCR) of CSC-related markers in GBM1 (c) and GBM3
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macrophages have been associated with proangiogenic,
proinvasive and immunosuppressive functions, similar to
those of alternatively activated M2 macrophages [30].

In order to decipher if OOS has a direct effect on macro-
phages, we cultured peritoneal macrophages in the presence
and in the absence of the supplement. To induce M1 or M2
polarization, we used LPS (lipopolysaccharide) and IL4
(interleukin 4), respectively. We also incubated the macro-
phages in the presence of glioma-conditioned media (CM)
(from GBM1). It has been shown that glioma cells release
several factors that recruit and promote the growth of macro-
phages [28, 31]. We first determined that the viability of the
macrophages was only slightly affected by the presence of
OOS, although there was a clear stimulation in the presence
of glioma-CM (Figure 5(a)), which was not able to induce
M1 differentiation (data not shown). OOS did not signifi-
cantly change the expression of M1 markers (in the absence
or in the presence of LPS) (Figure 5(b)), although a small
increment was observed in control-treated cells (P =0.12).
However, OOS clearly inhibited the upregulation of M2
markers induced by IL4 incubation and, to a lesser extent,
by glioma-CM (Figure 5(c)), suggesting that OOS has a direct
effect on these tumor inflammatory cells. Moreover, we
observed that OOS was able to reduce the levels of ROS in
the macrophages, independently of the differentiation stimuli
(Figure 5(d)).

Macrophages that infiltrate glioma tissues are closely
involved in the development of the tumor microenvironment
by inducing angiogenesis, immunosuppression and invasion
[28]. Moreover, it has been suggested that they can promote
directly tumor cell proliferation. In order to analyze if the
changes in macrophage polarization induced by OOS could
affect secondarily glioma cells, we incubated GBM1 cells on
top of macrophages that had been previously polarized by

114, in the presence or in the absence of OOS. Results in
Figure 5(e) suggest that there is indeed a protumoral function
of M2 macrophages on glioma cells, as they support GBM1
growth even in the absence of growth factors. More impor-
tantly, pretreatment with OOS severely impaired this growth
induction.

Altogether, these data reinforce the antitumor potential
of OO0S, as it could target CSCs and their supportive immu-
nosuppressive microenvironment. However, in the xenograft
setting, this general change in M2 polarization does not seem
to be enough to inhibit tumor growth as OOS had no effect
on GBM3 tumors (Figure 2), even though M2 markers were
diminished (Figure 4(a)).

4. Discussion

In this study, we have evaluated the antitumor action of
OOS in GBM using several human primary cell lines.
OOS was able to reduce the in vivo growth of some of the
GBM lines tested. We did not detect any changes in prolif-
eration or cell death in the most sensitive tumors (GBM1
cells) (Supplementary Figure S1), suggesting that OOS
does not have an effect on the overall tumor cell viability,
as we had observed in the in vitro assays. However, there
was a significant decrease in stem cell markers (NESTIN or
CD44 expression) in response to OOS in vitro and in vivo.
Moreover, the inhibition of the self-renewal capacity of
GBM cells further confirmed that OOS inhibits the stem
cell properties. Therefore, we cannot discard that OOS
could be affecting proliferation or survival in the GBM
CSC population.

Glioma CSCs are enriched in areas of high oxidative
stress [4, 5]. Paradoxically, it has been suggested that low
levels of ROS are required for stem cells to maintain
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quiescence and self-renewal, both in normal tissues and
tumors [32]. In gliomas, CSCs appear to generate less ROS
and have a higher ROS-scavenging capacity than more differ-
entiated tumor cells [33]. In fact, an increase in mitochon-
drial ROS has also been linked to the loss of stem cell
markers [34]. In contrast, our results indicate that the main

effect of the antioxidant OOS is a decrease in the stemness
properties of GBM. This observation agrees with recent
results obtained with several ROS-scavenging compounds
[7, 8]. Based on these data, it could be hypothesized that cer-
tain levels of ROS may be necessary to maintain CSCs in
GBM cells, although too much oxidative stress could be also
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detrimental. Antioxidants could, therefore, deregulate this
oxidative stress equilibrium, affecting stem cell properties
and tumor growth.

Not all GBM CSCs seem to be sensitive to OOS. The sup-
plement did not inhibit the clonal growth of GBM3 cells and
it did not slow down the growth of GBM3 tumors, suggesting

Oxidative Medicine and Cellular Longevity

that CSCs from GBM3 are less sensitive to OOS than those
from GBM1 or GBM2. It is important to remark that OOS
was able to induce the expression of several antioxidant
enzymes, but only in GBM1 and GBM2 cells. Moreover, the
expression of some metabolic enzymes was very different in
GBM3 cells compared to the other two lines, suggesting that
the redox and the metabolic status of the glioma cells may
determine their response to OOS. It would be interesting to
test, in a larger cohort study, if the expression of some of
these enzymes could be used as a predictive marker for the
efficacy OOS or other antioxidant compounds.

Apart from the direct effect of OOS in GBM tumor cells,
our data reflect that there was a change in the inflammatory
component of the tumors, with a weaker expression of M2
macrophage markers in tumors treated with OOS. Glioma
cells in general, and CSCs in particular, release several factors
that recruit and promote the growth of macrophages [28, 31].
Therefore, changes in the properties of CSCs induced by
OOS could be affecting the surrounding myeloid cells.
Although we cannot discard such indirect effect, our results
in vitro clearly indicate that OOS affects macrophage polari-
zation in a direct way, reducing the expression of M2 markers
in response to a classical inducer like IL4 but also in response
to glioma-CM. We also confirmed that OOS reduces the
levels of ROS in the macrophages in all the conditions tested.
Although ROS production is usually associated with the
activation and function of M1 macrophages [28], it has
been recently shown that ROS are important in M2 but not
in M1 macrophage differentiation. Thus, antioxidants like
BHA (butylated hydroxy-anisole) [35], dihydroxycoumarins
[36], or caffeic acid [37] inhibit M2 but not M1 polarization
and prevent tumor growth and metastasis formation. Fur-
thermore, chlorogenic acid, a product with antibacterial
and antioxidant properties, inhibits the growth of GBM
through the repolarization of macrophage from M2 to M1
phenotype [38]. Therefore, OOS could exert their antitu-
morigenic action, at least in part, through the inhibition of
M2 differentiation. Other authors have observed an increase
in proinflammatory cytokines like IL6 in mouse models of
acute leukemia treated with OOS [15], suggesting that the
macrophage-polarization effect of OOS could be extended
to other cancers. In our hands, however, OOS does not
induce a significant increase in the expression of M1 markers
in LPS-treated macrophages, although IL18 (but not NOS2)
is overexpressed in GBM1 tumors treated with OOS. IL18
is another cytokine secreted by M1 macrophages that partic-
ipates in the activation of T cell-mediated inflammatory
responses [39]. Interestingly, in GBM3 tumors, M2 markers
are also inhibited whereas IL8 expression is not induced in
response to OOS. This could participate in the lack of
response of these cells to the dietary supplement. Moreover,
these results suggest that other components of the glioma
(including the tumor cells) might modulate the response of
macrophages to OOS, making some tumors more susceptible
to these changes than others.

It is important to remark that, in our hands, treatment
with OOS does not have any apparent toxic effect since no
differences were observed in animal weight or behavior in
control and treated mice. Some oncologists avoid the use of
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antioxidant supplements during treatment because it has
been reported that they may have detrimental effects or even
undesirable interactions with certain therapies. However,
several articles have concluded that antioxidant supplements
do not undermine the effectiveness of cytotoxic therapies
[10]. Therefore, it would be interesting to find out if there is
a synergy between OOS and the conventional chemotherapy
(TMZ), as it has been shown in other types of cancer [15, 40].
The fact that OOS has been marketed for years without
any report of adverse effects would help in verifying this
synergism in the clinic. Moreover, it would be interesting to
test whether OOS could have a similar beneficial effect in

combination with radiotherapy or even for the novel immu-
notherapies that are currently in early clinical phases.

5. Conclusions

(i) The presence of Ocoxin® oral solution (OOS)
inhibits the self-renewal capacity of a percentage of
primary glioblastoma (GBM) cell lines

(ii) Systemic treatment with OOS reduces tumor burden
of a percentage of primary GBMs
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(iii) OOS inhibits M2 protumoral polarization of macro-
phages in vitro

(iv) Systemic treatment with OOS inhibits the M2 protu-
moral polarization of glioma-associated macrophages

(v) OOS is a feasible candidate to be used in combina-
tion therapies during the treatment of GBM patients

Data Availability
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to support the findings of this study are included within the
article and within the supplementary information files.
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Supplementary Materials

Supplementary Figure S1: full-length blots of Figure 1(g).
GBM cells were treated with OOS (1:100 or 1:50) for 2 or
24h and expression of Nrf-2 and NQO-1, and HO-1 was
measured by WB. Nontreated spheres were used as a control
and the expression of GAPDH as a loading control. Supple-
mentary Figure S2: OOS does not induce overall changes in
proliferation or cell death in GBM1 tumors. Paraffin sections
of GBM1 flank tumors were stained with hematoxylin-eosin
to count the number of mitosis (upper panel) or were stained
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with Activated Caspase 3 antibody to count apoptotic cells
(lower panel). In both cases, the graphs represent the number
of cells counted in 10 fields per tumor (n = 10). Supplemen-
tary Table SI: list of primary antibodies for immunohisto-
chemical DAB staining (IHC), flow cytometry (FC) and
western blot (WB). Supplementary Table S2: list of secondary
antibodies for immunohistochemical DAB staining (IHC)
and western blot (WB). Supplementary Table S3: list of
primers used for RT-PCR. (Supplementary Materials)
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Numerous adverse effects of cisplatin-based therapy are usually accompanied by enhanced oxidative damage and cell apoptosis in
various tissues. Even neurotoxic manifestations of cisplatin administration, such as the anxiogenic effect, appear along with the
increased oxidative stress and apoptotic indicators in certain brain regions. Thirty-five Wistar albino male rats were divided into
seven groups: control, cisplatin (received a single dose of cisplatin: 7.5 mg/kg), three groups with oral administration of Satureja
hortensis L. methanolic extract (SH) (low: 50 mg/kg, middle: 100 mg/kg, and high dose: 200 mg/kg) along with cisplatin
application, a group with the extract in high dose alone, and a silymarin group (cisplatin and silymarin: 100 mg/kg), in order to
evaluate the antioxidant effects of SH on cisplatin-induced increase in the anxiety level. After completing 10-day pretreatments,
behavioral testing was performed in the open field and the elevated plus maze, followed by an investigation of oxidative stress
and apoptosis parameters in hippocampal tissue samples. Cisplatin administration resulted in anxiogenic-like behavior,
increased lipid peroxidation, and proapoptotic markers accompanied by the decline in antioxidant and antiapoptotic defense.
The administration of extract alone did not significantly alter any of the estimated parameters. When applied along with
cisplatin, SH in a dose of 100 mg/kg induced the significant anxiolytic effect with concomitant recovery of antioxidant and
antiapoptotic activity indicators, while both lower and higher doses of the extract failed to improve the adverse effects of
cisplatin administration. The beneficial effects of the middle dose of SH were equivalent to the same dose of silymarin, as a
“golden standard.” Our results indicate that the antioxidant supplementation with SH in an optimal dose significantly improved
the oxidative status and it had antiapoptotic effect in the rat hippocampus disturbed by cisplatin administration, which was
accompanied with attenuation of cisplatin-induced anxiogenic effect.

1. Introduction

Generation of reactive oxygen species (ROS) in brain tissue is
considered to be the main process linked to the appearance of
a broad spectrum of psychiatric disorders [1]. A chemother-
apeutic drug, cisplatin, although considered to be one of the
most promising chemotherapeutics in the treatment of
various malignancies, exerts morphological or behavioral

impairments in brain tissue [2]. The primary evidence of
neurotoxicity of cisplatin is decreased activity of antioxidant
enzymes with concomitant depletion in the glutathione level,
elevated lipid membrane peroxidation, and mitochondrial
dysfunction. This indicates that cisplatin causes overproduc-
tion of ROS and imbalance between oxidant-antioxidant
levels, consequently leading to the insufficient level of anti-
oxidants to counteract the raised ROS in tissue [3]. Besides,
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cisplatin-induced neurotoxicity has been shown to result
in numerous clinical forms. Although the majority of the
investigated mechanisms focused on the manifestations of
peripheral nerve injury [4], recent investigations have paid
more attention to the effects on the central nervous sys-
tem. Therefore, it has been reported that various protocols
of cisplatin administration may affect mood regulation [5],
as well as cognitive and perceptual impairments [6]. Further-
more, it has been proposed that the described behavioral
alterations are connected with an underlying increase of
oxidative stress [7] in specific brain regions involved in
the control of those features. Also, Manohar and coworkers
demonstrated that cisplatin promotes cell death in the
hippocampus by increasing the expression of proapoptotic
genes while reducing the expression of antiapoptotic
genes [8].

Phytochemicals and plant-based products have been
widely applied in treatments of various types of neurological
disorders, due to their safety and the absence of side effects
[9]. Satureja hortensis L. (summer savory, garden savory) is
an annual shrub belonging to the genus Satureja of the
Lamiaceae family. Summer savory is native to North America
as well as warmer regions, such as the Mediterranean area
and Southern Europe [10]. Due to its flavoring properties,
the aerial parts of some Satureja species are mostly used
as a culinary spice [11], but their medical benefits on
human health are also remarkable. In traditional medicine,
S. hortensis has been widely applied to relieve muscle pain,
as a carminative and as a medicament in the treatment of
diarrhea and digestion impairments [12]. Modern phyto-
chemical analysis revealed a wide range of bioactive constitu-
ents in S. hortensis: monoterpenoids, carvacrol, thymol, and
p-cymene as the main compounds in volatile oil [13] and
phenolics, especially a high amount of rosmarinic acid, as
major active principles in the extract [14]. Considering the
different active compounds that are present in S. hortensis,
the exceptional potential of essential oil and extracts of sum-
mer savory has been reported in in vitro and in vivo studies.
Recent studies showed that S. hortensis exhibited notable
antioxidant, antimicrobial, antiparasitic, anti-inflammatory,
antinociceptive, antiviral, anti-Alzheimer (acetyl- and butyr-
ylcholinesterase inhibitory activity), and hepatoprotective
properties [15, 16]. Our earlier study showed the amelio-
ration effect of S. hortensis methanolic extract against
cisplatin-induced hepatorenal and testicular toxicity [17].
Similarly, it was demonstrated that administration of
S. hortensis extract could prevent alterations in cisplatin-
induced oxidative damage in several tissues [18]. There are
no studies on toxicity of S. hortensis extract, but Fierascu
et al. [15] recently reported that S. hortensis tea or infusion
can be safely consumed, but essential oil of summer savory
may cause mild dermal irritations. Previous investigations
showed that rosmarinic acid, the main phenolic compound
in S. hortensis extract, produced antidepressive and anxio-
Iytic effects [19], and therefore, the following investiga-
tions were performed in order to evaluate the effects of
S. hortensis methanolic extract (SH) on the cisplatin-
induced increase in the anxiety level and oxidative stress
in hippocampal tissue.
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2. Materials and Methods

2.1. Extract Preparation. Aerial parts of Satureja hortensis L.
were collected during the full flowering period in August
2015 in village Bora¢ (municipality of Kragujevac, Republic
of Serbia). A voucher specimen (No. 121/15) was deposited
in the Herbarium of the Department of Biology and Ecology,
Faculty of Science, University of Kragujevac, Kragujevac,
Serbia, after the identification of species. Plant material was
air-dried at room temperature. The methanolic extract of
S. hortensis was prepared according to the previously pub-
lished procedure [17]. Phytochemical characterization of
methanolic extract using HPLC/DAD/(-)HESI-MS/MS anal-
ysis was previously published in the study by Boroja and
coworkers, and this methanolic extract was investigated in
the presented paper, as a part of the same study [17].

2.2. Animals and Treatment. Thirty-five male Wistar albino
rats (two months old, 200-250 g, obtained from the Military
Medical Academy, Belgrade, Serbia) were included in this
study. The animals were housed in groups of five per cage
in suitable environmental conditions (23 + 1°C and 12/12h
light/dark cycles) and had free access to food and tap water.
Animals were divided into seven equal groups and under-
went pretreatment protocols, as follows: the control group
received water for 10 days and a single intraperitoneal (i.p.)
application of 0.5mL normal saline on the 5th day; the CIS
group received water for 10 days and a single dose of cisplatin
(7.5mg/kg b.w., i.p.) on the 5th day; the CIS+E50 group
received S. hortensis extract (50 mg/kg b.w.) orally for 10 days
and a single dose of cisplatin (7.5 mg/kg b.w., i.p.) on the 5th
day; the CIS+E100 group received S. hortensis extract
(100 mg/kg b.w.) orally for 10 days and a single dose of cis-
platin (7.5 mg/kg b.w., i.p.) on the 5th day; the CIS+E200
group received S. hortensis extract (200 mg/kg b.w.) orally
for 10 days and a single dose of cisplatin (7.5 mg/kg b.w.,
i.p.) on the 5th day; the CIS+silymarin group received sily-
marin (100 mg/kg b.w.) orally for 10 days and a single dose
of cisplatin (7.5 mg/kg b.w., i.p.) on the 5th day; and the
E200 group received S. hortensis extract (200 mg/kg b.w.)
orally for 10 days.

The final concentration of extract doses was calculated on
the basis of average water intake in the previous 24 hours.

2.3. Behavioral Testing. Twenty-four hours after completing
the protocols, the animals were allowed to acclimate in a test-
ing room (approximately at 8 am) for at least 1 h, and behav-
ioral testing was performed in an open field (OF) and the
elevated plus maze (EPM), as previously described [20].
The following parameters were estimated in the OF test:
cumulative duration in the center zone (CDCZ, in seconds),
frequency in the center zone (FCZ), total distance moved
(TDM, in cm), the percentage of time moving (%TM), and
the number of rearings during 5 minutes of testing. Immedi-
ately after completing the OF test, the rats were placed in the
EPM in order to obtain different parameters: cumulative
duration in open arms (CDOA, in seconds), frequency to
open arms (FOA), TDM (in cm), %TM, the number of
rearings, the number of head-dippings (HD), and the
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number of total exploratory activity (TEA) episodes. Both
tests were recorded, and video files were analyzed using
EthoVision software (XT 12, Noldus Information Technol-
ogy, The Netherlands).

After completing behavioral testing, the rats were decap-
itated following a short-term narcosis induced by intraperi-
toneal application of ketamine (10mg/kg) and xylazine
(5mg/kg), the brains were quickly removed, and hippocam-
pal tissue was isolated for further analysis.

2.4. The Estimation of Oxidative Stress Parameters in the
Hippocampus. The hippocampus tissue homogenates were
prepared in phosphate-buffered saline (PBS, pH 7.4) and
centrifuged at 4000 rpm for 15min at 4°C. The obtained
supernatants were used for the determination of catalase
(CAT) and superoxide dismutase (SOD) activities, as well
as reduced glutathione (GSH) and thiobarbituric acid reac-
tive substance (TBARS) levels. The activity of CAT in tissue
homogenates was determined by monitoring the decomposi-
tion rate of hydrogen peroxide according to the method
described by Beers and Sizer [21]. The measurement of
SOD activity in hippocampus tissue homogenates was based
on the colorimetric reaction inhibition of adrenochrome
formation from adrenalin according to the method of Misra
and Fridovich [22]. CAT and SOD activities in tissue homog-
enates were expressed as unit per milligram of protein (U per
mg of proteins). The reduced glutathione (GSH) level in
homogenates was estimated by Ellman’s procedure and
expressed as mg GSH per gram of proteins [23]. The thiobar-
bituric acid reactive substance (TBARS) level in samples was
determined by the method of Ohkawa and coworkers and
expressed as nmol MDA per mg of proteins [24]. The Lowry
etal.’s method [25] was used for the determination of protein
concentrations in tissue homogenates, using bovine serum
albumin (BSA) as a standard. All spectrophotometric mea-
surements were performed using a UV-Vis double beam
spectrophotometer (model Halo DB-20S, with a temperature
controller, Dynamica GmbH, Dietikon, Switzerland).

2.5. RNA Isolation and Real-Time PCR Analysis. Total RNA
was extracted from hippocampal tissue using the TRIzol
reagent (Invitrogen, CA) according to the manufacturer’s
instructions. For reverse transcription, a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, CA)
was used. Quantitative RT-PCR was performed using the
Thermo Scientific Luminaris Color HiGreen qPCR Master
Mix (Applied Biosystems, CA). Also, mRNA-specific primers
for Bax, Bcl-2, caspase-3, and f-actin as a housekeeping
gene (Invitrogen, CA) were used (Supplement 1). Quanti-
tative RT-PCR reactions were done in the Mastercycler
ep realplex (Eppendorf, Germany), and after data analysis,
relative gene expression was calculated according to Livak
and Schmittgen [26].

All research procedures were carried out in accordance
with the European Directive for the welfare of laboratory ani-
mals No. 86/609/EEC and the principles of Good Laboratory
Practice (GLP) and in accordance with the ARRIVE
guidelines. All experiments were approved by the Ethical

Committee of the Faculty of Medical Sciences, University
of Kragujevac, Serbia.

2.6. Statistical Analysis. The data were presented as
means = S.E.M. After completing the tests for homogene-
ity (Levene’s) and normality (Shapiro-Wilk), comparisons
between groups were performed using one-way ANOVA,
followed by Bonferroni post hoc analysis. Simple linear
regression analyses were performed to analyze relationships
between parameters obtained in behavioral tests and other
analyses (oxidative stress and apoptosis indicators). Signif-
icance was determined at p <0.05 for all tests. Statistical
analysis was performed with SPSS version 20.0 statistical
package (IBM SPSS Statistics 20).

3. Results

3.1. Antioxidant Supplementation Attenuates Cisplatin-
Induced Anxiogenic Effect. Behavioral testing performed in
this study revealed the anxiogenic-like effect of cisplatin in
both OF (Figure 1) and EPM (Figure 2) tests. Cisplatin
administration significantly decreased the principal indica-
tors of the anxiety level, CDCZ (Figure 1(a)), and FCZ
(Figure 1(b)), in the OF test (F =6.527 and 5.530, respec-
tively; df =6, p <0.01). The similar response to cisplatin,
expressed as a significant decline in key parameters for anxi-
ety level estimation in EPM, CDOA, and FOA (Figures 2(a)
and 2(b); F =8.204 and 6.027, respectively; df =6, p < 0.01)
was observed. Also, the overall locomotor activity in OF
was significantly reduced following cisplatin application by
means of TDM (Figure 1(c)) and %TM (Figure 1(d))
(F=16.064 and 6.609, respectively; df =6, p<0.01), as it
was in the EPM test, by means of the same parameters
(Figures 2(c) and 2(d); F=14.693 and 7.441, respectively;
p<0.01). At the same time, the exploratory activity was
significantly reduced in OF (Figure 1(e); F = 8.980, p < 0.01)
and EPM (Figures 2(e)-2(g)) that was manifested as
decline in the number of HD (F =15.590, p <0.01), rear-
ings (F=4.920, p<0.05), and TEA episodes (F=13.437,
p<0.01).

Oral administration of the methanolic extract of
S. hortensis (200 mg/kg/d), when applied alone, despite the
fact that it was not statistically different, decreased all esti-
mated parameters in OF and EPM tests when compared to
the control. However, SH, continuously applied before and
following cisplatin application in different doses, induced
the alteration in cisplatin-induced anxiogenic effect. The
attenuation of cisplatin-induced anxiogenic effect in OF
and EPM tests was observed only in E100 and was manifested
by a significant anxiolytic-like effect when compared to the
cisplatin group (p<0.01), reversing CDCZ and FCZ
(Figures 1(a) and 1(b)) in OF and CDOA and FOA
(Figures 2(a) and 2(b)) in EPM to the control values. SH in
the lowest (50 mg/kg/d) and the highest (200 mg/kg/d)
applied doses was not sufficient to abolish the anxiogenic
effect of cisplatin by means of the principal indicators of
anxiety in both tests. The similar consequences of SH were
manifested on locomotor activity in both tests. The orally
applied extract in a dose of 100mg/kg/d diminished
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FIGURE 1: Parameters obtained in the open field (OF) test: (a) the cumulative duration in center zone (CDCZ), (b) the frequency to center
zone (FCZ), (c) the total distance moved (TDM), (d) the percentage of time moving (%TM), and (e) the number of rearings. Values are
the mean + standard error of the mean (SEM); n=>5 per group. = denotes a significant difference of p < 0.05; *# denotes a significant
difference of p < 0.01. A: control vs. other groups; B: CIS vs. other groups; C: CIS+silymarin vs. other groups; D: E200 vs. other groups;
E: CIS+E50 vs. CIS+E100; F: CIS+E50 vs. CIS+E200; G: CIS+E100 vs. CIS+E200.

cisplatin-induced decline in TDM and %TM in both OF
(Figures 1(c) and 1(d)) and EPM (Figures 2(c) and 2(d))
tests. SH in this dose applied with cisplatin significantly
increased TDM in both tests (Figures 1(c) and 1(d) and
Figures 2(c) and 2(d)) compared to the lower and higher
doses (p <0.01), while this effect was not significant for

%TM with the extract in a higher dose. However, both the
locomotor activities in both tests for the animals treated with
the higher and lower doses of the extract remained signifi-
cantly diminished compared to the control values (p <0.01)
except for %TM in EPM for the higher dose. SH, when
applied with cisplatin in the dose of 100mg/kg/d, was
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G: CIS+E100 vs. CIS+E200.

sufficient to attenuate the cisplatin-induced decline in explor-
atory activity in both OF and EPM tests (Figure 1(e) and
Figures 2(e)-2(g)). The lower dose of extract (50 mg/kg/d)
failed to ameliorate this manifestation of anxiety-like behav-
ior, which was manifested by significantly lower exploratory
activity compared to the control values (p < 0.01), and even
when compared to the effect of the middle dose of the extract
(p<0.01 for OF and TEA in EPM). Although the explor-
atory activity following the administration of the higher
dose (200 mg/kg/d) along with cisplatin was not signifi-
cantly lower compared to the middle dose (100 mg/kg/d),
except for TEA, this anxiogenic feature of simultaneous
administration of cisplatin and SH extract in the dose of
200 mg/kg/d remained significantly below the control values
(p<0.01), except for the number of rearings in EPM
(Figure 2(f)).

When compared to SH, silymarin (a standardized plant
extract with proven antioxidant effects in vivo) administra-
tion in a dose of 100 mg/kg/d showed similar protective effect
on behavioral alterations induced by cisplatin in OF and
EPM to the equivalent dose of SH (Figures 1 and 2) but still
more pronounced than the effects of lower (50 mg/kg/d)
and higher (200mg/kg/d) doses of extract. As shown in
Figure 2(a), silymarin did not prevent a decline in CDOA
(p<0.01) after cisplatin administration when compared to
the control and did not produce a significant increase in
any of the principle parameters for anxiety estimation in
the applied tests. The protective effect following cisplatin
application of silymarin was more pronounced by means
of locomotor activity estimation, where it significantly
increased cisplatin-induced decline in TDM (Figure 1(c)
and Figure 2(c), p <0.01), as well as exploratory activity in
both tests (Figure 1(e) and Figures 2(e)-2(g), p <0.01),
except for the number of rearings in EPM.

3.2. Satureja hortensis L. Extract Prevents Oxidative Damage
Induced by Cisplatin. All applied protocols resulted in signif-
icant alterations in oxidative stress markers: TBARS
(F=5.400, df =6), SOD (F =6.103), and CAT (F =4.396).
A single application of cisplatin (7.5 mg/kg b.w.) caused a
significant (p <0.01) increase in TBARS and decline in
SOD and CAT activity (p < 0.01) in the hippocampus, when
compared to the control group (Figures 3(a)-3(c), respec-
tively). Except for the lowest estimated dose of S. hortensis
extract (50 mg/kg b.w.), all tested concentrations of extract
and silymarin provided a significant amelioration in the level
of TBARS, in comparison with the cisplatin group. The appli-
cation of SH at a dose of 100 mg/kg b.w. showed the most
pronounced (p < 0.01) effect on the decrease of the TBARS
level in hippocampal tissue in comparison with the cisplatin
group. At the same time, the increase of SOD activity in the
hippocampus, when compared to the cisplatin group, follow-
ing administration of SH extracts was significant (p < 0.05)
only with the dose of 100 mg/kg (Figure 3(b)). The activity
of CAT in hippocampal tissue (Figure 3(c)) also significantly
increased (p <0.05) only in the extract-treated group at a
dose of 100mg/kg b.w., when compared to the cisplatin
group. On the other hand, the GSH level in the hippocampus
was decreased, although not significantly, by a single admin-
istration of cisplatin. However, the data presented in
Figure 3(d) showed improvements in the GSH level in the
groups treated with higher doses of SH (100 and 200 mg/kg)
as well as with silymarin, but these effects were not signifi-
cantly pronounced (F=3.034). The level of GSH in the
extract per se group was slightly increased (p > 0.05), com-
pared to the control, and as such is statistically different from
the cisplatin group (p < 0.05).

The application of silymarin (100 mg/kg b.w.) in combi-
nation with cisplatin showed almost equal effects in the
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regulation of SOD and CAT activities in the hippocampus
compared to S. hortensis extract at a dose of 100 mg/kg b.w.
Application of extract at a dose of 200 mg/kg b.w. in combi-
nation with cisplatin was less effective in the regulation of
all examined oxidative stress-related parameters compared
to the extract dose of 100 mg/kg b.w. No significant changes
were observed among the examined antioxidant hippocam-
pal tissue parameters between the control group and the
group treated with extract at a dose of 200mg/kg b.w.
without cisplatin application.

3.3. Diminishing of Cisplatin-Induced Proapoptotic Actions by
Antioxidant Supplementation. The protocols applied in this
study significantly altered the relative expression of genes
involved in the regulation of cellular apoptosis, Bax
(F =10.165, df =6), and Bcl-2 (F = 58.950) in hippocampal
tissue. As shown in Figure 4, the application of cisplatin in
the single dose induced a significant increase in Bax and
decline in Bcl-2 relative gene expression compared to the
control (p <0.01), which resulted in significant augmenta-
tion of the Bax/Bcl-2 ratio (F =19.754, p <0.01). Although
oral administration of SH did not significantly affect the hip-
pocampal expression of those genes when applied alone,
simultaneous oral intake of S. hortensis extract in a dose of
100 mg/kg reduced Bax and enhanced Bcl-2 hippocampal

gene expression (p <0.01), reversing the cisplatin-induced
effects to control values (Figures 4(a) and 4(b)). On the other
hand, administration of both lower and higher doses of
S. hortensis extract (50 and 200 mg/kg) was not sufficient to
significantly alter individual gene expression of Bax and
Bcl-2 (Figure 4) but still significantly declined the Bax/Bcl-2
ratio in hippocampal tissue (p < 0.01). The effects of SH in
a dose of 100mg/kg/d on cisplatin-induced alterations of
Bax and Bcl-2, as well as their ratio (p < 0.01), compared to
the CIS group were very similar to the effects of simultaneous
administration of silymarin in an equal dose. The relative
gene expression of caspase-3, an apoptosis coordination
enzyme, was also significantly affected by the applied
protocols (F =53.467) in the same manner as Bax. Thus,
cisplatin administration significantly increased caspase-3
hippocampal expression (Figure 4(d)) compared to the
control (p < 0.01). This manifestation of cisplatin proapopto-
tic action was lowered with all orally administered extracts
(CIS+E100, CIS+E200, and CIS+silymarin) compared to
the CIS group (p<0.01), except for the lowest dose of
S. hortensis extract (50 mg/kg/d).

As shown in Figure 5(a), simple regression analysis
revealed a strong positive correlation between the index of
lipid peroxidation expressed as TBARS and the Bax/Bcl-2
ratio (R=0.823, p=1.26E-09). The analysis also indicated
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strong but negative (Figure 5(b)) correlation between the
hippocampal antioxidant capacity estimated by means of
SOD activity and Bax/Bcl-2 ratio (R=0.688, p =4.70E-06).
Finally, the analysis presented in Figure 5(c) confirms a
strong, also negative, correlation between the Bax/Bcl-2
ratio and the principal indicator of the increased anxiety
level obtained in the EPM test expressed as CDOA
(R=0.601, p=0.0001).

4. Discussion

Although chemotherapy is one of the most employed
approaches in the treatment of numerous malignancies, this
therapeutic approach usually results in numerous adverse
effects. Cisplatin, a widely used chemotherapeutic drug,
has also been reported for serious clinical side effects,
including severe manifestations of neurotoxicity, despite
the fact that it poorly crosses the blood-brain barrier under
physiological conditions [27], such as psychological, cogni-
tive, and perceptual impairment [6, 28, 29]. The manifesta-
tions of neurotoxicity following cisplatin administration
have also been confirmed in animal experimental models.
Cisplatin-induced behavioral alterations include cognitive
dysfunction [30] and depressive- and anxiety-like behaviors
in rats [31, 32]. The results obtained in this study showed a
clear anxiogenic effect of cisplatin (Figures 1 and 2). The
anxiety-like behavior following cisplatin administration
was manifested by means of the decline of the most con-
vincing indicators in OF (CDCZ and FCZ) and EPM
(CDOA and FOA) tests and confirmed by a decrease in
locomotor and exploratory activities, in both tests, which
is typical for anxiogenic features [33]. The anxiogenic effect
of cisplatin applied in the single dose (7.5mg/kg b.w.),
as observed in this study, is in accordance with previ-
ously reported anxiety-like behavior following chronic

cisplatin administration (5mg/kg for five weeks and seven
weeks) [5, 7].

Behavioral manifestations of cisplatin-induced neuro-
toxicity occur simultaneously with alterations in the
hippocampus that involve inhibition in cell proliferation,
differentiation, and neurogenesis with alterations in neuro-
transmitter content with morphological verification of
neuronal damage [34-36]. Cisplatin also causes apoptosis
[37], oxidative stress [38], and inflammation [39]. Our
results show that the anxiogenic effect of cisplatin was
accompanied by significant alterations in hippocampal
tissue oxidative status (Figure 3). The increased lipid per-
oxidation following cisplatin administration observed in
this study, as well as the decline in the antioxidant defense
system, expressed by means of SOD and CAT activity in
the hippocampus, is in line with reported alterations in
oxidative status following chronic cisplatin treatment [7].
However, the lack of significant alteration in total hippocam-
pal glutathione after a single dose of cisplatin, which is not in
accordance with the reduction in GSH reported in that study,
may be explained by different experimental protocols that
included prolonged cisplatin treatment (seven weeks), suffi-
cient to induce a significant decline in hippocampal glutathi-
one. The postulated mechanisms of cisplatin neurotoxic
effects in the rat hippocampus include the action via alter-
ation in the expression of genes involved in antioxidative
defense responses [7]. Changes in gene expression provoked
by cisplatin implicate both downregulation of Nrf2, as a key
regulator of protection against oxidative stress [40], and
HO-1 (controlled by the Nrf2 gene level), as well as upregu-
lation of NF-«B, which is responsible for cell damage in a var-
ious manner, including the increase of proinflammatory
cytokines. Those mechanisms may lead to neuroinflamma-
tory cascade in the hippocampus with the consequent
behavioral deficits [41]. Inflammatory mediators have been
reported to reduce hippocampal BDNF levels [42], which
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may result in a decrease of hippocampal volume that, in
turn, may be the principal cause of various mood disor-
ders [43], including anxiety-like behavior.

Not surprisingly for the anticancer drug, cisplatin admin-
istration in this study exerted proapoptotic response
(Figure 4). This action was manifested by both an increase
in Bax and caspase-3 relative gene expression and a decline

in Bcl-2 hippocampal expression. The significant alterations
in apoptotic gene relative expression in the hippocampus
were confirmed by a typical proapoptotic shift in the gene
expression ratio, as the intracellular ratio of Bax and Bcl-2
stems from their antagonistic action in apoptosis control
and describes the ability of a cell to respond to an apoptotic
signal [44, 45]. A similar response to single cisplatin
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application was reported by Manohar and coworkers [8].
That comprehensive study offered excellent insight in the
individual proapoptotic gene expression pattern in a rat
hippocampus, showing that the whole proapoptotic set of
genes (Bid, Bik, and Bok) was elevated following cisplatin,
while the antiapoptotic capacity of hippocampal neurons,
expressed as Bcl2al relative gene expression, was simulta-
neously significantly deprived along with the marker of
cell proliferation (Ki67). The proapoptotic outcome pro-
voked by cisplatin, as observed in our study, accompanied
by the previously described oxidative damage in the hippo-
campus, may be considered as potential biological mecha-
nisms involved in emotional impairment manifested by
anxiety-like behavior [5, 6].

Previously, we demonstrated that S. hortensis methanol
extract used in this study was rich in phenolic compounds,
particularly in rosmarinic acid (24.9mg/g of dry extract)
[17]. Several phenolic acids, such as chlorogenic, cafteic, syr-
ingic, p-coumaric, sinapic, and isoferulic acids, were identi-
fied in lower concentrations, as well as a certain amount of
flavonoids (quercetin, apigenin, luteolin, and naringenin)
and their derivatives [17]. Rosmarinic acid is mostly known
for its antioxidant features [46], but it has shown many
biological activities including cytotoxicity, antimicrobial,
antiviral, antidiabetic, anti-inflammatory, antiallergic, and
immunomodulatory activities [47-50]. In previous investiga-
tions, rosmarinic acid showed significant alleviation of oxida-
tive stress and anti-inflammatory potential in vivo [47].
Especially important were antioxidant properties of rosmari-
nic acid during in vivo cisplatin treatment [48, 51]. Domitro-
vi¢ and coworkers proposed that protective effects of
rosmarinic acid against CP-induced nephrotoxicity included
reducing the levels of oxidative stress markers where ros-
marinic acid decreased lipid peroxidation, 4-HNE, CYP2E]1,
and HO-1 immunoreactivity [48]. Also, this phenolic acid
had an influence on inflammatory response in kidneys by
lowering the expression of NF-«¥B p65 and TNF-a and
reducing the parameters of apoptotic cell death (expression
of p53 and p-p53) compared to the cisplatin treatment. A
study of Lee and coworkers showed that rosmarinic acid
was able to protect human dopaminergic neuronal cells
against H,0,-induced oxidative stress by regulating the apo-
ptotic process and suggested that this compound may be
used in the prevention of neurodegenerative diseases [52].
Also, rosmarinic acid showed neuroprotective properties
against H,0,-induced oxidative damage in astrocytes [53].

The restoration of equilibrium in the level of intrinsic
antioxidant defense armory in tissue in cisplatin-treated rats
after oral treatment with summer savory extract has been
proposed as a dominant ameliorating mechanism [17]. The
extract of S. hortensis in this study was able, not surprisingly,
to reduce oxidative stress and apoptotic gene relative expres-
sion in the hippocampal tissue of experimental animals.
Therefore, the neuroprotective effects of summer savory
may be related to the presence of a high amount of rosmari-
nic acid in the extract [17]. Moreover, other phenolic com-
pounds detected in S. hortensis showed significant in vivo
antioxidant potential during the treatment with cisplatin.
For example, quercetin [54] and naringenin [55] reduced
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cisplatin-induced nephrotoxicity while luteolin inhibited
the accumulation of platinum, inflammation, and apoptosis
in renal tissues during treatment with cisplatin [56].

Accompanying oxidative stress, mitochondrial damage
and induced cell death may be involved in neurological disor-
ders and neural dysfunction [57]. In our study, a single appli-
cation of cisplatin increased the expression of proapoptotic
Bax gene in the hippocampus, in response to the increased
level of ROS. Additionally, cisplatin downregulated the anti-
apoptotic Bcl-2 gene, which is in line with previous studies
[8]. Oral administration of S. hortensis extract (100 mg/kg/d),
as well as silymarin, significantly changed the balance
between Bcl-2 and Bax expression, indicating that the apo-
ptosis in the hippocampus was inhibited by the application
of the extract. Our results were in accordance with another
research, which demonstrated that S. hortensis extract
controlled apoptosis in H,O,-challenged Jurkat cells [18].
Considering the positive correlation observed between the
Bax/Bcl-2 ratio and TBARS level, it could be concluded that
the main denominator of the apoptotic pathway may be lipid
peroxidation, which is the main factor in disturbance of
cellular integrity.

The plants from genus Satureja (Lamiaceae) are known
for their various pharmacological activities, including antiox-
idant, anti-inflammatory, immunostimulant, hepatoprotec-
tive, and anticancer properties [16, 58], but the studies
regarding the behavioral effects of Satureja species have not
been reported so far. In this study, for the first time, it was
shown that the Satureja species may also have an influence
on the reduction of cisplatin-induced neurotoxicity. The
effects of S. hortensis extract on the regulation of oxidative
stress and proapoptotic factors in the hippocampal tissue
were comparable to silymarin. When applied in the same
doses, both exhibited very similar effects on these parameters.
Silymarin, as a standardized herbal preparation known for its
antioxidant effects, was able to reduce the toxic effects caused
by many xenobiotics, including drug-induced toxicity [59].
The protective effects of silymarin on cisplatin-induced oto-
toxicity [60], as well as liver, kidney, and testicular toxicities,
have been reported so far [17].

In summary, anxiogenic action of cisplatin, accompanied
with increased oxidative stress and proapoptotic manifesta-
tions in the hippocampus, can be attenuated by antioxidant
supplementation with a simultaneous diminishing of oxi-
dative damage and enhanced antiapoptotic capacity in
rats, suggesting a potential beneficial role of antioxidant-
rich natural products in the treatment of cisplatin-induced
neurotoxicity patterns.
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Artemisia annua has been used for centuries in Traditional Chinese Medicine. Although used as an antimalarial drug, its active
compound artemisinin and the semisynthetic derivatives have also been investigated for their anticancer properties, with
interesting and promising results. The aims of this research were to evaluate (i) the cytotoxicity and the antiproliferative
effect of pure artemisinin and a hydroalcoholic extract obtained from A. annua on the D-17 canine osteosarcoma cell line
and (ii) the intracellular iron concentration and its correlation with the cytotoxic effects. Both artemisinin and
hydroalcoholic extract induced a cytotoxic effect in a dose-dependent manner. Pure artemisinin caused an increase of cells in
the S phase, whereas the hydroalcoholic extract induced an evident increase in the G,/M phase. A significant decrease of
iron concentration was measured in D-17 cells treated with pure artemisinin and hydroalcoholic extract compared to
untreated cells. In conclusion, although preliminary, the data obtained in this study are indicative of a more potent cytotoxic
activity of the hydroalcoholic extract than pure artemisinin, indicating a possible synergistic effect of the phytocomplex and a
mechanism of action involving iron and possibly ferroptosis. Considering the similarities between human and canine
osteosarcomas, progress in deepening knowledge and improving therapeutic protocols will probably be relevant for both

species, in a model of reciprocal translational medicine.

1. Introduction

Since ancient time, Artemisia annua L. has been used as a
medicinal plant for the treatment of several diseases in
Traditional Chinese Medicine [1]. To date, the reputation
of A. annua is linked to its antimalarial activity. In 2015,
Youyou Tu was awarded the Nobel Prize for isolating the
active molecule artemisinin from A. annua. Currently,
artemisinin, its derivatives, and Artemisinin Combination
Therapy (ACT) belong to the established standard treat-
ments of malaria worldwide [2]. Over 600 phytochemicals
have been identified as constituents of A. annua, but its phy-
tochemistry is dominated by sesquiterpenoids, flavonoids,
and coumarins, together with enzymes (such as $-galactosi-
dase and f-glucosidase) and steroids (e.g., 3-sitosterol and
stigmasterol) [1]. However, A. annua is distinguished from
the other 200 species of the Artemisia genus by the exclusive

presence of artemisinin, the active compound present in
dried leaves (WHO monograph) [3]. Artemisinin is a sesqui-
terpene trioxane lactone, which contains an endoperoxide
bridge essential for its biological activity. The low amount
of artemisinin extracted from the plant, its low hydro- and
liposolubility, and its limited bioavailability can represent a
serious limitation for the standardization and commerciali-
zation of the drug. In the last 30 years, several semisynthetic
artemisinin derivatives were developed with different
strategies, including genetic engineering [1, 4, 5]. Although
developed as antimalarials, artemisinin and its semisynthetic
derivatives have also been investigated for many other
therapeutic properties, such as antiviral, antimicrobial, and
anti-inflammatory activities [6]. However, since the late
1990s, anticancer properties of artemisinins have been well
known and there has been a rapid increase of in vitro and
in vivo studies, case reports, and clinical trials on the
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antitumor properties of artemisinins [7]. The endoperox-
ide moiety is strategic for the bioactivity of artemisinin-
type drugs. Its cleavage leads to reactive oxygen species
(ROS) formation and induces oxidative stress. Furthermore,
in the presence of ferrous iron or reduced heme, artemisinin
can convert itself into cytotoxic carbon-centered radical, a
highly potent alkylating agent, to induce direct oxidative
damage to cancer cells [2, 7]. Indeed, it has been reported that
artemisinins induce apoptosis and ferroptosis, reduce cell
proliferation through cell cycle arrest, and inhibit angio-
genesis and tissue invasion of the tumor, as well as cancer
metastasis [2, 6, 7].

Spontaneously occurring osteosarcoma (OSA) in dogs
has clinical presentation, biological behaviour, response to
treatment, and disease progression similar to human OSA
[8-10]. OSA is the most common primary malignancy of
bone both in dogs and humans. It is significantly more
prevalent in dogs, with an incidence rate 27 times higher in
dogs than in people. OSA commonly occurs in old dogs
(median age 7 years), while in humans is more common in
adolescence (10- to 14-year-old age group) [8, 11]. The site
of OSA development in children and dogs is strikingly simi-
lar, with a predilection for the weight-bearing region of long
bones. Approximately 75% of canine OSA occurs in the
appendicular skeleton, with the most common sites in the
distal radius and proximal humerus. In human OSA, long
bones are affected in up to 90% of cases, with the distal femur,
proximal tibia, and the proximal humerus being the most
common locations [9, 11]. Furthermore, mutations of
specific genes involved in the etiopathogenesis of OSA are
found in both species, including mutations in the tumor sup-
pressor genes p53, RB1, and PTEN and alterations of the
oncogenes MYC and MET [8]. However, therapeutic failures
are recurrent in both dogs and humans and are mainly due to
the development of multiple resistance and metastatic
spread, making the development of new therapies essential.

Therefore, to provide new scientific evidence to support
anticancer activity of A. annua L., the first purpose of the
present research is to evaluate the cytotoxicity and the effects
on the cell cycle of pure artemisinin and a hydroalcoholic
extract obtained from A. annua on a canine osteosarcoma
cellline (D-17). Considering the suggested crucial role of iron
on artemisinin activity, the second aim was addressed to
determine the intracellular iron concentration and its
possible correlation with the observed effects.

2. Materials and Methods

2.1. Chemicals and Reagents. All reagents were obtained from
Sigma Aldrich (St. Louis, MO, USA), if not otherwise
specified, and were ultrapure grade, including 98% pure arte-
misinin (CAS number: 63968-64-9). Minimum Essential
Media (MEM), heat-inactivated fetal bovine serum (FBS),
and Dulbecco’s phosphate-buffered saline (DPBS) were
purchased from Gibco-Life Technologies (Carlsbad CA,
USA). A commercial hydroalcoholic extract obtained from
A. annua and composed of 65% ethanol, 20% of aerial parts,
and water was used. This extract contained 2 mg artemisi-
nin/ml (corresponding to 7 mM) as declared by the producer.
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All plastic supports were purchased from Falcon, Becton-
Dickinson (Franklin Lakes, NJ, USA).

2.2. Cell Culture and Treatment. The canine osteosarcoma
cell line (D-17) was purchased from the “Istituto
Zooprofilattico Sperimentale della Lombardia e dell’Emilia
Romagna—Sez. Brescia.” Cells were cultured in Minimum
Essential Media (MEM) added with 2mM L-glutamine
and FBS (5%) in a 5% CO, atmosphere at 37°C. The first
seeding after thawing was always performed in T-75 tissue
culture flasks (4 x 10° cells/flask), and subsequent experi-
ments were conducted in T-25 flasks (cell cycle analysis
and iron quantification) and in 96-well assay plates (cyto-
toxicity). Artemisinin was dissolved in DMSO to obtain a
50mM stock solution then diluted in culture medium to
obtain the required concentrations. Hydroalcoholic extract
of A. annua was directly diluted in culture medium to
obtain the required concentrations. For each treatment,
the same concentration of the specific vehicle was used
as control, DMSO for artemisinin and a solution of 65%
ethanol for hydroalcoholic extract. Cells grown in culture
medium (MEM +5% FBS with 2mM L-glutamine) without
treatments were considered “untreated cells.”

2.3. Cytotoxicity. 1.5 x 10* cells/well were seeded in a 96-well
plate and exposed for 24h to increasing concentration of
pure artemisinin (50, 100, 250, 500, 750, 1000, and 2000
uM) or increasing doses of A. annua hydroalcoholic extract
corresponding to artemisinin concentrations of 14, 35, 70,
140, 280, 420, and 700 uM, on the base of the declared con-
centration of 2 mg artemisinin/ml in hydroalcoholic extract.
For each treatment, the same concentration of the specific
vehicle was used as control, DMSO for artemisinin and a
solution of 65% ethanol for hydroalcoholic extract. Cytotox-
icity was measured using tetrazolium salt (In Vitro Toxicol-
ogy Assay Kit, MTT-based). The formazan absorbance was
measured at a wavelength of 570nm, using Infinite®
F50/Robotic Absorbance microplate readers, TECAN (Life
Science). The background absorbance of multiwall plates at
690 nm was also measured and subtracted from the 570 nm
measurements. The concentrations of artemisinin required
for 50% inhibition of cell viability (IC,,) were calculated by
Prism GraphPad software, and the IC., values were used
for subsequent experiments.

2.4. Cell Cycle Analysis. For the analysis of cell cycle in flow
cytometry, after 24 h of treatment, aliquots of 1 x 10° cells
in duplicate for each treatment and for the specific vehicle
used as control (IC, standard artemisinin, IC, A. annua
hydroalcoholic extract, the same concentration of DMSO for
artemisinin and a solution of 65% ethanol for hydroalcoholic
extract) were washed from growth medium by centrifuging
at 240 x g for ten minutes. Then, the resulting pellet was resus-
pended in 1 ml of a solution containing 0.1% sodium citrate,
0.1% Nonidet, 10 ug/ml of RNAse, and 50 ug/mL of propi-
dium iodide (final concentration 1x10° cells/ml). After
30min at 37°C in the dark, the isolated nuclei were analysed
by using a Bryte HS flow cytometer (Bio-Rad) equipped with
a Xe/Hg lamp and a filter set to obtain an excitation at
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488 nm. PI fluorescence was collected on a linear scale at
600 nm, and the DNA distribution was analysed by the
ModFit software (Verity, USA). For microscopical evalua-
tion, cells (7000 cells/well) were seeded on an eight-well
chamber slide (BD Falcon, Franklin Lakes, NJ). After 24 h
of treatment, cells were stained with Hoechst 33342 15
ug/ml for 30 minutes in a 5% CO, incubator at 37°C. After
3 washes in DPBS, cells were analysed using an Eclipse
E600 epifluorescence microscope equipped with a Nikon
digital camera and the ACT-2U software for image capturing
(Nikon, Tokyo, Japan). Images were analysed by counting a
minimum of 400 nuclei in order to evaluate the percentage
of apoptotic ones.

2.5. Iron Quantification. For the iron determination, a
Spectra AA-20 atomic absorption spectrometer (Varian)
equipped with a GTA-96 graphite tube atomizer and the
sample dispenser was used. The optimization of the analyti-
cal method was obtained following Ttiizen [12] with minor
changes. The graphite tubes employed were coated GTA
tubes (Agilent Technologies, Germany), the hollow cathode
lamp current was 7mA, and measurements were performed
at 248.3nm resonance lines using a spectral slit width of
0.2nm. During spectrophotometer readings, the internal
argon flow rate in the partition graphite tubes was main-
tained at 300 ml/min and was interrupted in the atomiza-
tion phase. Ramp and hold times for drying, pyrolysis,
atomization, and cleaning temperatures were optimized to
obtain maximum absorbance without significant back-
ground absorption; therefore, background correction was
not necessary.

The calibration curve was obtained by diluting 1 mg/ml
standard stock solution of iron (BDH Chemicals, Poole,
England) with Milli-Q water to obtain working standards
containing 0, 20, 40, and 60 ng/ml of iron and by plotting
the absorbance at 248.3nm against iron concentrations.
The equation of the curve was y=0.0109x, and the
calculated regression coeflicient (r) was 0.993. The method
was validated with standard reference material (BDH
Chemicals, Poole, England), and the accuracy of the
method, calculated as the percentage of the certified value,
resulted to 105%.

For the quantification of intracellular iron, cells were
grown in a T-75 flask (4x10° cells) until confluence.
Then, cells were treated with IC, standard artemisinin
and IC,, A. annua hydroalcoholic extract, for 24h. For
each treatment, the same concentration of the specific
vehicle was used as control, DMSO for artemisinin and a
solution of 65% ethanol for hydroalcoholic extract. After
that, aliquots of 1 x 10° cells for each treatment were har-
vested, counted, and centrifuged at 800 x g for 10min.
The pellet was washed twice with DPBS and then resus-
pended in a solution of 1 M HNO; at a final concentration
of 1x10° cells/ml, digested at room temperature until
completely dissolved, and finally used for iron quantifica-
tion as reported by Sargenti et al. [13]. The detection limit
(LOD), defined as the concentration corresponding to 3
times the standard deviation of 6 blanks, was 0.8 ng/ml.
Iron concentration is reported as ng Fe/l x 10° cells.

2.6. Statistical Analysis. Data for MTT and iron were ana-
lysed with a one-way analysis of variance (ANOVA) followed
by post hoc Dunnett’s multiple comparison test. Data of the
cell cycle were analysed with two-way analysis of variance
(ANOVA) followed by the Bonferroni multiple comparisons.
Differences of at least p <0.05 were considered significant.
Statistical analysis was carried out using Prism GraphPad
software.

3. Results

3.1. Effect of Artemisia annua Hydroalcoholic Extract and
Artemisinin on Cell Viability. The effect of artemisinin and
A. annua hydroalcoholic extract was evaluated on D-17 cells
by the MTT assay. Both artemisinin and hydroalcoholic
extract induced a decrease of cell viability at all concentra-
tions and exerted cytotoxic effect in a dose-dependent
manner (Figures 1(a) and 1(b)). After 24 h, both products
provoked an increased number of detached cells with round
shape and condensation of cytoplasmic constituents, more
evident in the presence of hydroalcoholic extract
(Figures 1(d) and 1(e)). Data obtained from MTT analyses
were elaborated to assess the concentration of artemisinin
required for 50% inhibition of cell viability (IC;,): the values
corresponded to 548 uM for the standard and 65 uM for the
hydroalcoholic extract (Figures 1(a) and 1(b)).

3.2. Effect of Artemisia annua Hydroalcoholic Extract and
Artemisinin on the Cell Cycle. The effect of A. annua hydro-
alcoholic extract and artemisinin on the D-17 cell cycle was
evaluated by flow cytometry, and data were analysed with
ModFit software. Untreated cells presented a typical cyto-
gram of a diploid cell population (Figures 2(a) A and 2(d)).
As shown in Figures 2(a) C and E and 2(d), significant
changes in the D-17 cell cycle were determined in the pres-
ence of both pure artemisinin and hydroalcoholic extract. A
significant decrease (p < 0.0001) of cells in the G,/G, phase
was observed after both treatments. Pure artemisinin caused
a significant increase (p < 0.01) of cells in the S phase, while
hydroalcoholic extract induced a significant (p < 0.0001)
increase of cells in the G,/M phase. The pattern of the
DNA distribution revealed only in the samples treated with
the hydroalcoholic extract a significant increase of a sub-G1
population. DNA fragments of very variable measures indi-
cated the presence of debris, typical of a necrotic death
rather than a tight sub-G1 peak suggestive of apoptosis.
These results were also supported by the microscopic exam-
ination of the cells stained with the vital nuclear stain
Hoechst 33342, where almost no fragmented nuclei, a dis-
tinct morphological mark of apoptosis, were detected
(Figures 2(a) E and 2(c)). The vehicles, DMSO and ethanol
65%, did not significantly affect the cell cycle (Figures 2(a)
B and D and 2(d)).

3.3. Effect of Artemisia annua Hydroalcoholic Extract and
Artemisinin on Intracellular Iron. Iron concentrations in D-
17 cells were reported in Figure 3. Intracellular mean iron con-
centration in untreated D-17 cells was 70 +22.9 ng/1 x 10°
cells. Cells exposed to pure artemisinin and A. annua
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F1GUre 1: Effect of artemisinin and A. annua hydroalcoholic extract on D-17 cells. Dose-response curve: D-17 cell viability upon treatment
with different concentrations of (a) pure artemisinin and (b) A. annua hydroalcoholic extract. For each treatment, the same concentration of
the specific vehicle was used as the control, DMSO for artemisinin and a solution of 65% ethanol for hydroalcoholic extract. Representative
images of D-17 cell morphology: (c) untreated cells and in the presence of (d) artemisinin and (e) hydroalcoholic extract, to note the
extensive presence of cells with rounded morphology and condensation of cytoplasmic constituents. Dose-response curves are reported
as the mean + SD from two independent experiments (n =2), each performed in sextuple.

hydroalcoholic extract had significantly lower concentrations
of intracellular iron than the untreated cells (p <0.05)
(Figures 3(a) and 3(b)). The cells treated with the extract
had a lower concentration of iron than those treated with
pure artemisinin; this difference was not statistically signifi-
cant. The intracellular iron concentration of cells exposed
to the same concentration of the specific vehicle, DMSO for
artemisinin and a solution of 65% ethanol for hydroalcoholic
extract, was not statistically different from that of the
untreated cells.

4. Discussion

Osteosarcoma (OSA) is the most common primary bone
tumor in humans and in dogs and is characterized by locally
aggressive and highly metastatic behaviour [8, 9]. The devel-
opment of new drugs is necessary to improve the therapeutic
outcome, in particular in the presence of multiple resistance
and metastatic OSA. Therefore, the first aim of this study
was to investigate the cytotoxic effect of artemisinin in com-
parison with a hydroalcoholic extract obtained from A.
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FIGURE 2: Representative image of cell cycle analysis (a) and nuclear staining with Hoechst 33342 (b) of D-17 cells after 24 hours of treatment:
(A) untreated cells and in the presence of (B) DMSO, (C) 548 uM artemisinin, (D) a solution of 65% ethanol, and (E) hydroalcoholic
extract corresponding to 65uM artemisinin. (c) Percentage of apoptotic nuclei. (d) Cell cycle distribution. Data are reported as the
mean + SD (n=2). Significant differences vs. untreated cells, comparing cell cycle phases (G,/G,, S, G,/M, and Sub-G,), are indicated by
*p<0.05 and by **p<0.01 and ****p <0.0001 (two-way ANOVA followed by the Bonferroni multiple comparisons). Arrows indicate

apoptotic nuclei. Scale bar = 50 ym.

annua, on a canine osteosarcoma cell line (D-17). Our
results demonstrated the cytotoxic effect of both artemisinin
and hydroalcoholic extract in a dose-dependent manner. In
particular, IC;, for artemisinin corresponded to 548 uM
whilst for the hydroalcoholic extract the value was signifi-
cantly lower (65uM). For artemisinin, the obtained values
are in the range of those reported in human tumor cell lines;
in fact, Efferth et al. [14] reported a wide range of IC, values
of pure artemisinin for a panel of different human cell lines,
from 57.1 uM for leukaemia cells to 1602 uM for HeLa cells.
In 2014, Jirangkul et al. [15] reported IC., values of pure

artemisinin for two human osteosarcoma cell lines, MG63
and 148B, with IC,, of 167 uM and 178 uM, respectively.
To our knowledge, only dihydroartemisinin (DHA) cytotox-
icity was evaluated on canine OSA cell lines. In particular,
Hosoya et al. [16] investigated the cytotoxic effect of DHA
on four canine OSA cell lines, D-17, OSCA2, OSCA16, and
OSCA50, reporting IC., values of 8.7, 43.6, 16.8, and
14.8 uM, respectively.

In accordance with Efferth et al. [14], who reported in
HelLa cells that A. annua extract is more cytotoxic than pure
artemisinin, our results indicated an IC. for the plant extract
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FIGURg 3: Iron intracellular concentration in D-17 cells measured by atomic absorption spectrometer. For each treatment, the same
concentration of the specific vehicle was used as the control, DMSO for artemisinin and a solution of 65% ethanol for hydroalcoholic
extract. Data are reported as the mean + SD from three independent experiments (n = 3), each performed in quintuplicate. Significant
differences vs. untreated cells are indicated by * (p < 0.05 one-way ANOVA followed by post hoc Dunnett’s multiple comparison test).

one order of magnitude lower than pure artemisinin. The
same authors tested fourteen extracts of seven different A.
annua preparations with different phytogeographical origins.
They extracted plants in dichloromethane or methanol and
evaluated the activity of the extracts on HeLa cells, obtaining
IC;, values ranging from 54.1 to 275.5 ug/ml for dichloro-
methane extracts and from 276.3 to 1540.8 pg/ml for metha-
nol extracts. A phytochemical investigation of the extracts by
GLC-MS revealed the presence of artemisinin, arteanuine B,
and scopoletin in all extracts, confirming in vitro the syner-
gistic effect of the mixture of compounds that constitute the
phytocomplex. Breuer and Efferth [17] in 2014 reported the
successful use of Herba A. annua Luparte® as adjuvant
therapy for veterinary sarcoma treatment. They found that
this extract contained a high amount of scopoletin, while
artemisinin represented just a minor component. Scopoletin
could contribute to the anticancer activity of the phytoextract
analysed in this study as suggested by other authors [18]. It
has also been reported that an ethanolic extract from Artemi-
sia nilagirica which does not contain artemisinin showed
anticancer activity [19]. Therefore, it seems unlikely that
the significantly higher cytotoxic effect of the hydroalcoholic
extract is due to artemisinin only but more probably it is due
to a synergistic effect of different molecules of the phytocom-
plex, which deserves more attention and careful characteriza-
tion in future studies.

In the literature, heterogeneous results are reported on
the action of artemisinin and its derivatives on the cell cycle
arrest. It has been reported that artemisinin and its
derivatives cause cell cycle arrest mainly in the G,/G, phase
through downregulation of cyclin E, cyclin DI, and
cyclin-dependent kinases 2 and 4 in several tumor cell
lines, including human breast cancer cells [20], gallbladder
cancer cell lines [21], neuroblastoma [22], lung carcinoma

cells (A549), and nonsmall lung cancer cells (H1299) [23]. In
the D-17 canine osteosarcoma cell line, pure artemisinin
slightly but significantly increased the number of cells in
the S phase, and this has been observed also in EN2 tumor
cells by Beekman et al. [24]. On the other hand, the hydroal-
coholic extract caused a significant increase of D-17 cells at
the G,/M phase. Other authors found that artemisinin-
derived drugs induced G,/M cell cycle arrest. In particular,
dihydroartemisinin induced G, arrest in the human osteosar-
coma cell line [25], ovarian carcinoma cell line [26], and
hepatocellular carcinoma cell line [27], while artesunate
induced G, arrest in breast carcinoma cell lines [28], rat
pituitary adenoma cell line [29], and kidney carcinoma cell
lines [30]. However, the effects of a pure compound could
be different from those induced from phytoextracts, whose
complexity has to be considered [31]. A. annua extracts
could contain several molecules, and their composition
could be changed not only by the strategy of extraction but
also by the time and the place where the plant is harvested
[32, 33]. Kim et al. [34] evaluated the effect of an A. annua
extract on human colon cancer cell line HCT116 and found
that cell cycle arrest occurred at the G,/S phase mediated
by the Akt/mTOR pathway. Later on, they demonstrated that
A. annua extract induced apoptosis through the regulation of
specific proteins such as Bax, Bak, and cytochrome c¢ in
PDK1/Akt signaling pathways via a PTEN/p53-independent
manner [35]. In this work, cell cycle analysis suggested that a
modified cellular distribution in different phases of the cycle
occurred in the treated cells and that the sub-Gl peak
observed was due to cellular debris rather than fragmented
DNA, which is typical of apoptosis. The differences in cell
cycle phase arrest might be ascribed to the phytochemical
complexity of the extract, in which the synergy of the
different compounds could lead to alternative molecular
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interactions hampering one pathway or another. More
research is needed to unravel the complex mechanism under-
lying the effect of A. annua extract on the cell cycle.

Often tumor cells present an altered iron metabolism and
higher iron intake than normal cells to deal with their
enhanced metabolic demand, thus presenting an increased
number of transferrin receptors [6, 36, 37]. Therefore, the
determination of intracellular iron concentration is a prereq-
uisite for any further analyses and can provide an important
support to the involvement of this metal. In the present
study, iron concentration determined in untreated D-17 cells
falls within the range of those reported by other authors in
different mammalian cells [38], though different preparation
protocols, analytical methods, and measurement systems
hampered in many cases a direct comparison of data. Follow-
ing the incubation in the presence of pure artemisinin and A.
annua extract, an alteration of iron metabolism in D-17 cells
was determined, namely, a significant decrease of intracellu-
lar total iron. On the basis of previous papers, it is well known
that, in the presence of ferrous ions, the leading event in the
artemisinin-induced cytotoxic cascade is represented by the
activation of the molecule by the cleavage of the endoperox-
ide bridge producing a carbon-centered radical able to induce
intracellular oxidative damage [2, 7]. However, the link
between the complex molecular machinery which regulates
iron metabolism and the anticancer activity of artemisinin
and A. annua extracts is far from being clarified. When ana-
lysing the effect of artemisinin on HeLa cancer cell proteome,
Zhou et al. [39] identified as artemisinin targets 79 proteins
involved mainly in membrane transport, protein trafficking,
cell death and survival, and nucleic acid metabolism. The
authors hypothesized that among these protein transferrin
receptors, which are overexpressed in several tumor cells
[36, 37], could be alkylated and subsequently inactivated by
artemisinin, leading to a selective depletion of iron in cancer
cells. The decrease of intracellular iron reported in the pres-
ent research supports this hypothesis and shows additional
evidence regarding the alteration of iron metabolism induced
by artemisinin and A. annua extracts.

The ability of iron to gain and lose electrons makes this
transition metal essential for life but also enables iron to par-
ticipate in potentially deleterious reactions; therefore, the
intracellular iron concentrations are finely regulated [40].
In particular, a controlled labile iron pool, e.g., a pool of
loosely bound redox-active iron, is present within the cells
and serves as a crossroad of intracellular iron metabolism
[41]. In normal cells, this pool is maintained within a narrow
range of concentrations, while in cancer cells, a reduction of
ferritin iron storage can increase this labile iron pool and the
risk of oxidative stress, which can ultimately determine the
death of the cells [36]. The examination of D-17 cells did
not show fragmented nuclei but revealed many dead cells
with a clear rounded shape and a “ballooning” phenotype,
in particular following the treatment with A. annua extract.
This phenotype was recently reported as a hallmark of a
novel mode of iron-dependent cell death, namely, ferroptosis
[42]. Ferroptosis is a regulated cell death characterized by an
increase of free intracellular iron followed by an iron-
dependent accumulation of lipid hydroperoxides and a

specific phenotype morphologically distinct from those
associated with apoptosis and necrosis [43]. To date, differ-
ent types of tumors have shown sensitivity to ferroptosis
[44, 45]; however, the role of iron in this new type of cell
death is far from being fully elucidated. In treated D-17
cells, it can be hypothesized that the low total intracellular
iron, due to the alkylation of transferrin receptors, triggers
the activation of ferritin degradation which can occur by
either autophagic [46] or lysosomal degradation of the
protein [47]. In turn, this event might contribute to
increase the labile redox-active iron pool, determining a
subsequent iron-driven lipid peroxidation and the activa-
tion of ferroptosis. Further analyses are needed to verify
this challenging hypothesis.

5. Conclusions

Opverall, the results reported in this research showed a more
potent cytotoxic activity of the hydroalcoholic extract than
pure artemisinin on the D-17 canine osteosarcoma cell line,
indicating a possible synergistic effect of other bioactive
molecules. These findings offer additional evidence on the
biological activity of artemisinin and A. annua extract for
their possible and safer therapeutic use. Moreover, they sup-
port the dog as a spontaneous animal model for the study of
osteosarcoma. Despite the detection of intracellular total iron
by a sensitive and specific technique that showed clear evi-
dence of an alteration of iron metabolism, this paper is
affected by limitations, namely, the lack of investigation
about the expression of iron-related genes and ROS involve-
ment in ferroptosis. Future researches should therefore be
focused on these pivotal topics and on the role of the iron
labile pool.
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This study was designed to unravel the role of Lactobacillus rhamnosus in the bioconversion of cranberry proanthocyanidins
and cytotoxicity of resulting metabolites to hepatocellular carcinoma HepG2 cells. Crude (CR) and flavonol+dihydrochalcone-
(FL+DHC-), anthocyanin- (AN-), proanthocyanidin- (PR-), and phenolic acid+catechin- (PA+C-) rich fractions were subjected to
fermentation with L. rhamnosus at 37°C for 12, 24, and 48 h under anaerobic conditions. The major metabolites produced by
bioconversion of polyphenols were 4-hydroxyphenylacetic acid, 3-(4-hydroxyphenyl)propionic acid, hydrocinnamic acid,
catechol, and pyrogallol. Furthermore, cytotoxicity of the biotransformed extracts was compared to their parent extracts using
human hepatocellular carcinoma HepG2 cells. The results showed that PR-biotransformed extract completely inhibited HepG2
cell proliferation in a dose- and time-dependent manner with IC;, values of 47.8 and 20.1 ug/mL at 24 and 48 h, respectively.
An insight into the molecular mechanisms involved revealed that the cytotoxic effects of PR at 24 h incubation were
mitochondria-controlled and not by proapoptotic caspase-3/7 dependent. The present findings suggest that the application of a
bioconversion process using probiotic bacteria can enhance the pharmacological activities of cranberry proanthocyanidins by

generating additional biologically active metabolites.

1. Introduction

Primary liver cancer, also known as hepatocellular carcinoma
(HCC), is the fifth common cancer and the third leading
cause of cancer mortality in the world [1]. HCC is caused
in a milieu of oxidative stress and inflammation, with its
pathogenesis represented by the production of cytokines
and chemokines, generation of free radicals, such as reac-
tive oxygen and nitrogen species, viral infections, hepatitis,
hepatic cirrhosis, and hepatocarcinogens. From the very few
clinically relevant therapeutic options available of HCC,
sorafenib (Nexavar™), a vascular endothelial growth factor
receptor tyrosine-kinase inhibitor, is the only approved drug.
However, clinical administration of sorafenib is challenged
by the low survival rate and several adverse effects in patients
including hematological toxicity [2]. Therefore, a need for

alternative anticancer strategies holds importance for clinical
and experimental oncology.

Plant polyphenols are known to possess strong anti-
oxidant properties and have been shown to exhibit anti-
inflammatory, antiproliferative, and proapoptotic properties,
suggesting their role as chemopreventive agents [3]. How-
ever, the use of polymeric polyphenols such as proantho-
cyanidins is limited in chemoprevention because of their
poor bioavailability in the human body. The bioavail-
ability and physiological functions of proanthocyanidins
are largely influenced by their molecular weight, structural
complexity, digestibility, intestinal absorption, metabolism,
and gut microbiota. Structural modification, nanoencapsu-
lation, and biotransformation are some of the strategies
to combat the issue of low bioavailability of polyphenols
[4]. Biotransformation of polyphenol-rich foods can be
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performed by incubating with microorganisms, especially
probiotics which enable deglycosylation, ring fission, dehy-
droxylation, demethylation, lactonization, aromatic hydrox-
ylation, reduction of carbon-carbon double bonds, or
decarboxylation [5, 6], converting some polyphenols into
more bioavailable and/or bioactive forms than their original
forms [7].

Cranberry pomace is a by-product of the cranberry
juice-processing industry, which is rich in numerous phe-
nolic compounds with potential health benefits. Some of
the major phenolics present in cranberry pomace include
anthocyanins, proanthocyanidins, flavonols, phenolic acids,
and flavan-3-ols [8]. Cranberry press cake-based flavonoid
extract has been demonstrated to exhibit significant effects
against various cancer cell lines including the prostate
(LNCaP), melanoma (MDA-MB-435), malignant mela-
noma (SK-MEL-5), colon (HT-29), lung (DMSI114), and
brain (U87) [9]. Our recent investigation has shown that
only small molecular weight phenolic acid-rich fractions
were able to impart antiproliferation activity at low con-
centrations in human HCC cell line HepG2 as reflected
from their IC,, values [8].

Lactobacillus species is one of the predominant members
of the intestinal microflora, and some strains have been
characterized as probiotics. Species of Lactobacillus possess
B-glucosidase activity and participate in the hydrolysis of
plant B-glycosides [10]. Lactobacillus plantarum has been
shown to metabolize phenolic acids and esters of phenolic
acids by the activities of tannase [11], feruloyl esterase [12],
phenolic acid decarboxylase, and phenolic acid reductase
[13]. These activities of Lactobacilli may contribute to the
release of phenolic acids bound to insoluble cell wall material,
particularly protocatechuic and p-hydroxybenzoic acids.
However, little is known about flavonoid biotransforma-
tion by Lactobacilli and their resulting anticancer properties
[6]. Herein, we investigated the capability of L. rhamnosus to
biotransform five different polyphenol-rich fractions from
cranberry pomace and explored their anticancer activity
against HCC using HepG2 cells in comparison to sorafenib.
In addition, their mechanistic approach to the cytotoxic-
ity has also been presented through ATP depletion and
caspase-3 activity.

2. Materials and Methods

2.1. Chemicals and Standards. The liquid chromatography
standards used for the study were obtained as follows:
quercetin-3-O-rhamnoside and quercetin-3-O-galactoside
were from Indofine Chemical Co. (Hillsborough, NJ, USA);
quercetin-3-O-rutinoside, (-)-epicatechin, (+)-catechin, epi-
gallocatechin (EGC), epicatechin gallate (ECG), epigallocate-
chin gallate (EGCG), and procyanidin Bl and B2 were from
ChromaDex (Santa Ana, CA, USA); and cyanidin-3-O-galac-
toside was obtained from Extrasynthese (Paris, France).
High-performance liquid chromatography (HPLC) grade
methanol, acetonitrile, and formic acid; quercetin-3-0O-glu-
coside, quercetin, phloridzin, myricetin, and phenolic acids
(caffeic acid, ferulic acid, gallic acid, protocatechuic acid,
chlorogenic acid, trans-cinnamic acid, p-coumaric acid, iso-
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ferulic acid, p-hydroxybenzaldehyde, p-hydroxybenzoic acid,
vanillic acid, and vanillin); syringic acid, gallic acid, homo-
gentisic acid (2,5-dihydroxyphenylacetic acid), sinapic acid
(3,5-dimethoxy-4-hydroxycinnamic acid), DMB propionic
acid (3-20,50-dimethoxybenzoylpropionic acid), p-hydroxy-
benzaldehyde, p-hydroxybenzoic acid, vanillic acid, and van-
illin; syringic acid (3,5-dimethoxy-4-hydroxybenzoic acid),
homogentisic acid (2,5-dihydroxyphenylacetic acid), sinapic
acid (3,5-dimethoxy-4-hydroxycinnamic acid), p-coumaric
acid (trans-4-hydroxycinnamic acid), DMB propionic acid
(3-20,50-dimethoxybenzoylpropionic acid), and dimethyl
sulfoxide were obtained from Sigma-Aldrich (Mississauga,
ON, Canada). The remaining chemicals were obtained from
Fisher Scientific (Ottawa, ON, Canada).

2.2. Isolation of Bioactive Fractions from Cranberry Pomace.
The cranberry pomace was collected from a commercial
cranberry juice manufacturer (Cranberry Acres Farm,
Aylesford, NS, Canada). Immediately after juice processing,
the excess water was drained and within 3 h, the cranberry
pomace was transported in plastic containers to the labo-
ratory facility and stored in a freezer (-20°C). Five hun-
dred grams of frozen cranberry pomace was ground with
2 L extraction solvent (70% acetone:29.9% water:0.1%
acetic acid by v:v:v) using a Waring glass blender (Model
CAC32, Fisher Scientific (Ottawa, ON, Canada) for 3 min.
The slurry was then subjected to sonication for 30 min x 3
at 30°C with 10 min intervals in between every 15 cycles
to avoid increase in temperature. The suspension was then
passed through eight layers of cheesecloth followed by vac-
uum filtration using Fisherbrand P8 filters. The crude extract
was then rendered solvent free using the rotary vacuum
evaporation system (Rotavapor HR-200; Buchi, Flawil,
Switzerland) at 37°C until completely dry. A representative
sample was taken and named as crude (CR) extract. The
concentrated extract was dissolved into 120 mL of 50%
ethanol-water mixture.

Flash chromatography with a sorbent (Sorbent SP207-
05 Sepabeads resin brominated styrenic adsorbent; particle
size 250 mm, surface area 630 m*/g; Sorbent Technologies,
Atlanta, GA, USA) was used to fractionate the concentrated
cranberry pomace extract as described above. A detailed
diagram of the process is presented in Figure 1. The
crude extract was loaded onto a chromatography column
(3.86 x 45 cm, Sati International Scientific Inc., Dorval, QC,
Canada) that contained 400 g of adsorbent and had been
conditioned with deionized water and equilibrated in 50%
ethanol-water mixture. After loading the extract, the column
was immediately washed with water until the sugars were
removed up to a Brix value of <0.1%, as measured by a digital
hand-held refractometer. The phenolic compounds retained
in the column were eluted using a step gradient of ethanol
(1 L per elution). The phenolic acid, flavonol, flavan-3-ol,
and anthocyanin-rich fractions were eluted with 20-100%
ethanol with an increment of 5% ethanol per elution. Then,
a step gradient of acetone (1 L per elution) was carried out
to elute oligomeric and polymeric proanthocyanidin-rich
fractions. These elutions were carried out using 20%, 30%,
50%, 60%, 70%, 80%, and 100% acetone, pooled together,
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FIGURE 1: Process flow chart for extraction and fractionation of cranberry pomace (CP). PA: phenolic acids; DHC: hihydrochalcones; AN:

anthocyanins; PR: proanthocyanidins; FL: flavonols.

and evaporated to a completely dry powder that was labeled
as PR. The fractions rich in phenolic acids and catechins
were combined and evaporated to produce PA+C extract.
A liquid-liquid separation method using ethyl acetate and
water was employed for the separation of anthocyanins
(AN) from fractions rich in flavonols and dihydrochalcones
(FL+DHC). Eluates were concentrated to completely dried
extracts using a rotary evaporator at 40°C.

2.3. Bacterial Strain and Culture Conditions. A strain of
Lactobacillus rhamnosus (ATCC 9595) was cultivated in
De Man, Rogosa, and Sharpe broth (MRS; BD, Becton,
Dickinson, and Co., Sparks, MD, USA) at 37°C for 24 h
in anaerobic jars (Gas-Pack, AnaeroGen; Oxoid, Nepean,
ON, Canada). Bacterial growth was carried out in triplicate
wells of sterile 96-well microplates with a lid, containing
300 uL of MRS broth with or without different concentra-
tions of extracts. Wells were inoculated (1%; about 10’
colony-forming units/mL) with a fresh culture of the strain
incubated in MRS broth at 37°C for 16 h. Appropriate con-
trols were used by incubating noninoculated MRS broth,
CP extracts (blank), and MRS broth inoculated with the
strain (growth control). Incubations were carried out at
37°C for 48 h under shaking of 70 rpm. Growth was moni-
tored by recording the ODy, variations after 6, 12, 24, and
48 h of incubation at 37°C using a BMG FLUOstar Optima
microplate reader.

2.4. Microbiological Analysis and pH Measurement. A 10 mL
fresh broth was inoculated overnight with an L. rhamnosus
culture at a concentration level of McFarland 0.5 standard.
Dried CP extracts were added to the culture media to give
final concentrations of 1 mg/mL. The cultures were shaken
well and incubated according to the above-mentioned condi-
tions. Bacterial growth curves were determined by reading
the sample ODy,- at various time points (0-48 h). The pH

value of each fermented sample (10 mL) was measured after
0, 24, and 48 h of fermentation using a pH meter (Table 1).

2.5. Biotransformation of CP Extracts. Cultures used to follow
catabolism of CP extracts by L. rhamnosus were performed in
MRS broth by scaling volumes up to 100 mL using 125 mL
sterile Erlenmeyer flasks. Solutions of extracts (0.25, 0.5,
and 1 mg/mL) were prepared in the bacterial medium and
sterile filtered before use. During incubation (37°C) with a
previously grown 24 h culture, samples were taken at desired
intervals of 12, 24, and 48 h. Cell pellets were sonicated for
30 min to lyse cells and release any phenolics that had been
adsorbed on or in the bacteria cells. Cell lysates were centri-
fuged at 4900 xg for 10 min, and supernatants were sepa-
rated, which were used to extract phenolic metabolites
from media using ethyl acetate (EA) partition technique.
Briefly, equal volumes of supernatant and EA were mixed
in a separation funnel and allowed to stand for 24 h until
complete phase separation. Then, the EA and aqueous layers
were separately collected. The EA layer was evaporated using
a rotary vacuum evaporator, re-dissolved in 80% methanol,
filtered through 0.22 um nylon filters, and kept at —20°C
until further analysis.

2.6. Qualitative Analysis Corresponds to the Identification
of Individual Phenolic Compounds in CP Fractions. Total
phenolic content (TPC) was determined using the Folin-
Ciocalteu method as described by Singleton and Rossi [14]
and modified by Rupasinghe et al. [15]. The results are
expressed in mg gallic acid equivalents (GAE)/L. Total
anthocyanin contents (TAC) were determined using the pH
differential method (AOAC method 2005.02) as previously
described by Ratnasooriya et al. [16], and their concentration
was expressed as mg cyanidin-3-O-glucoside equivalence
(C3G) per 100 g FW using a molar extinction coeflicient (¢)
28,000 and molecular weight (MW) 484.8 for C3G. Total



TasLE 1: Changes in pH of different cranberry pomace (CP) extracts
during bioconversion with L. rhamnosus.

. Type of extract
Time  Control o b i pase. AN PR
0h 584 584 5.86 584 585 585
24h 381 385 3.83 363 378 359
48h 332 340 333 322 341 340

CR: crude; FL+DHC: flavonol+dihydrochalcone; PA+C: phenolic acid
+catechin; AN: anthocyanin; PR: proanthocyanidin. Control contains L.
rhamnosus and media with no CP extracts added.

flavonoid content (TFC) was measured using the aluminum
chloride method as described previously [17], and total
proanthocyanidin content (TPr.C) was assessed using the
dimethyl cinnamaldehyde method [18]. The results are
expressed as mg quercetin equivalents (QE)/L for TFC and
mg catechin equivalents (CE)/L for TPr.C.

2.7. Determination of Phenolic Compounds and Their
Metabolites. Out of each extract, 10 mg was weighed out
and dissolved in 10 mL methanol, followed by required dilu-
tion, filtration through a 0.22 ym nylon filter, and placing
into amber vials. An ultrahigh performance liquid chroma-
tography (UHPLC) (Model H-class system, Waters, Milford,
MA, USA) equipped with an Acquity UHPLC BEH C, g col-
umn (2.1 x 100 mm, 1.7 ym) (Waters, Milford, MA, USA)
was used for analysis. For the analysis of nonanthocyanin
phenolics, gradient elution was carried out with 0.1% for-
mic acid in water (solvent A) and 0.1% formic acid in ace-
tonitrile (solvent B), with the flow rate of 0.2 mL/min and
an injection volume of 2.0 uL. A linear gradient profile was
used with the following proportions of solvent A applied at
time ¢t (min): (t, A%): (0, 94%), (2, 83.5%), (2.61, 83%),
(2.17, 82.5%), (3.63, 82.5%), (4.08, 81.5%), (4.76, 80%),
(6.75, 20%), (8.75, 94%), and (12, 94%). The analysis of
anthocyanins was performed as described below; the mobile
phases were 5% (v/v) formic acid in water (solvent A) and
5% (v/v) formic acid in methanol (solvent B). The linear
gradients used were as follows: (¢, A%): (0, 10%), (8, 30%),
(17, 40%), (19, 40%), (20, 10%), and (22, 10%).

MS-MS analysis was performed with a Micromass
Quattro micro API MS/MS system, which is controlled
by a MassLynx V4.1 data analysis system (Micromass, Cary,
NC, USA) as described by Bhullar and Rupasinghe [18]. Elec-
trospray ionization in negative ion mode (ESI-) was used for
the ionization of the flavonol and flavan-3-ol compounds.
The mass spectrometry conditions included capillary voltage
of 3000 V with nebulizing gas (N,) at a temperature of 375°C.
Electrospray ionization in positive mode (ESI+) was used for
the analysis of anthocyanins. The mass spectroscopy condi-
tions used were a capillary voltage of +3500 V with nebulizer
gas at 375°C and a flow rate of 0.35 mL/min. The cone voltage
(25-50 V) was optimized for each compound. Individual
samples were identified using a multiple reaction monitoring
mode and specific precursor-product ion with quantified
calibration curves generated by external standards. For the
analysis of phenolic metabolized produced by L. rhamnosus,
ESI- mode (as described above) and single-ion monitoring
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(SIM) mode were used as follows: m/z 183 for benzoic acid,
m/z 179 for caffeic acid, m/z 353 for chlorogenic acid, m/
z 163 for p-coumaric acid, m/z 193 for ferulic acid and
isoferulic acid, m/z 149 for hydrocinnamic acid, m/z 151
for 4-hydroxyphenylacetic acid, m/z 165 for 3-(4-hydroxy-
phenyl)propionic acid, m/z 117 for succinic acid, m/z 197
for syringic acid, and m/z 153 for protocatechuic acid.

2.8. Biological Activity Determination

2.8.1. Cell Lines and Culture Conditions. Human hepatocellu-
lar carcinoma (HepG2) cells was purchased from the Amer-
ican Type Culture Collection (ATCC HB-8065, Rockville,
MD, USA) and cultured as recommended by the ATCC as
described by Nair et al. [19]. HepG2 cells were grown in
Eagle’s modified minimum essential media (EMEM) supple-
mented with 10% FBS (FBS; ATCC, Rockville, MD, USA)
and 1% penicillin-streptomycin (ATCC, Rockville, MD,
USA). Cells were maintained at 37°C in an incubator under
5% CO,/95% air atmosphere at above 85% relative humid-
ity constantly. Cells were counted using a hemocytometer
(Bright-Line Hemacytometer, Sigma-Aldrich, Mississauga,
ON, Canada) and were plated according to the number of
cells for each experiment in a 6-, 24-, or 96-well format
for 24 h prior to the addition of test compounds. All the
test samples were solubilized in sterile filtered DMSO
(<0.5% in the culture medium) before addition to the culture
media. Control cells were also run in parallel and subjected to
the same changes in media with <0.5% DMSO.

2.8.2.  Antiproliferation  Activity  before and  after
Bioconversion. HepG2 cells (5 x 10° cells/100 uL/well) were
seeded in a sterile flat bottom 96-well plate (BD Biosciences,
Mississauga, ON, Canada) and stabilized by incubation
for 24 h at 37°C in a humidified incubator containing 5%
CO, (VWR, Mississauga, ON, Canada) [19]. CP metabolites
after 24 h bioconversion were used for their ability to
inhibit human liver cancer cell proliferation and compared
with their parent fractions (0 h). These samples were
selected based on their polyphenol metabolite characteriza-
tion as analyzed by UPLC/MS. From each extract (CR, AN,
FL+DHC, and PA+C), 10 mg was weighed out and dis-
solved in DMSO to produce a stock solution of 5000 mg/L.
PR 0 h, PR 24 h, 3-(4-hydroxyphenyl)propionic acid, 4-
hydroxyphenylacetic acid, and sorafenib were dissolved in
DMSO and diluted in media, and 100 uL of each treatment
was added to each well, each treatment in three replications.
Thereby, cells were exposed to various concentrations
(10, 50, 100, 250, and 500 pg/mL) of each treatment. Controls
consist of cells with media containing DMSO (<0.5%), and
blank wells contained media with no cells. After 24 and
48 h of test compound incubation, 20 uL of the MTS reagent
in combination with the electron-coupling agent, phenazine
methosulfate, was added to the wells and cells were incubated
in a humidified CO, incubator for 3 h. Absorbance at 490 nm
(OD,yy) was monitored with a plate reader (FLUOstar
Optima, BMG Labtech, Durham, NC, USA) to obtain the
number of viable cells relative to the control population.
Percentage of viability in the test compound-treated cells
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is expressed as a percentage compared to the control
(<0.5% DMSQO). Data are expressed as mean values + SD
and obtained from thee different experiments against each
cell line (n = 3 per plate per time point).

2.8.3. ATP Luminescent Cell Viability Assay. The CellTiter-
Glo® Luminescent Cell Viability Assay Kit (Promega,
Madison, WI, USA) was used as a homogeneous method
to determine the number of viable cells in culture was
based on a quantification of ATP levels [19]. HepG2 cells
(5% 10? cells/100 pL/well) were seeded on opaque-walled 96-
well black plates (BD Biosciences, San Jose, CA, USA) and
allowed to attach for 24 h. Cells were then exposed to various
concentrations (10, 20, 50, and 100 M) of PRO h, PR 24 h, 3-
(4-hydroxyphenyl)propionic acid, 4-hydroxyphenylacetic
acid, and sorafenib or DMSO (control) in the EMEM
medium for 24 h. CellTiter-Glo® Reagent (100 L) was added
to each well and mixed for 2 min on an orbital shaker to
induce cell lysis. After 10 min of incubation at room temper-
ature, luminescence was recorded using the above-described
microplate reader.

2.8.4. Caspase 3/7 Activity Assay. HepG2 cells (5000 cells/100
pL/well) were seeded in white-walled 96-well plates and
treated with 50 and 100 M of PR 0 h, PR 24 h, 3-(4-hydro-
xyphenyl)propionic acid, 4-hydroxyphenylacetic acid, and
sorafenib or DMSO (control). After 24 h of incubation in
37°C/5% CO, humidified incubator, 100 uL of Caspase-
Glo® 3/7 reagent was added to each well of a white-walled
96-well plate containing 100 uL of blank, negative control
cells, or treated cells in the culture medium. After mixing
the contents of wells using a plate shaker for 30 s, plates were
incubated at room temperature for 3 h. Luminescence was
measured using the previously described microplate reader.

2.9. Experimental Design and Statistical Analysis. All analyses
were conducted twice for three replicates per experiment.
The data were analyzed using the Statistical Analysis System
software (SAS Institute Inc., Cary, NC, USA). The general
linear model (GLM) procedure was used to evaluate the main
effect of treatment. Tukey’s studentized test was used to com-
pare the means among treatments at a p value of 0.05.

3. Results and Discussion

3.1. Isolation and Quantification of CP Fractions. The phe-
nolic characterization of CP is presented in Figure 2.
Based on some of the major phenolics present in CP, differ-
ent fractions were pooled accordingly to obtain five major
fractions: phenolic acid and catechin- (PA+C-), flavonol+
dihydrochalcone- (FL+DHC-), anthocyanin- (AN-), and
proanthocyanidin- (PR-) rich fractions and crude (CR) frac-
tion. Fractions E25-E45 exhibited the highest amounts of
phenolic acids (sum of chlorogenic acid, ferulic acid, isoferu-
lic acid, and caffeic acid) and flavan-3-ols (sum of EGC, cat-
echin, epicatechin, EGCG, and ECG) and hence were pooled
together to obtain PA+C. E50-E90 displayed the highest
amount of flavonols (sum of quercetin aglycones and its
various glycosides including galactoside, glucoside, rham-
noside, rutinoside, and arabinoside) and dihydrochalcones,

anthocyanins (cyanidin-3-O-glucoside), and dihydrochal-
cones (phloridzin and phloretin). In order to separate
anthocyanins, further liquid-liquid extraction was carried
out using the ethyl acetate-water solvent system. The ethyl
acetate fraction exhibited the highest amount of flavonols
and dihydrochalcones (FL+DHC), while the water extract
contained most of the anthocyanins (AN). All acetone frac-
tions were pooled together to obtain PR. The CR showed
the presence of almost all the analyzed phenolic compounds
at moderate concentration levels. While the AN was rich in
cyanidin-3-O-glucoside, it also had a small quantity of flavo-
nols, especially quercetin galactoside. PR fraction was rich in
proanthocyanidins, as determined by the DMAC analysis.
The FL+DHC fraction exhibited the high amounts of querce-
tin glycosides, especially the galactosides and rhamnosides
along with phloridzin as dihydrochalcone. In addition, the
FL+DHC also contained some low molecular weight pheno-
lic acids such as ferulic acid and isoferulic acid. The PA+C
consisted of major phenolic acid and flavan-3-ols, including
catechin and epicatechin, and minor amounts of EGC,
EGCG, and ECG.

3.2. Bacterial Growth in the Presence of CP Fractions. The
concentration of 1000 mg/L was used for all three extracts
as the growth of L. rhamnosus was not inhibited significantly
by any of the CP extracts at this concentration (Table 2).
This could be due to the growth promotion of probiotic
bacteria such as Lactobacilli by polyphenols. Whereas all
the polyphenol-rich extracts were effective, the concentration
level of 250 mg/L stimulated the greatest percentage increases
(Table 2). At the end of 24 h using 1000 mg/L, the percentage
growth of L. rhamnosus was not significantly different from
those in the control, except in the AN extract. However, con-
centration levels above 1000 mg/L significantly affected the
bacterial growth. In addition, it was found out that different
extracts exhibited varying sensitivity towards L. rhamnosus.
L. rhamnosus was capable of growing in the presence of dif-
ferent CP extracts, yet the growth was being affected in a
dose-dependent fashion (Table 2). The results showed a pro-
gressive decrease in maximal ODy, from a concentration of
250 to 1500 mg/L. The decrease in the growth rate was most
evident in the presence of AN extract, although the extracts
did not completely inhibit the growth of L. rhamnosus. The
CR did not exhibit any significant inhibition at the tested
concentration levels. This was in line with a previous study
where cranberry extracts produced no major inhibition at
concentrations of 250-1000 mg/L against L. plantarum [20].
The same study also showed cranberry-specific proanthocya-
nidin A2 as a growth promoter of L. plantarum, which was
found to be true for L. rhamnosus in the present study. Inter-
estingly, the AN and PA+C were found to inhibit L. rhamno-
sus by 35% and 31%, respectively, at a concentration of 1500
mg/L. For PA+C, this could be due to the presence of galloy-
lated flavanols having high hydrophobicity and thus high
affinity for the phospholipid cell membrane [21].

3.3. Polyphenol Biotransformation by L. rhamnosus. As L.
rhamnosus was found to tolerate the presence of all selected
CP fractions at concentrations less than 1500 mg/L, our
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TaBLE 2: The percent growth of L. rhamnosus in the presence of
various cranberry fractions with a comparison to the control.

CP extract Concentration (mg/L)

250 500 1000 1500
CR 1229+2.0 110+ 4.4 942+52 77.1+4.0
AN 1066 £1.0 929+14 743+39 62557
PR 120.0£2.5 107.5+2.5 950+4.5 86.3+4.5
FL+DHC 1252+£0.3 103.8+3.8 91.3+3.8 76.7+3.8
PA+C 115.0+£7.5 100.8+6.4 90.0+2.5 68.8+3.7

The growth of L. rhamnosus was measured by optical density at 625 nm. The
control does not contain any fractions but the growth medium and L.
rhamnosus. CR: crude; FL+DHC: flavonol+dihydrochalcone; PA+C:
phenolic acid+catechin; AN: anthocyanin; PR: proanthocyanin.

strategy for this study was to stimulate metabolism of dif-
ferent polyphenol-rich CP fractions over a range of time
points in order to investigate their biotransformation using
L. rhamnosus. We used only one bacterial strain because
probiotic bacteria and the polyphenol interactions for the
production of biotransformed metabolites were the objec-
tives of this study. This approach has been previously
followed to study the biotransformation capability of grape
seed [20] and wine polyphenols [22]. The incubations
resulted in partial to complete depletion of parent com-
pounds with the formation of new products. The results
explicitly showed that the catabolic activity of L. rhamnosus
modified the phenolic profiles of the tested CP extracts
(Figures 3 and 4). A drop in concentration was observed
in the selected polyphenol-rich media without bacteria,
which could be due to their instability (oxidation and epi-
merization) during incubation in solutions with pH ~5.5.

Major phenolic compounds present in the CP, including
flavonols (quercetin galactoside and quercetin rhamnoside),
flavan-3-ols (catechins and epicatechins), anthocyanins,
and proanthocyanidins, decreased in concentration after
incubation with L. rhamnosus, while the concentrations of
other phenolic acids and aromatic derivatives, including 4-
hydroxyphenyl acetic acid, 3-(4-hydroxyphenyl)propionic
acid, hydrocinnamic acid, catechol, and pyrogallol, increased.
However, the stability of individual compounds also varied
between different extracts and also with respect to time of
incubation, as reflected from their percentage recovery.
Interestingly, succinic acid present in CP fractions was used
up by the bacteria in the first 12 h; however, its concentration
was found to increase concerning incubation time post 12 h.
There were exceptions to this phenomenon with PR fraction
exhibiting a sharp increase in succinic acid concentration
after 12 h, followed by a continuous decrease. Succinic acid
is produced by Lactobacilli species when grown in MRS
media [23]. Therefore, the data presented in Figure 4 has
been corrected with respect to the control.

3.3.1. PR Fraction. The most noticeable increase in metabo-
lite concentration was found in the PR fraction with 18-
23-fold increase during 12-48 h incubation time, thereby
clearly demonstrating extensive catabolism of their poly-
meric structure by the L. rhamnosus. An increase in catechin

(0.78 mg/g), epicatechin (0.3 mg/g), benzoic acid (1.7 mg/g),
4-hydroxyphenylacetic acid (17.5 mg/g), and most impor-
tantly, 3-(4-hydroxyphenyl)propionic acid (19.5 mg/g)
after 48 h incubation described the bioconversion process.
Interestingly, the concentration of protocatechuic acid also
increased by 8.5-fold after 48 h of incubation. Most likely,
it could have been derived from 3,4-dihydroxyphenylpropio-
nic acid by its decarboxylation and dehydroxylation to 3-
hydroxybenzoic and 4-hydroxybenzoic acids catalyzed by
the gut microorganisms [24]. Unlike the previous study with
L. plantarum IFPL935 [20], the concentration of pyrogallol
did not change during incubation of PR and PA+C fractions
with L. rhamnosus. This can be because the CP used in the
present study did not contain high amounts of galloylated
flavanols as present in grape seed extract used by the previous
study. As we know, a majority of the procyanidins in cran-
berry press cake come with a high degree of polymerization
(DP) [25]. Although several of their biological activities have
been shown [26], yet they are poorly absorbed relative to
their corresponding monomers. Cranberry proanthocyani-
dins are microbially catabolized to generate low molecular
weight derivatives that further undergo phase II metabolism
inside the liver before reaching plasma and tissues [27].
Therefore, it is interesting to identify further biologically
active components of metabolized proanthocyanidins in
order to justify their in vitro biological activity.

3.3.2. PA+C Fraction. A decrease in the response was
observed for caffeic, ferulic, isoferulic, and benzoic acids.
Concurrently with the disappearance of these compounds,
the formation of 4-hydroxyphenylacetic acid and catechol,
together with a significant increase in the response of hydro-
cinnamic acid and 3-(4-hydroxyphenyl)propionic acid, was
observed. None of these metabolites were found in the
incubations of L. rhamnosus growth control. Metabolism
of ferulic acid is known to result in coumaric acid, which
is further decarboxylated to hydroxybenzoic acid, benzoic
acid, phenol, and catechol [13, 28]. However, in our case,
coumaric acid degraded after 12 h, but its concentration
increased again after 24 h and stayed statistically insignif-
icant after 48 h. The formation of hydroxyphenyl propio-
nic acids from C—C double-bond reduction in m-coumaric
and ferulic acids by other Lactobacillus strains including L.
plantarum has been described previously [29]. Besides, the
formation of 3-hydroxyphenylpropionic and benzoic acids
from caffeic acid esters also has been established [30]. The
formation of catechol from phenolic acids such as pro-
tocatechuic acid and caffeic acid can be explained by the
decarboxylase action of Lactobacillus spp. [29]. Catechin
and epicatechin suffered a progressive diminution during
incubation and practically 77% and 44% loss of concentra-
tion at 48 h, respectively. According to previous studies, the
catabolism of epicatechin using human intestinal bacteria,
through a series of steps, produces valerolactones [20, 31],
which were not analyzed in the present study. However, the
appearance of high concentrations of 3-(4-hydroxyphenyl)-
propionic acid and methyl 3,4,5-trihydroxybenzoate during
the incubation of PA+C may suggest the catechin family
catabolism through phenylpropionic acids and benzoic acids.
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In addition, the galloylated monomeric flavan-3-ols (ECG
and EGCG), which were low in concentration at the begin-
ning, were also degraded during the incubation.

3.3.3. CR Fraction. To expand the spectrum of phenolic sub-
strates catabolized by L. rhamnosus, the present study also
investigated its ability through a crude cranberry pomace
extract. With respect to the data prior to incubation, the CR
fraction showed an increase of total LCMS-based phenolic
acids by 1.7-, 2.0-, and 1.8-fold after 12, 24, and 48 h, respec-
tively. Some of the interesting features were the increase in
concentrations of hydroxycinnamic acids, including ferulic,
caffeic acids, and p-coumaric (the later to a lesser extent)
after 48 h of incubation. This was in contrast to the previous
study by Sanchez-Patan et al. [20] that showed a decrease
in concentrations of these compounds, after incubation
with L. plantarum IFPL935. The concentration of hydro-
xybenzoic acids, majorly protocatechuic acid, in this case,
decreased within the first 24 h to almost half of its con-
centration, but again increased by more than 10-fold after
48 h. Also, a new compound, 3-(4-hydroxyphenyl)propio-

nic acid, appeared within the first 12 h, together with a signif-
icant increase in the responses of 4-hydroxyphenylacetic acid
and pyrogallol (present at very low concentration in the
beginning), was observed. On the other hand, benzoic acid
was found to degrade over time, while succinic acid showed
an increase. The formation of hydroxyphenylpropionic acids
by Lactobacillus species from the C-C double bond reduction
of hydroxycinnamic acids has been explained [29]. Owing to
anthocyanin metabolism, the concentration of syringic acid
went high by 9-fold during the bioconversion.

3.3.4. AN Fraction. The AN fraction was generally less stable
and presented large variations in the phenolic acid concen-
trations from 0 h to 48 h. Hydrolysis of anthocyanin glyco-
sides by enzymes by cleavage of the 3-glycosidic linkage is
proposed as the first step within 20 min to 2 h for subsequent
bacterial degradation and the formation of a set of new
metabolites that have not yet been identified [32, 33]. For that
very reason, no aglycones were detected under any of the col-
lection times assayed. The released aglycones formed transi-
torily could have been degraded into the corresponding
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phenolic acids emanating from the B ring [32-34]. Concern-
ing the AN fraction, as expected, mainly formation of gallic,
syringic, and p-coumaric acids took place. The concentration
of syringic acid increased continuously during incubation
and went up by almost 10-fold after 48 h. As previously
established, syringic acid is the major metabolite of antho-
cyanins, particularly malvidin glucosides [35]. Incubation
of AN fraction with L. rhamnosus also yielded pyrogallol,
indicating further metabolism such as decarboxylation of
the metabolites such as gallic acid. During the first 24 h,
p-coumaric acid increased by 23-fold, suggesting the biocon-
version of anthocyanins using L. rhamnosus. In addition,
small amounts of methyl gallate and protocatechuic acid
were also produced during incubation. Protocatechuic acid
has been identified as the major degradation product of cya-
nidin-3-O-glucoside, after incubation with human feces [34].

Interestingly, the concentration of 4-hydroxyphenylacetic
acid spiked in the 12 h incubation by more than 21-fold,
which was further reduced to 5.3-fold at the end of 48 h. This

reduction could be due to further degradation of 4-
hydroxyphenylacetic acid to simpler metabolites such as ben-
zoic acid, which showed a slight increase in its concentration
after 48 h. Similar information on the production of phenyla-
cetic acids and hydrated acids has been described earlier by
some authors [27, 36-38].

3.3.5. FL Fraction. Most of the quercetin glycosides are not
absorbed in the small intestine and deglycosylated under
the effect of bacterial f-glucosidases and a-rhamnosidase
in the large intestine. Enzymes of intestinal bacteria not
only deglycosylate quercitrin (quercetin-3-O-rhamnoside)
but also further metabolize it with the break of quercetin
heterocycle and formation of phenol acids such as 3,4-
dihydroxyphenylacetic, hydroxyphenylacetic, and 3-meth-
oxy-4-hydroxyphenylacetic acids [39]. Similar results were
found in this study using L. rhamnosus incubation. The con-
centration of quercetin glycosides went down drastically,
with the concurrent increase of metabolite concentrations
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including 4-hydroxyphenylacetic acid, hydrocinnamic acid,
3-(4-hydroxyphenyl)propionic acid, and protocatechuic
acid, along with metabolic pathway end products like benzoic
acid. The first 12 h incubation presented a 20-fold increase in
protocatechuic concentration, which decreased by 3-fold
after 48 h. On the other hand, the concentrations of 4-
hydroxyphenylacetic acid and 3-(4-hydroxyphenyl)propio-
nic acid showed a steep increase of 21-35 and 28-33 mg/g
DW, respectively. Also, the benzoic acid concentration
was found to increase by 1.6-fold, after 48 h incubation.
Apart from the quercetin glycosides, the phenolic acid con-
centration of the FL fraction as well degraded during the
bioconversion process.

3.4. Qualitative Measurements. The data for total phenolic
content (TPC), total anthocyanin content (TAC), total
proanthocyanidin content (TPr.C), and total flavonoid con-
tent (TFC) is represented in Figure 5. The bioconversion pro-
cess significantly increased the TPC of all bioconverted
fractions when compared to the fractions without biotrans-
formation. While there were no similar studies on cranberry
at the time of writing, these results were in line with a report
that showed that fermentation of C. lanceolata increased the
TPC in comparison to extracts without any fermentation
[40]. The surge in the TPC for both PA+C and PR fractions
was remarkable at 48 h as compared to 0 h. Fractions AN,
PR, FL, and PA+C increased about 2-4 times in their TPC
than the CR extract. A similar trend was observed for TFC,
except for the AN fraction. On the contrary, the TAC and
TPr.C degraded significantly during the bioconversion.

Again, this is possibly due to the catabolism of these fractions
into their respective metabolites. Interestingly, after initial
degradation at 12 h, the TPr.C was noticed to increase in
PR fraction at 24 h. This could be because of initial catabo-
lism of proanthocyanidin polymers into monomeric flavan-
3-ols that were read as catechin equivalents.

3.5. Biotransformed CP Polyphenol Fractions Cytotoxic to
Cancer Cells at Lower Concentrations than Their
Parent Fractions

3.5.1. Screening of CP Fractions and Their Metabolites on the
Viability of HepG2 Cells. As a cell model of anticancer, we
have used a widely investigated HCC HepG2 cells. This cell
line can provide us an insight into the chemotherapeutic
potential of the bioconverted metabolites for controlling
malignant hepatocyte growth of liver cancer. The liver is an
important organ which is the pivotal site for toxicity of xeno-
biotics, drugs, and oxidative stress [41]. Also, the liver is
important for metabolic activation or inactivation of poten-
tially antioxidative or other biologically active substances.
We first sought to standardize the optimum concentration
of CP fractions to inhibit the proliferation of the HCC cell
line. The HepG2 cells were administered with increasing
concentrations (1, 10, 50, 100, 250, and 500 ug/mL) of
sorafenib or CP fractions before and after 24 h of biocon-
version using L. rhamnosus, and cell viability was evalu-
ated at 24 and 48 h after treatment. The obtained data
resulted in a time- and concentration-dependent decrease
in cell viability (Figure S1). In general, the CP metabolite
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TaBLE 3: The IC;, (mg/L) for cytotoxic effect in HepG2 cells of various cranberry fractions before and after bioconversion.
Assay Source Bioconversion 24h 48 h
Before >500 >500
CR
After 340.9 319.6
Before 130.1 121.3
AN
After 241.7 266.7
Before 206.8 223.0
FL+DHC
After 115.8 102.6
MTS
Before 58.9 47.8
PA+C
After 41.2 36.4
Before 164.9 107.2
PR
After 47.8 20.1
4-Hydroxyphenylacetic acid 183.5 136.9
3-(4-Hydroxyphenyl)propionic acid 219.0 153.6

The cell viability was measured using the MTS assay after incubation of HepG2 cells with test extracts for either 24 or 48 h. CR: crude; FL+DHC: flavonol
+dihydrochalcone; PA+C: phenolic acid+catechin; AN: anthocyanin; PR: proanthocyanin. Control contains L. rhamnosus and growth medium with no CP

extracts added.

extracts after 24 h bioconversion were more effective in
inhibiting HepG2 cell proliferation than their parent
counterparts (0 h), except for anthocyanin-rich fraction.
Among all the treatments given, PR 24 h showed the most
potent antiproliferation activity, by displaying no viability
at 100 pug/mL and displaying an IC,, value of 48 and 20
ug/mL (Table 3). This was followed by PA 24 h exhibiting
37% cell viability at 100 ug/mL which was not significantly
different from the 28% viability demonstrated by the drug
sorafenib. Therefore, it is evident that the L. rhamnosus
bioconversion of cranberry pomace proanthocyanidins (PR
24 h) produces metabolites which are biologically more
active than their intact forms. This high biological activity
could be associated with their low molecular weight phenolic
acid structures and monomeric flavan-3-ols, which can
penetrate through the cell wall efficiently [8]. This is in
agreement with a previous study that showed water-soluble
phenolic extracts of cranberry and its products (mainly low
molecular weight phenolic acids and their derivatives)
effectively inhibited the proliferation of HT-29 and LS-513
colon cancer cell lines [42].

The other CP fractions including CR, AN, and FL showed
significantly lower antiproliferation activity than the above-
discussed PR and PA extracts. Therefore, these three frac-
tions were excluded from a further study. The low biological
activity of anthocyanin and flavonol-rich fractions can be
attributed to their glycosylation, which could render the mol-
ecules more water-soluble but less reactive towards free rad-
icals and metals, diminishing their antioxidant activity [5].
Additional experimentation was carried out using proantho-
cyanidins fraction before and after 24 h bioconversion and
compared to two of its most prominent metabolites formed
after 24 h, i.e., 3-(4-hydroxyphenyl)propionic acid and 4-
hydroxyphenylacetic acid, along with sorafenib. The results
obtained for the MTS assay revealed that at 100 pg/mL,
the PR 24 h showed the highest antiproliferative activity
compared to all the test compounds. The PR 24 h showed
significantly higher (p <0.05) activity than the prescribed
drug sorafenib at the tested concentration. The two metab-

TaBLE 4: Total ATP content of HepG2 cells after 24 h when
treated with cranberry extracts before and after bioconversion
using L. rhamnosus.

. . Total ATP

Treatment Bloc(ozr;v}el;smn content

(mg/L)
PR Before 105.6
PR After 3.7
4-Hydroxyphenylacetic acid 431.3
3-(4-Hydroxyphenyl)propionic acid >500
Sorafenib 0.01

PR: proanthocyanin.

olites tested (3-(4-hydroxyphenyl)propionic acid and 4-
hydroxyphenylacetic acid) did not show any significant
activity at the concentrations between 10 and 100 pg/mL.
Therefore, it can be speculated that the observed antiprolifer-
ative activity of PR 24 h could be due to the combined effects
of several bioactive metabolites present in the fractions and
this synergistic action can be better than any single com-
pound. Further, a concentration of 50 and 100 ug/mL was
selected for PR fractions for further studies.

3.5.2. PR 24 h Led to Metabolic Depletion of ATP in HepG2
Cells. Previous studies have shown that mitochondria play
an essential role in the regulation of apoptosis in cells. After
initial screening of CP fractions against HepG2 cell prolifer-
ation, we selected PR 24 h as the most potent candidate for
turther analyses based on its IC, values. Two of its most
abundant metabolites, i.e., 3-(4-hydroxyphenyl)propionic
acid and 4-hydroxyphenylacetic acid and sorafenib, were
compared for their total ATP-depleting activity. As shown
in Table 4 and Figure S2, the cellular ATP activity decreased
with the increasing concentration of PR 24 h and sorafenib
and both displayed comparable effects at 100 pg/mL
(p <0.05) in vitro. However, at the lower concentrations of
10-20 ug/mL, the ATP activity displayed by sorafenib was
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half than that exhibited by PR 24 h. Surprisingly, the data
suggested that 3-(4-hydroxyphenyl)propionic acid and 4-
hydroxyphenylacetic acid stimulated cellular proliferation at
the lower concentrations with data points close to 100% cell
viability. Given the cellular ATP depletion by PR 24 h, it
could be speculated that this metabolic extract could activate
Apaf-1 function and mitochondria-controlled apoptosis, as
suggested by Ferrari et al. [43].

3.5.3. Induction of Caspase-3 by PR 24 h. Activation of
caspase-3 is a key step in multiple apoptotic cell death path-
ways. Caspases contribute to apoptosis by cleavage of various
cellular substrates and modulate both cellular integrity and
cell cycle through chromatin condensation, loss of cell adhe-
sion, cell shrinkage, membrane blebbing, DNA fragmenta-
tion, and formation of apoptotic bodies that are engulfed by
phagocytes. Therefore, we examined the effect of PR 0 h,
PR 24 h, and the two selected metabolites for stimulating
caspase-3 activation. Enzymatic activity of caspase-3 changed
after 24 h of incubation with the anticancer candidates
using all treatments, except the control (Figure S3). The
assay also revealed that with compounds’ treatment the
proportion of caspase enzyme-activated cells increased time-
dependently, indicating the activation of these enzymes in
the cells. In line with a previous study, sorafenib triggered
the expression of caspase-3 enzyme among all the assayed
compounds [44], which was significantly higher than all the
assayed extracts/compounds. The CP fraction PR 24 h
displayed the highest caspase-3 release at both 50 yg/mL and
100 pg/mL in comparison to PR 0 h and the two selected
pure compounds. The activity of the caspase was threefold
higher at 50 ug/mL but decreased to less than two times
at a concentration of 100 pg/mL. Nevertheless, it can be
suggested that cell death was not much influenced by the
activation of effected caspases 3 and 7. However, further
studies are required to identify other target pathways
responsible for the cytotoxic activity of the CP fraction PR
24 h. Moreover, it is also interesting to investigate the ability
of probiotic metabolites of cranberry proanthocyanins in
the prevention of carcinogen-induced HCC in response
to recently reported reduction of chemical-induced DNA
damage by some common microbial metabolites of
proanthocyanidins [45].

4. Conclusion

Despite the fast-growing research on fruit polyphenols and
their potential health benefits, poor bioavailability of poly-
meric proanthocyanidins endorses the development of bio-
transformation approaches. While there have been reports
on the improvement in biological activities of polyphenols
upon their probiotic biotransformation, to our knowledge,
this is the first study that investigated the bioconversion of
cranberry proanthocyanidins and the effect of their metabo-
lites on HCC cells in vitro. Biotransformation of proantho-
cyanidins into low molecular weight phenolic metabolites
displayed cytotoxic activity against HepG2 cells at physio-
logically relevant concentrations. Further analyses revealed
the involvement of mitochondrial ATP depletion and par-
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tial caspase 3/7 activation that attributed to their potential
anticancer activity.
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Figure SI: percentage viability of HEPG2 cells as affected by
the different concentrations of cranberry pomace polyphe-
nols before and after bioconversion (24 h). Cell viability
was analyzed by the MTS assay. Data (mean + SE, n=5)
are expressed as percentages of the MTS level detected in
untreated control cells. Figure S2: ATP activity of HEPG2
cells as affected by the different concentrations of cran-
berry pomace polyphenols, pure compounds, and a drug
after 24 h. Figure S3: caspase-3/7 activity of HEPG2 cells
as affected by the different concentrations of cranberry
pomace polyphenols, pure compounds, and a drug after
24 h. 4-HPAA: 4-hydroxyphenylacetic acid; 3-4HPPA: 3-
4-hydroxyphenylpropionic acid. (Supplementary Materials)
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Cutaneous melanoma is among the most aggressive types of cancer, and its rate of occurrence increases every year. Current
pharmacological treatments for melanoma are not completely effective, requiring the identification of new drugs. As an alternative,
plant-derived natural compounds are described as promising sources of new anticancer drugs. In this context, the objectives of this
study were to identify the chemical composition of the ethanolic extract of Senna velutina roots (ESVR), to assess its in vitro and
in vivo antitumor effects on melanoma cells, and to characterize its mechanisms of action. For these purposes, the chemical
constituents were identified by liquid chromatography coupled to high-resolution mass spectrometry. The in vitro activity of the
extract was assessed in the B16F10-Nex2 melanoma cell line using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and based on the apoptotic cell count; DNA fragmentation; necrostatin-1 inhibition; intracellular calcium, pan-caspase,
and caspase-3 activation; reactive oxygen species (ROS) levels; and cell cycle arrest. The in vivo activity of the extract was assessed in
models of tumor volume progression and pulmonary nodule formation in C57Bl/6 mice. The chemical composition results showed
that ESVR contains flavonoid derivatives of the catechin, anthraquinone, and piceatannol groups. The extract reduced B16F10-Nex2
cell viability and promoted apoptotic cell death as well as caspase-3 activation, with increased intracellular calcium and ROS levels as
well as cell cycle arrest at the sub-G,/G, phase. In vivo, the tumor volume progression and pulmonary metastasis of ESVR-treated
mice decreased over 50%. Combined, these results show that ESVR had in vitro and in vivo antitumor effects, predominantly by
apoptosis, thus demonstrating its potential as a therapeutic agent in the treatment of melanoma and other types of cancer.
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1. Introduction

Cancer is among the leading causes of death worldwide [1].
In particular, cutaneous melanoma is a potentially lethal
form of skin cancer and occurs when melanocytes, cells
responsible for producing the melanin pigment, undergo
changes mediated by endogenous and/or exogenous events,
thereby becoming malignant [2, 3]. The main factors respon-
sible for the onset of melanoma are intrinsic and extrinsic.
Intrinsic factors primarily include genetic susceptibility and
family history, whereas the main extrinsic factor is excessive
exposure to ultraviolet radiation [4, 5].

In recent decades, the incidence of cutaneous melanoma
has increased, and according to the World Health Organiza-
tion, approximately 132,000 cases of melanoma are diagnosed
every year worldwide [6]. Its incidence varies among different
populations, and the highest rates are reported in countries
such as Australia and New Zealand [7]. When melanoma is
detected early, surgical removal increases the treatment effi-
cacy in approximately 99% of cases [8]. Chemotherapy,
immunotherapy, and molecular therapy are among the main
treatments for melanoma [9, 10]. Although patient survival
rates are increasing, therapies and their combinations are
still limited because they cause toxicity [11]. In addition,
advanced-stage melanoma is resistant to drug therapy [12].

As an alternative to current therapies, phytochemical
molecules have gained prominence as promising agents for
the development of new drugs in the treatment of neoplasia
[13]. Some studies have demonstrated that these substances
show low toxicity in normal cells and act as melanoma treat-
ment adjuvants, enhancing the anticancer effects of chemo-
therapeutic agents [14, 15].

In the scientific literature, the anticancer properties of more
than 3000 plant species have been described [16]. Furthermore,
in the last 70 years, 175 anticancer molecules were approved by
the Food and Drug Administration (FDA), and 85 of them are
derived from natural products or their derivatives [17].

These molecules, known as secondary metabolites, are
complex compounds with diverse structures responsible
for various biological activities [18]. These characteristics,
together with the high degree of biodiversity in Brazil, may
provide a promising source of new drugs. The genus Senna
(Fabaceae) is found in the Brazilian Cerrado and has more
than 250 species whose antimicrobial [19], antidiabetic
[20], antioxidant [21], anti-inflammatory [22], and antican-
cer [23-25] properties have been described.

The species Senna velutina, a shrub of the genus Senna,
commonly known as Sdo Jodo, vermelhinho, or Fedegoso-
do-Cerrado, is found in the Central-West, Southeast, and
Northeast regions of Brazil [26, 27]. Although the species is
used by the population for medicinal purposes, only one arti-
cle has described the antileukemic activity of the leaves of this
plant [24]. However, no scientific study has described the
chemical constituents and anticancer properties of the roots
of this plant. In this context, the objective of this study was
to characterize the chemical composition, assess the in vitro
and in vivo antitumor effects, and identify the mechanisms
through which the ethanolic extract of S. velutina roots
(ESVR) promotes B16F10-Nex2 melanoma cell death.
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2. Materials and Methods

2.1. Plant Material and Extract Preparation. S. velutinaroots
were collected in the Cerrado region (Brazilian biome), in the
state of Mato Grosso do Sul (S 22° 05" 545" and W 055° 20’
746"), in the Central-West region of Brazil and identified by a
botanist. A dried sample of the species was deposited in the Her-
barium of the Federal University of Grande Dourados-UFGD,
Dourados, Mato Grosso do Sul (MS), Brazil, with registration
number 4665. Root collection was authorized by the Sistema
de Autorizagio e Informac¢io em Biodiversidade (Biodiversity
Information and Authorization System; SISBIO, permit number
54470-1). Subsequently, the plant roots were rinsed, dried in an
air circulation oven for 15 days at 36°C, and pulverized; 200 g
was then macerated in 95% ethanol (7: 1) at room temperature
for 7 days. Then, the extract was filtered and the residue was
subjected to the same procedure twice. After 21 days, the filtrate
was concentrated in a rotary vacuum evaporator (Gehaka, Sdo
Paulo, SP, Brazil) and subsequently freeze-dried (model
Savant MicroModulyo, Thermo Fisher Scientific, Massachu-
setts, EUA). The dry extract yield was 23%, calculated using
the following formula: extraction yield (%) = (weight of the
freeze — dried extract x 100)/(weight of the original sample).

The ESVR was stored at -20°C for subsequent experiments.

2.2. Phytochemical Analysis. ESVR was analyzed in an ultrafast
liquid chromatograph (UFLC, Shimadzu) coupled to a diode
array detector (DAD, Shimadzu) and electrospray ionization
time-of-flight mass spectrometer (ESI-QTOF-micrOTOF QII,
Bruker Daltonics; operating in the positive and negative ioniza-
tion modes, 120-1200 Da). A C-18 column was used (Kinetex,
2.6 yum, 150 x 2.2 mm, Phenomenex), protected by a guard pre-
column of the same material. The mobile phase was water (sol-
vent A) and acetonitrile (solvent B), both with 0.1% formic acid,
in a gradient of 0-2 min 3% B, 2-25 min 3-25% B, and 25-40 min
25-80% B, followed by the washing and reconditioning of the
columns (8 min). The flow rate was 0.3 mL/min, and 1 uL of
the extract (1 mg/mL) was injected. The other micrOTOF QII
parameters were as follows: temperature, 200°C; N, gas flow
rate, 9 L/min; nebulizer, 4.0 bar; capillary voltage, 3500 V (nega-
tive), +4500 V (positive); and internal calibration with sodium
trifluoroacetate (TFA-Na) injected at the end of the chromato-
graphic analysis. The catechin and piceatannol authentic stan-
dards were purchased from Sigma-Aldrich with >95% purity.
The metabolites present in ESVR were identified based on
the interpretation of mass and UV absorption spectra and
based on comparison with the literature. When available, the
compounds were confirmed by comparison with authentic
standards.

2.3. Cell Lines and Cell Cultures. Human peripheral blood
mononuclear cells (PBMCs) were collected after donor consent.
Mononuclear cells were separated by centrifugation using Ficoll
Histopaque-1077 (1.077 g/cm?) (Sigma-Aldrich, Germany)
according to the manufacturer’s instructions at 400xg for
30 min. The use of human blood was approved by the Ethics
Committee of the Federal University of Grande Dourados
(UFGD) under protocol 123/12. The murine melanoma sub-
line (B16F10-Nex2) was isolated at the Oncology Experimental
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Unit (Federal University of Sdo Paulo, UNIFESP) from the
B16F10 cell line and cultured in RPMI 1640 medium
(Gibco/Invitrogen, Minneapolis, MN) supplemented with
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES,
10nM) and sodium bicarbonate (24 nM). Human lung fibro-
blasts (MRC-5) and human melanoma cell lines (SK-Mel-28
and SK-Mel-103) were cultured in high-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM). All cell lines were supple-
mented with 10% fetal bovine serum (FBS, purchased from
Gibco/Invitrogen) and 40mg/mL gentamicin (Hipolabor
Farmacéutica, Sabara, MG, Brazil). They were kept in flasks
at 37°C in 5% CO,.

2.4. MTT Cell Viability Assay. The cell viability was assessed
using the 3-(4,5-diphenyltetrazolium-2-yl)-2,5-diphenyltra-
zolium bromide (MTT) colorimetric assay. Adherent cells
were plated at a density of 5 x 10° cells/well, and PBMCs were
plated at 10° cells/well in 96-well microtiter plates. After 24
and 48 h, solutions with different ESVR concentrations (25-
125 ug/mL), diluted in medium with 0.1% DMSO, were
added, and medium with only 0.1% DMSO was used as a con-
trol. At the end of both periods, 100 L MTT (0.5 mg/mL) was
added to each well. The cell culture was incubated for another
4h,and 100 uL of DMSO was then added to solubilize the for-
mazan crystals. The absorbance was determined at 570 nm
using a SpectraMax 250 reader (Molecular Devices). Cell via-
bility inhibition was calculated using the following formula:

Cell viability (%) = [AbScateq ceits/ AbS x100. (1)

control]

2.5. Effect of ESVR on B16F10-Nex2 Cells. BL6F10-Nex2 cells
(5% 10? cells/well) were subjected to solutions with different
ESVR concentrations (25-125 ug/mL) diluted in RPMI 1640
solution with 0.1% DMSO for 24 h. RPMI 1640 solution with
0.1% DMSO was used as a control. Subsequently, cell images
were acquired under a Nikon TE2000E (Nikon Instruments
Inc.) microscope (10x objective).

2.6. Cell Death Profile. The cell death profile was determined
using the method described by Paredes-Gamero et al. in 2012
[28] with a few modifications. B16F10-Nex2 cells were plated
in 48-well plates (10* cells/well) and cultured in RPMI 1640
with 10% FBS for 24 h as well as with the half-maximal inhib-
itory concentration (IC;,) of ESVR (52 ug/mL). After this
period, the cells were washed with phosphate-buffered saline
(PBS), detached, and resuspended in buffer solution (0.01 M
HEPES, pH=7.4, 0.14 M NaCl, and 2.5 mM CaCl,). The sus-
pension was labeled with annexin V-fluorescein isothiocya-
nate (FITC) and propidium iodide (Becton Dickinson,
USA) according to the manufacturer’s instructions. The cells
were incubated with the IC;, concentration of ESVR diluted
in the medium to assess whether the extract showed fluores-
cence under the study parameters. The cells were incubated
for 15min at room temperature, and subsequently, 10,000
events per sample were collected and analyzed in the
Accuri™ C6 flow cytometer (Becton Dickinson, USA) using
the software FlowJo v10.2 LCC (Oregon, USA).

2.7. Apoptotic BI6F10-Nex2 Cell Nuclei Count. To count the
apoptotic cell nuclei, 6 x 10* B16F10-Nex2 cells/well were
plated on coverslips in 24-well plates. Subsequently, the cells
were treated with 52 yg/mL ESVR diluted in RPMI 1640
solution with 0.1% DMSO for 24h. As a control, RPMI
1640 solution with 0.1% DMSO was used. After this period,
the supernatant was discarded, and the cells were washed
with PBS twice and fixed with 2% paraformaldehyde for
20min at room temperature. Then, the cells were washed
with PBS and permeabilized with 0.01% saponin for 20 min.

To detect apoptotic nuclei, coverslips were placed on slides
and labeled with 4'-6'-diamidino-2-phenylindole (DAPI)
dihydrochloride. Cells were counted under a LEICA DMI
6000B confocal microscope (Leica Microsystems, Germany).

2.8. DNA Fragmentation. B16F10-Nex2 cells were plated at
1x 10° cells/well. After 24h, the cells were treated with
52 ug/mL ESVR diluted in RPMI 1640 solution with 0.1%
DMSO. RPMI 1640 solution with 0.1% DMSO was used as a
control for 12 and 24 h. Subsequently, the DNA was extracted
with phenol/chloroform, followed by incubation with RNAse
(20 pug/mL). The DNA integrity was visualized in a 2.5% aga-
rose gel stained with ethidium bromide (0.5 yg/mL).

2.9. Caspase-3 Activity. Caspase-3 activation was assessed by
flow cytometry according to the method described by Moraes
et al. in 2013 [29] with minor modifications. B16F10-Nex2
cells (6 x 10* cells/well) were treated with ESVR (52 pyg/mL)
and diluted in RPMI 1640 solution with 0.1% DMSO for
24h. RPMI 1640 solution with 0.1% DMSO was used as a con-
trol. After the treatment, the cells were fixed with 2% parafor-
maldehyde for 30min and then permeabilized with 0.01%
saponin in PBS for 20 min at room temperature. Subsequently,
the cells were incubated for 1h with cleaved caspase-3
(Aspl75) antibody (Alexa Fluor® 488 conjugate) at room tem-
perature and protected from light. After the incubation period,
the fluorescence was acquired in 10,000 events in the Accuri
C6 flow cytometer (Becton Dickinson, San Jose, CA) and ana-
lyzed using the software Flow]Jo v8.7 (Ashland, USA).

2.10. Determination of the Reactive Oxygen Species (ROS)
Levels. ROS levels were determined by flow cytometry using
the 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA)
dye (Molecular Probe-Life Technologies, Carlsbad, CA).
For this purpose, BI6F10-Nex2 cells (6 x 10* cells/well) were
treated for 24 h with ESVR (52 ug/mL) diluted in RPMI 1640
solution with 0.1% DMSO, and RPMI 1640 solution with
0.1% DMSO was used as a control. Subsequently, the cells
were trypsinized and incubated with 10 uM H,DCFDA for
30 min at room temperature and protected from light. After
the incubation period, the fluorescence, related to the ROS
levels, was acquired in 15,000 events in the Accuri C6 flow
cytometer (Becton Dickinson, San Jose, CA) and analyzed
using the software FlowJo v8.7. (Ashland, US).

2.11. Pan-Caspase, Intracellular Calcium, and Necrostatin-1
Inhibition. To assess the involvement of caspases, intracel-
lular calcium, and RIPK1 in ESVR-promoted cell death,
B16F10-Nex2 cells (5x 10* cells/well) were pretreated for



1 h with carbobenzoxy-valyl-alanyl-aspartyl-(O-methyl)-fluor-
omethylketone (Z-VAD-FMK; irreversible, cell-permeant pan-
caspase inhibitor), 1,2—bis(2—amin0phen0xy)ethane—N,N,N’,
N'-tetraacetic acid tetra(acetoxymethyl ester) (BAPTA-AM;
cell-permeant calcium chelator), or necrostatin-1 (NEC-1)
inhibitor. Then, the cells were treated with ESVR (52 pg/mL)
diluted in RPMI 1640 solution with 0.1% DMSO for 24 h.
RPMI 1640 solution with 0.1% DMSO was used as a con-
trol. After this period, the cell viability was determined
using the MTT assay, which was previously described in
Section 2.4.

2.12. Cell Cycle Phases. The distribution of cell cycle phases
was assessed using the method described by Paredes-
Gamero et al. in 2012 [28]. For this purpose, B16F10-
Nex2 cells (6x10* cells/well) were treated with ESVR
(1/21C5, = 26 pug/mL and ICy, = 52 ug/mL) diluted in RPMI
1640 solution with 0.1% DMSO for 24 h. RPMI 1640 solution
with 0.1% DMSO was used as a control. Subsequently, the
cells were fixed and permeabilized as described above and
incubated with RNAse (4 mg/mL) (Sigma-Aldrich, Germany)
for 1h at 37°C. For DNA labeling, the cells were incubated
with SYTOX Green (5ug/mL) (Molecular Probes Inc.,
Oregon). The percentage of cells at each cell cycle phase
(sub-G,,G,, S, and G,/M) was determined in 40,000 events
in an Accuri C6 flow cytometer (Becton Dickinson, San
Jose, CA). The results were analyzed using the software
FlowJo v.8.7.

2.13. Animals. Male C57Bl/6 mice 4-6 weeks of age were
obtained from the Centro de Desenvolvimento de Modelos
Experimentais para Medicina e Biologia (Center for the
Development of Experimental Models for Medicine and
Biology-Federal University of Siao Paulo (CEDEME-UNI-
FESP), Sdo Paulo, Brazil). In all experiments, the “Principles
of Laboratory Animal Care” guidelines were followed
(National Institute of Health (NIH) publication Number
85-23, revised in 1985), and animal experimentation was per-
formed using protocols approved by the Animal Ethics Com-
mittee of the Federal University of Sdo Paulo (UNIFESP)
under number 1234/11.

2.14. In Vivo Antitumor Assay. Previously cultured B16F10-
Nex2 melanoma cells (5 x 10* cells/animals) were subcutane-
ously implanted in the lumbosacral region of C57Bl/6 mice
(seven animals per group). From the second day of implanta-
tion, the mice were intraperitoneally injected with ESVR
(520 ug/mL) every other day for 30 days. The dose chosen
was 10 times higher than the IC,, observed in the in vitro
assays. The mice from the control group were intraperitone-
ally injected with the vehicle RPMI 1640 with 0.1% DMSO.
The tumor volume was monitored after the 16th day of treat-
ment, and the tumor diameter was measured three times a
week. The tumor volume was determined using the follow-
ing formula:

Tumor volume (mm®) = larger diameter @)
x smaller diameter® x 0.52.
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2.15. In Vivo Pulmonary Metastasis Evaluation. The exper-
iment was conducted according to Pereira et al. in 2016
[30] with minor modifications. Thus, 5 x 10° B16F10-
Nex2 melanoma cells were injected through the caudal
vein into C57Bl/6 mice (five animals per group). From
the second day of implantation, the mice were intraperito-
neally injected with ESVR (520 ug/mL) every other day for
14 days. The mice from the control group were intraperi-
toneally injected with vehicle RPMI 1640 with 0.1%
DMSO. On the 15th day, the mice were anesthetized and
euthanized. The lungs were removed, and the lung nodules
were counted using a stereoscope (Nikon SMZ745T), with
the images recorded using a Ds-Fi2 camera.

2.16. Statistical Analysis. All data are expressed as the
mean + standard error of the mean (SEM). The half-maximal
inhibitory concentrations (ICy,) with confidence limits of
95% were determined by nonlinear regression using the soft-
ware GraphPad Prism 6 software (San Diego, CA, USA). Sig-
nificant differences between groups were determined using
the unpaired Student’s ¢-test (in apoptotic B16F10-Nex2 cell
count, caspase-3 activity, determination of ROS levels, cell
cycle phase, in vivo antitumor assay, and in vivo pulmonary
metastasis evaluation) for comparison between two groups
and analysis of variance (ANOVA) followed by Dunnett’s
test for comparison of two or more groups (in pan-caspase,
intracellular calcium, and necrostatin-1 inhibition) using
the GraphPad Prism 5 software (San Diego, CA, USA). The
results were considered significant when p < 0.05.

3. Results

3.1. Phytochemical Composition of ESVR. Compounds relative
to the twenty one chromatographic peaks were detected in the
ethanolic extract of S. velutina roots, including sugar deriva-
tives, gallocatechin, epigallocatechin, catechin, epicatechin,
butiniflavan-(epi)gallocatechin, butiniflavan-(epi)catechin,
piceatannol, cassiaflavan-(epi)gallocatechin, cassiaflavan-
(epi) catechin, and dimeric tetrahydroanthracene derivatives
(Figure 1 and Table 1).

3.2. Cell Viability Assay. Figure 2 shows that B16F10-Nex2
cells were sensitive to ESVR in a concentration-dependent
manner after 24h (IC;, of 52 ug/mL) and 48h (IC,, of
59 ug/mL) of treatment. In both treatment periods, the ESVR
decreased the number of viable cells. On the other hand,
ESVR cytotoxicity was lower in the PBMC and MRC-5 cell
lines than in BI6F10-Nex2 cells; it was observed that even
after 48h of incubation with the highest dose tested
(125 ug/mL), the extract was cytotoxic to only 20-30% of
the cells. Additionally, the effect of ESVR against human mel-
anoma cell lines SK-Mel-28 (IC, of 420.21 ug/mL in 24h
and 33048 ug/mL in 48h) and SK-Mel-103 (ICy, of
245.23 ug/L in 24 h and 94.09 yg/mL in 48 h) was evaluated
(reported in supplementary Figure 1). However, in both
SK-Mel cell lines the results were lower than those observed
against B16F10-Nex2 cells. BI6F10-Nex2 cells were chosen
for the next analyses, since they were more sensitive to the
action of ESVR.
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F1GURE 1: Characterization of the compounds identified in ESVR by UFLC-MS. Chromatograms with the base peaks and peaks identified in

the extract.

TaBLE 1: ESVR chemical profile as analyzed by UFLC-MS (negative mode).

Peak Retention time Uv Molecular (M-H) PPM MS/MS Compound
formula error
1 1.1 — C,H,,04, 341.1086 0.6 341: 179 Sugar derivative
305: 261, 221, .
2 4.2 270 C,sH,,0, 305.0657 3.2 219, 179, 167, 165 Gallocatechin
305: 261, 221, . .
3 8.6 270 C,sH,,04 305.0660 2.3 219, 179, 167, 165 Epigallocatechin
9.1 280 C,sH,,0, 289.0709 3.0  289:245,205,203 Catechin
5 12,5 280  C,sH,,0,, 289.0714 1.3 289:245,205, 203 Epicatechin
561: 407, 305, Butiniflavan-
6,7,8 12.5/13.5/14.6 278 CyoHyc0;, 561.1402/561.1402 1.1 177, 165 (epi)gallocatechin
9,10 16.1/17.6 280 Gy H,O,, 545.1453/545.1445 0.7 545:391,289,245 Butiniflavan-(epi)catechin
11 18 289/321  C,,H,,0, 243.0662 0.3 243: 201, 159 Piceatannol
12, 13, 14, ) Cassiaflavan-
15 19.6/20/20.4/20.7 280 C30H,6010 545.1441 2.3 545:305,239, 165 (epi)gallocatechin
16, 17, 18, 529: 289, 245, . . .
19, 20 22.2/22.7/23.2/23.5/24.9 280 C50H,604 529.1488 3.0 239, 203 Cassiaflavan-(epi)catechin
633: 615, 597, . .
579, 557, 555 Dimeric
21 36.1 279/320/406 C;,H,,0,, 633.1992 2.2 539’ 317’ 299’ tetrahydroanthracene
298, 259 derivative

3.3. Effects of ESVR on B16F10-Nex2 Cells. Figure 3 shows the
effects of different ESVR concentrations on BI6F10-Nex2 cell
viability and morphology after 24 h of treatment. At images
of the 25 to 60 ug/mL of the extract concentration, a reduc-
tion in the cell number was observed without changing the
morphology of unaffected cells that remain attached to the
extracellular matrix present at the well. On the other hand,

cells treated with doses equal or higher than 70 pug/mL of
the extract showed a marked reduction in the cell number
and strongly modified morphology of the remaining cells
with loose attachment to the extracellular matrix.

3.4. Cell Death Profile. Cells were incubated with ESVR
diluted in culture media at IC,, without annexin V-FITC or
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F1GURE 2: The cytotoxic effect of ESVR on PBMC, MRC-5, and B16F10-Nex2 cells treated with different ESVR concentrations for (a) 24 and
(b) 48 h. The data are expressed as the means + SEM in three independent experiments in triplicate.

propidium iodide. However, the fluorescence of the extract
was similar to that of the markers, thereby precluding the
correct interpretation of these tests (data not shown).

3.5. Apoptotic BI6F10-Nex2 Cell Count. Nuclear morpholog-
ical changes are characteristic of apoptotic cell death and
can be determined by microscopy using specific fluores-
cence markers. In these analyses, the number of apoptotic
B16F10-Nex2 cells treated with ESVR (52 ug/mL) counted
under confocal microscopy shows that the extract promoted
nuclear damage in 32.4% of cells, whereas only 5.2% of
untreated cells were damaged (Figure 4). Only nuclei that
showed extreme chromatin condensation, DNA fragmenta-
tion, and high fluorescence intensity were considered apo-
ptotic nuclei.

3.6. DNA Fragmentation. Compounds that activate cell
death pathways such as apoptosis are able to induce DNA
degradation. The DNA fragmentation data shown in
Figure 5 demonstrate that ESVR-treated BI6F10-Nex2 cells
show time-dependent DNA fragmentation, which is observed
after 12 h and is intensified after 24 h and 48 h of treatment.
After these incubation periods, the control cells showed no
sign of DNA fragmentation.

3.7. Caspase-3 Activity. Caspase-3 is an effector caspase that
plays a central role in the execution phase of apoptosis.
Caspase-3 activation was assessed to identify the possible cell
death pathways activated by ESVR in melanoma cells. In this
assay, Figure 6(a) shows right-shifted fluorescence values, thus
confirming caspase-3 activation and indicating apoptosis-
induced cell death. The increase in cleaved caspase-3 in
ESVR-treated B16F10-Nex2 cells was twice as high as that
in control cells (Figure 6(b)).

3.8. Determination of the Reactive Oxygen Species (ROS)
Levels. ROS were evaluated in this study to verify whether
they were involved in ESVR-induced cell death. The levels

of ROS increased in ESVR-treated cells, as shown by the
right-shifted fluorescence values (Figure 7(a)). The mean
values obtained in the fluorescence intensity were 24.271 +
4.309 for treated cells with ESVR and 2.787 + 408 for the
control cells (Figure 7(b)). The ROS levels increased 8.7-fold
in B16F10-Nex2 cells treated with the extract after 24 h of
incubation compared with control cells without treatment.

3.9. Pan-Caspase, Intracellular Calcium, and Necrostatin-1
Inhibition. Aiming to identify cell death modalities induced
by ESVR in B16F10-Nex2 cells, different markers of apopto-
sis and necrosis were analyzed. Figure 8 shows that neither
control BI6F10-Nex2 cells nor the BI6F10-Nex2 cells treated
with only the inhibitors showed changes in cell viability.
Conversely, cells treated with ESVR (52 yg/mL) for 24h
showed 52.0 +3.3% viable cells. This result was partially
reversed in the presence of the inhibitors Z-VAD-FMS
(77.9 £ 1.4%), BAPTA-AM (73.7+3.1%), and NEC-1
(66.7 + 1.2%).

3.10. Cell Cycle Phases. Cell cycle control in tumor cells is
considered an important therapeutic target for the treatment
of cancer. Thus, demonstrating the effects of the extract on
the progression of the cell cycle will contribute to a better
understanding of its mechanisms of action. Figure 9(a) shows
histograms of the cell cycle distribution of control B16F10-
Nex2 cells and B16F10-Nex2 cells treated with 1/21C., =26
ug/mL and IC;, = 52 ug/mL ESVR for 24 h. The control cells
and cells treated with 26 ug/mL of ESVR showed no differ-
ences in cell cycle distribution (Figure 9(b)). The comparison
between cells treated with 52 ug/mL of ESVR and control
cells shows that ESVR promoted cell cycle arrest at the
G,/G, phase (54.3+3.8% versus 42.3+2.6%, *p<0.05)
and decreased the percentage of S phase cells (22.5+2.2%
versus 36.6 + 4.2%, *p < 0.05) without changing the number
of cells in the G,/M phase (19.9 +0.8% versus 20.9 + 2.4%)
(Figure 9(b)).
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FiGure 4: Count of apoptotic nuclei in B16F10-Nex2 cells treated
for 24h with 52 ug/mL of ESVR. The data are expressed as
the means + SEM of four independent experiments in duplicate.
***p <0.001 compared with control cells.

3.11. In Vivo Effect of ESVR on the Tumor Volume. After
observing that ESVR had a cytotoxic effect on B16F10-
Nex2 cells in vitro, we next evaluated the effect of the extract
in vivo during tumor progression. ESVR treatment of
B16F10-Nex2-inoculated mice significantly delayed subcu-
taneous tumor development in all animals analyzed
(Figure 10(a)). Figure 10(b) shows that the mean tumor vol-
ume of mice 30 days after the treatment was 57.5% smaller
than the tumor volume of the control mice.

3.12. In Vivo Effect of ESVR on Pulmonary Metastasis. Next,
we analyzed the effect of ESVR on metastatic BI6F10-Nex2
cells developing in the lungs after endovenous inoculation
at the caudal vein. It was observed that ESVR-treated animals
showed 119 + 25 pulmonary melanotic nodules 14 days after
cell inoculation, while the control group showed 286 + 6 pul-
monary nodules, a 54% reduction (Figure 11).
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FiGure 5: DNA fragmentation in B16F10-Nex2 cells analyzed by
agarose gel electrophoresis after 12h, 24h, and 48 h of treatment
with 52ug/mL of ESVR. Ctrl=B16F10-Nex2 cells after 48h
without treatment with ESVR.

4. Discussion

The search for new anticancer drugs with greater selectivity
and lower adverse effects is an ongoing process. Natural com-
pounds are among the alternatives that stand out as promis-
ing sources of new molecules with pharmacological potential.
Accordingly, several anticancer drugs of natural origin are
available on the market [31]. In this context, scientific studies
have shown that Brazilian biodiversity due to its various
biomes provides various natural compounds with anticancer
potential both in vitro [32, 33] and in vivo [30, 34]. In the
present study, we assessed the anticancer effects of the etha-
nolic extract of the roots of S. velutina, a plant species native
to Brazil whose phytochemical composition and potential
pharmacological applications have been poorly studied.

Phytochemical analysis of ESVR identified its main com-
pounds as flavonoid derivatives of the catechin and piceatan-
nol (active metabolite of resveratrol) groups as well as
dimeric tetrahydroanthracene derivatives. These phenolic
compounds derived from plant secondary metabolism
exhibit great structural diversity and are responsible for
innumerable biological activities, including anticancer prop-
erties [35, 36].

The assessment of the effect of ESVR on B16F10-Nex2
melanoma cell viability revealed a dose-dependent death pro-
file. This effect was confirmed by microscopy, as shown by the
activity of the extract at different concentrations. In addition,
ESVR showed higher selectivity against B16F10-Nex2 cells
than against human leukocytes (PBMC) or human fibroblasts
(MRC5). This result is highly relevant because systemic
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FIGURE 6: Caspase-3 activation by ESVR after 24h represented
in a histogram (a) and bar graph (b). The data are expressed as
the means + SEM of three independent experiments in duplicate.
*p < 0.05 compared with control cells.

collateral effects from chemotherapeutic agent activity are a
consequence of reduced selectivity against tumor cells.

The ability of the extract to promote the death of mela-
noma cells may be related to the isolated or synergistic effects
of its chemical constituents, since the main constituents and
chemical classes identified in the ESVR are well described in
the literature for their antitumor activities. Catechins are
described by the ability to reduce the viability of breast carci-
noma cells [37] and to promote the cytotoxic effect in B16F10
murine melanoma cells [38]. Anthraquinone compounds
have been reported as promising therapeutic agents for the
treatment of malignant melanoma for presenting high cyto-
toxicity against different malignant melanoma cells and low
toxicity to melanocytes and other primary cell [39]. Piceatan-
nol, defined as a promising therapeutic agent for the treat-
ment of various cancers, inhibited growth and induced
apoptosis in human melanoma cell lines [40].

Different studies report that catechins [41, 42], anthra-
quinones [39], and piceatannol [43, 44] induce apoptosis in
tumor cells. Corroborating this is the analysis of the mecha-
nism whereby ESVR-promoted B16F10-Nex2 cell death
showed an increased number of apoptotic nuclei, which are
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Ficure 8: Effect of pan-caspase (Z-VAD-FMK), intracellular
calcium channels (BAPTA-AM), and necrostatin-1 (NEC)
inhibitors on B16F10-Nex2 cells treated or untreated for 24 h with
ESVR at a concentration of 52 ug/mL. The data are expressed as
the means + SEM of three independent experiments in duplicate.
*p <0.05 compared with negative control cells and ***p < 0.001
compared with ESVR-treated cells.

characterized by chromatin condensation and DNA frag-
mentation, characteristic stages of death by apoptosis [45].
Apoptosis is considered a cell death process essential to
homeostasis, mainly activated by extrinsic and intrinsic path-
ways [46]. In the extrinsic pathway, apoptotic receptors pro-
mote extracellular signaling. Conversely, in the intrinsic
pathway, activation occurs in response to intracellular dam-
age mediated by the mitochondria [47], a process character-
ized by the release of proapoptotic proteins into the cytosol,
thereby promoting caspase activation and nuclear apoptosis.

EEE

P <0.001 compared with

Caspases are essential apoptotic cell death mediators
[48]. Among these proteases, caspase-3 is one of the main
effectors of programmed cell death because it is directly
involved in nuclear apoptosis and cell death [49]. In this
study, ESVR-treated B16F10-Nex2 cells showed doubled
activated caspase-3 levels. In addition, the pan-caspase inhib-
itor Z-VAD-FMK reduced the percentage of cell death, thus
demonstrating the involvement of caspases in the mecha-
nism of cell death promoted by the extract.

Assessment of the activity of inhibitors showed that cal-
cium and the necroptosis pathway are among the mechanisms
involved in ESVR-induced cell death. High cytoplasmic Ca**
levels are responsible for mitochondrial membrane perme-
abilization with cytochrome c release, thereby enhancing the
signs of apoptosis [50-52].

Necroptosis is a form of cell death that shows character-
istics of necrosis, but unlike necrosis, it may be regulated by
receptor-interacting proteins 1 (RIP1) and 3 (RIP3) [53].
Furthermore, recent studies show that oxidative stress may
promote necroptosis activation [54, 55]. Although necropto-
sis is not the main mechanism of death characterized by the
action of ESVR, this finding is interesting, one which can
be an alternative form of cell death to populations of cells
exhibiting resistance to death by apoptosis.

Conversely, cancer cells also have a persistent prooxida-
tive state and high ROS levels [56]. This different metabolism
promotes an adaptive response that plays a key role in cancer
cell proliferation, cell death signaling disruption, metastasis,
and resistance to antitumor drugs [57, 58]. Nevertheless, can-
cer cells become vulnerable to prooxidant agents that further
increase ROS levels, thus promoting cell death [56].

Some flavonoids, the main compounds of ESVR, are
described in the literature as prooxidant agents in cancer cells
[41, 59] because they can directly increase ROS production,
resulting in superoxide radical formation [60], a mechanism
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F1GURE 11: The effect of ESVR on the pulmonary metastasis of B16F10-Nex2 cells induced in C57Bl/6 mice. Representative lung images of (a)
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whereby ESVR may have contributed to B16F10-Nex2 cell
death because the intracellular ROS levels were high. Further-
more, anthracene derivatives, another group of compounds
identified in ESVR, are described for inducing apoptosis by
increasing ROS production [54].

Another activity promoted by the extract was cell cycle
arrest at the sub-G,/G, phase, accompanied by a decrease
in the percentage of S phase cells. Some flavonoids, such as
catechins, can cause cell cycle arrest at the G,/G; phase of
the cell cycle [55, 61]. Piceatannol decreases cyclin-
dependent kinase 1 (CDK1), which is responsible for cell
cycle progression from the G, phase to the S phase [62].
Thus, considering the importance of the cyclin-dependent
kinases involved in cell cycle regulation and the uncontrolled
cell proliferation in tumor cells, compounds capable of inhi-
biting the cell cycle progression of these cells may be impor-
tant alternatives for tumor volume control [63, 64].

In this study, after confirmed in vitro antitumor action in
B16F10-Nex2 murine melanoma cells, we demonstrated that
ESVR produces antitumor activity on tumor volume pro-
gression and pulmonary nodule formation in vivo. Our data
from in vivo antitumor assessment showed that primary
tumor progression in ESVR-treated mice decreased by more
than 50% compared with control mice. Cutaneous mela-
noma is one of the most aggressive forms of cancer, and no
fully effective pharmacological therapy for advanced-stage
metastatic melanoma is currently available [65, 66]. In these
cases, metastases are responsible for the poor prognosis
[67], affecting several organs, such as the bones, liver, and
lungs [68]. The progression of pulmonary metastasis in
ESVR-treated mice was markedly reduced, as observed in
the formation of pulmonary nodules. This result may be
related to the ability of the extract to reduce the migration
and invasion of melanoma cells into the lungs. These effects
may be related to the chemical constituents of ESVR, since
epigallocatechin (one of the identified catechins), anthraqui-
nones, and resveratrol (precursor molecule of piacetannol)
are compounds reported to inhibit tumor growth [69-71]
and progression of pulmonary metastasis [70] in animal
models for melanoma. In addition, phenolic compounds are
well described because they hamper metastasis by decreasing
metalloprotease-9 expression in murine melanoma cells [72,
73]. Moreover, other studies showed that epigallocatechin
can inhibit genes that synthesize proteins related to extracellu-
lar matrix degradation and cellular mobility, thereby reducing
the process of melanoma metastasis [74].

In conclusion, this study demonstrated that ESVR con-
tains flavonoid derivatives of catechins, anthraquinones,
and piceatannol among its chemical constituents and pro-
motes B16F10-Nex2 melanoma cell death via apoptosis
induced by caspase-3 activation, the elevation of intracellu-
lar calcium and ROS levels, and cell cycle arrest at the
G,/G, phase. Furthermore, the extract showed in vivo anti-
tumor activity in models of primary tumor volume progres-
sion and pulmonary nodule formation. These promising
results open the door for further studies, both with the
crude extract and with fractions isolated from Senna velu-
tina roots, exploring its potential use in the treatment of
melanoma and other cancers.
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1. Introduction
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permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Betulinic acid (BA), as a prospective natural compound, shows outstanding antitumor bioactivities against many solid
malignancies. However, its mechanism against multiple myeloma (MM) remains elusive. Herein, for the first time, we studied
the antitumor activity of BA against MM both in vivo and in vitro. We showed that BA mediated cytotoxicity in MM cells
through apoptosis, S-phase arrest, mitochondrial membrane potential (MMP) collapse, and overwhelming reactive oxygen
species (ROS) accumulation. Moreover, when the ROS scavenger N-acetyl cysteine (NAC) effectively abated elevated ROS, the
BA-induced apoptosis was partially reversed. Our results revealed that BA-mediated ROS overproduction played a pivotal role
in anticancer activity. Molecularly, we found that BA resulted in marked inhibition of the aberrantly activated NF-«xB pathway
in MM. As demonstrated by using the NF-xB pathway-specific activator TNF-« and the inhibitor BAY 11-7082, BA-mediated
inhibition of the NF-«xB pathway directly promoted the overproduction of ROS and, ultimately, cell death. Furthermore, BA also
exerted enormous tumor-inhibitory effects via repressing proliferation and inhibiting the NF-«B pathway in our xenograft
model. Overall, by blocking the NF-xB pathway that breaks redox homeostasis, BA, as a potent NF-xB inhibitor, is a promising
therapeutic alternative for MM.

Betulinic acid (BA), a lupane-structured pentacyclic tri-
terpenoid, is a plant-derived product ubiquitously distributed

Multiple myeloma (MM), an incurable plasma cell cancer, is
the second most prevalent hematological malignancy [1].
Many patients do not respond to current therapies and
ultimately succumb to the disease, primarily because of drug
resistance, apoptosis evasion, and an ability to grow indepen-
dent of the bone marrow microenvironment, especially for
patients in high-risk biological states [2, 3]. Thus, there is
an urgent need to find effective drugs for treating MM.

throughout the plant kingdom [4]. Previous studies have
demonstrated its multiple bioactivities, such as antitumor,
anti-inflammatory, anti-HIV, and hepatoprotective activities
[5, 6]. Among these properties, the antitumor activities have
attracted considerable attention worldwide. Indeed, without
causing obvious toxicity toward normal cells [7], growing
evidence indicates that BA exhibits significant cytotoxicity
against many malignancies [4, 8-10]. However, with regard


http://orcid.org/0000-0002-5942-7389
http://orcid.org/0000-0002-5766-0718
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/5083158

to MM, its underlying mechanisms and relevant molecular
targets have not yet been thoroughly elucidated.

Reactive oxygen species (ROS), which are byproducts of
normal mitochondrial metabolism and homeostasis, include
oxygen free radicals and nonradical oxidants such as O,
OH", H,0,, and NO [11, 12]. ROS generally play a dual role
in living systems [13]. Specifically, ROS play a beneficial role
at low or moderate levels, whereas a burst of ROS can destroy
cellular homeostasis, as manifested by disruption of the
mitochondrial membrane potential (MMP), release of
cytochrome c (cyt ¢), activation of the caspase cascade, and
ultimate induction of apoptosis [11, 14]. BA-induced cell
death via excessive ROS has actually been reported in other
tumors [15, 16], and we hypothesized that BA may act in a
similar way against MM.

The nuclear factor-kappa B (NF-«xB) pathway, a key link
between inflammation and cancer, plays important roles in
inflammation, cell proliferation, and apoptosis [17-20].
Aberrant and stable activation of NF-xB signaling has been
reported in a wide range of malignancies, particularly MM
[18, 21, 22]. Although the BA-mediated transcriptional
activities of NF-xB vary in cancers [10, 23], the dysregulation
of the NF-«B pathway is closely related to ROS levels and
cellular redox balance [24-26]; however, this phenomenon
has not yet been tested in MM, and its potential mechanism
remains a mystery.

Accordingly, we aimed to evaluate the efficacy of BA
against MM both in vitro and in vivo, to investigate the
underlying mechanisms, and to illuminate the complex
regulatory interactions between ROS and the NF-«B pathway.

2. Material and Methods

2.1. Reagents and Antibodies. BA (purity >98%, Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in DMSO
(Sigma-Aldrich) as a 40 mM stock solution and stored at
—-20°C. BAY 11-7082 and N-acetyl cysteine (NAC) were
purchased from Beyotime (Shanghai, China). TNF-a was
acquired from PeproTech (Rocky Hill, NJ, USA). Primary
antibodies specific for Bax, Bcl-2, cleaved caspase-3, NF-«B
p65, NF-B p65 (phosphoS536), IxBa, IkBa (phosphoS32),
cleaved PARPI, cyt ¢, CDK2, and cyclin A2 were purchased
from Abcam (Cambridge, MA, USA). Primary antibodies
specific for cleaved caspase-8, cleaved caspase-9, phospho-
IKKa/B (Ser176/180), GAPDH, p21Wa/CP1 and p275iP
were purchased from Cell Signaling Technology (Danvers,
MA, USA). Secondary rabbit anti-mouse and goat anti-
rabbit antibodies were purchased from Santa Cruz Biotech-
nology (Dallas, Texas, USA).

2.2. Cell Culture and Treatments. Human multiple myeloma
U266 and RPMI 8226 cell lines were obtained from the China
Center for Type Culture Collection (CCTCC). U266 and
RPMI 8226 cells were routinely cultured in RPMI 1640
medium (HyClone, Logan, UT, USA) with 10% fetal bovine
serum (FBS, Thermo Fisher Scientific, Waltham, MA, USA)
and 1% penicillin/streptomycin (Beyotime, China). The cells
were maintained in a humidified incubator at 37°C with 5%
CO, and subcultured at approximately 80-90% confluence.

Oxidative Medicine and Cellular Longevity

The cells were treated with various concentrations of BA
(10, 20, and 40 uM), and DMSO (0.1%) was used as a
vehicle/control.

2.3. Hoechst 33342 Staining. Apoptotic cells were detected by
Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) staining.
BA-treated cells were collected and fixed with 1 ml of 4%
paraformaldehyde for approximately 20 min. After fixation,
the cells were washed three times with PBS and incubated
with 1 ml of Hoechst 33342 dye for 20 min in the dark. Mor-
phological changes in nuclear chromatin were observed
under a fluorescence microscope (Olympus, Japan).

2.4. CCK-8 and EdU Proliferation Assay. Cell viability was
estimated using the CCK-8 kit (Dojindo, Kumamoto, Japan).
MM cells were seeded in 100 yl of medium in 96-well plates
at a density of 1x10* cells per well, and 10 ul of CCK-8
solution was added after 6, 12, 24, and 48 h of incubation.
The absorbance at 450 nm was measured 4 h later. Each
experiment was performed independently in triplicate. Cell
proliferation was detected using the Click-iT™ EdU-555 kit
(Life Technologies, Grand Island, NY, USA) according to
the manufacturer’s instructions. After staining, fluorescence
images were obtained using a fluorescence microscope
(Olympus, Japan).

2.5. Annexin V/Propidium Iodide (PI) Double Staining.
Apoptosis was detected by annexin V/PI (BD Biosciences,
San Jose, CA, USA) double staining. The cells were harvested
and washed twice with PBS at 4°C, resuspended in 200 ul of
binding buffer, and labeled with 5 ul of annexin V and 5 ul
of PI in the dark for 15 min. The total apoptosis ratio was
calculated as the sum of early and late apoptosis, as detected
by flow cytometry (BD LSR II, USA).

2.6. Cell Cycle Analysis. The cell cycle was analyzed using a
cell cycle kit (BD Biosciences) according to the manufac-
turer’s protocol. Briefly, the cells were collected and fixed
overnight in 70% ethanol at —20°C. After centrifugation at
600 xg for 5 min, the cells were rehydrated in 3 ml of PBS
for 15 min and then resuspended and incubated in 1 ml of
DNA staining solution at 37°C for 30 min in the dark. The
cell cycle distribution was detected by flow cytometry.

2.7. Measurement of MMP (AyM). A JC-1 assay kit (Beyo-
time) was used to explore MMP transition. The cells were
harvested, loaded with a 10 M concentration of the JC-1
probe, and then incubated at 37°C with 5% CO, for 20 min
in the dark. After incubation, the cells were washed twice
with cold staining buffer and resuspended. The MMP transi-
tion was measured by flow cytometry, and fluorescence
graphs were acquired using a fluorescence microscope
(Olympus, Japan).

2.8. Evaluation of ROS. Intracellular ROS generation was
measured using a ROS detection kit (Invitrogen). The cells
were stained with a 2,7-dichlorofluorescin diacetate
(DCFH-DA) probe (10 uM) at 37°C for approximately 30
min and washed with serum-free medium. The median fluo-
rescence intensity of ROS was measured by flow cytometry.
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F1GURE 1: BA changed the morphology and inhibited the proliferation of MM cells. U266 and RPMI 8266 cells were exposed to different
concentrations of BA (10, 20, 30, and 40 M) or 0.1% DMSO (control group) for 12 h. (a) BA induced obvious morphological changes,
with shrunken and broken dead cells visible under phase-contrast microscopy. (b) Apoptotic cells with nuclear pyknosis and asymmetric
chromatin condensation were brightly stained with Hoechst 33342. (c) CCK-8 was used to evaluate inhibitory effects after treatment with
different concentrations of BA for various hours (6, 12, 24, and 48 h). The results are presented as the mean + SD of three independent
experiments. *P <0.05; **P <0.01; and ***P <0.001. (d) EdU staining was used to detect cell proliferation. EdU-positive cells (red
fluorescence) were significantly decreased in a concentration-dependent manner after BA treatment for 12 h. (e) Quantitative analysis of

EdU-positive cells. *P < 0.05; **P < 0.01; and ***P < 0.001.

All steps were strictly executed according to the manufac-
turer’s instructions.

2.9. Malondialdehyde (MDA) Assay and Superoxide
Dismutase (SOD) Assay. Lipid peroxidation was evaluated
by a MDA assay kit (Nanjing Jiancheng Bioengineering Insti-
tute, China) based on the thiobarbituric acid (TBA) method.
The absorbance was measured at 532 nm. Intracellular anti-
oxidant SOD activity was assessed using a commercially
available kit (Nanjing Jiancheng Bioengineering Institute)
based on the autooxidation of hydroxylamine. The absor-
bance was measured at 550 nm. All the procedures were car-
ried out following the manufacturer’s instructions.

2.10. Real-Time PCR. After 12 hours of treatment with 40 uM
BA, total RNA was extracted from U266 cells using the
TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. The isolated RNA was subsequently reverse-
transcribed into complementary DNA with reverse tran-
scriptase (Toyobo, Japan). The PCR reaction mixture was
prepared using an SYBR Green master mix (Toyobo) with
primers as follows: GAPDH: forward 5 '-AATCCCATCAC
CATCTTCCAG-3 " and reverse 5 '-GAGCCCCAGCCTTC
TCCAT-3 '; SOD2: forward 5 '-AACCTCACATCAACGC
GCA-3 ' and reverse 5 '-TCTCCTCGGTGACGTTCAGG-
3 '; FHC: forward 5 '-CATCAACCGCCAGATCAACC-3 '
and reverse 5 '-CACATCATCGCGGTCAAAGT-3 ';
GCLM: forward 5 '-ACCTCTGATCTAGACAAAACA
CAGT-3 ' and reverse 5 '-ACACAGCAGGAGGCAAGAT
TA-3 '; and GSTM: forward 5 '-AACCAGTTTATGGACA
GCCG-3 ' and reverse 5 '-AGGCAGCTGGGCTCAAATA
C-3 . The real-time quantitative PCR was performed using
an ABI 7900HT Sequence Detection System (Applied Biosys-
tems, Foster City, CA). Relative quantification of target
mRNA expression was calculated using the 244" method
and further normalized to GAPDH mRNA.

2.11. Western Blot Analysis. RIPA lysis buffer (Sigma) con-
taining a proteinase inhibitor cocktail (Servicebio, Wuhan,
China) and phenylmethanesulfonyl fluoride (Servicebio)
was used to extract total proteins. The protein concentration
was measured using a BCA assay (Invitrogen). Proteins (30
ug) were separated by 12% SDS-PAGE and electrotrans-
ferred onto polyvinylidene fluoride (PVDF) membranes
(Millipore, USA). The membranes were blocked with 5%
nonfat milk for 1 h, followed by overnight incubation with
specific primary antibodies at 4°C. The membranes were
washed three times for 10 min each, incubated with a second-
ary antibody for 1 h at room temperature, and washed again.
Finally, the bands were visualized using an ECL kit (Thermo
Scientific, Rockford, IL, USA).

2.12. Immunofluorescence Staining. Cells were attached to
glass slides using cytospin, fixed with 4% paraformaldehyde,
and permeabilized with 0.3% Triton X-100. After being
blocked with 5% BSA for 15 min at room temperature, the
cells were incubated overnight at 4°C with primary antibody,
washed 3 times with PBS, and stained with an Alexa Fluor
488-conjugated secondary antibody for 1 h. Nuclei were
stained with Hoechst 33342. Images were captured using a
fluorescence microscope. The standard semiquantitative
evaluation of NF-«B p65 was performed using Image] soft-
ware (NIH, Bethesda, MD).

2.13. Nude Mouse Xenograft Model. Experiments involving
animals were approved by the Experimental Animal Ethical
Committee of Huazhong University of Science and Technol-
ogy and were conducted in strict accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Five-week-old BALB/c nude mice (16-
20 g) were purchased from Beijing HFK Bioscience. U266
cells (1 x 107) were suspended in 100 l of PBS and subcuta-
neously inoculated into the axilla of the right forelimbs of the
mice. Nine days later, the majority of tumors grew to
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FIGURE 2: BA promoted apoptosis and S-phase arrest in U266 cells. (a) BA (40 4M) was applied to U266 cells for different periods of time, and
representative graphs and statistical analysis of annexin V/PI double staining are displayed; ***P < 0.001. (b) U266 cells were cultured
with the indicated concentrations of BA for 12 h, and representative flow cytometry graphs and statistical analysis of apoptosis are
shown. **P<0.01; ***P<0.001. (c, d) The expression levels of the mitochondrial apoptosis proteins Bax, Bcl-2, cleaved caspase-3,
caspase-8, and caspase-9, cytochrome C, and cleaved PARP1 were evaluated by Western blotting after treatment with 40 uM BA for
the indicated times or after exposure to the indicated concentrations for 12 h. (e, f) The indicated concentrations of BA were
applied to U266 cells for 12 h. Representative graphs and quantitative cell cycle analysis after flow cytometry. *P < 0.05; **P <0.01;
and ***P <0.001. (g) Expression levels of the S-phase-related proteins cyclin A, CDK2, p21 WAVl and p275"P were detected by

Western blotting.

approximately 100 mm?®, and the tumor-bearing mice were
randomly assigned into two groups (five mice per group).
The control and experimental groups were intraperitoneally
administered a solvent (100 yul of PBS with 0.1% DMSO) or
BA (20 mg/kg), respectively, at 3-day intervals. Using a cali-
per, the tumor volume was calculated as the length (mm) x

width (mm)?/2. At the end of the experiment, the mice were
sacrificed, and the tumors were isolated for further study.

2.14. Immunohistochemistry (IHC). Subcutaneous xenograft
tumors were prepared for IHC analysis. IHC was performed
in a Leica Bond Max automated system (Leica Biosystems,
Nussloch, Germany) using the Leica-Refine detection kit
(Leica Biosystems, DS9800). Briefly, after deparaffinization,
rehydration, and antigen retrieval, the sections were incu-
bated with an anti-Ki-67 antibody (1:200, Abcam) and an
anti-NF-«B p65 antibody (1:100, Abcam) for 30 min at
room temperature. After washing, the sections were incu-
bated with a horseradish peroxidase-conjugated secondary
antibody, visualized with diaminobenzidine, and counter-
stained with hematoxylin. The stained slides were observed
under a microscope (Olympus, Japan).

2.15. Statistical Analysis. Data obtained from at least three
separate experiments are presented as the means + SD. Dif-
ferences between three or more groups were assessed using
one-way ANOVA, followed by Tukey’s multiple comparison
test. Two-tailed Student’s ¢-test was used in the analysis of
two-group parameters. All statistical analyses were per-
formed using GraphPad Prism 6.0. P < 0.05 was defined as
statistically significant.

3. Results

3.1. BA Promotes Morphological Changes in MM Cells. Incu-
bation of MM cells with different concentrations of BA for

12h elicited marked morphological changes that included
shrunken and broken dead cells and cell debris under
phase-contrast microscopy (Figure 1(a)). Apoptotic cells
with wrinkled membranes, condensed nuclei, and fragmen-
ted chromatin were brightly stained and clearly visible after
Hoechst 33342 staining (Figure 1(b)), especially in the
high-dose group. These morphological observations indi-
cated the concentration-dependent antitumor effects of BA
on MM cells.

3.2. BA Inhibits MM Cell Viability and Proliferation. To
objectively investigate the antitumor activities of BA against
MM cells, we first employed the CCK-8 assay to evaluate
cytotoxic effects. As shown in Figure 1(c), cell viability was
inhibited in a concentration-dependent manner in both cell
lines. Additionally, the EdU assay visually suggested the
inhibitory effects of BA (Figure 1(d)). After treatment with
different concentrations of BA for 12 h, the frequency of
red-fluorescent MM cells (proliferative cells) was signifi-
cantly decreased (Figure 1(e)). Thus, we confirmed that BA
has a potent inhibitory effect on MM cells in vitro.

3.3. BA Activates the Mitochondrial Apoptosis Pathway in
U266 Cells. We next measured cell apoptosis, which is a
crucial process causing cell death. BA at 40 uM increased
the number of apoptotic cells in a time-dependent manner
(Figure 2(a)). Similarly, increasing concentrations of BA
resulted in higher proportions of apoptotic cells
(Figure 2(b)). These results indicate that BA promotes apo-
ptosis in a time- and concentration-dependent manner. To
further investigate the potential proapoptotic molecules
involved, mitochondrial apoptosis proteins were detected
using Western blot. As shown in Figures 2(c) and 2(d), levels
of the antiapoptotic effector Bcl-2 were decreased, whereas
levels of the proapoptotic effector Bax increased in a time-
and concentration-dependent manner. Moreover, we further
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FiGure 3: BA induced MMP loss in U266 cells. (a) Representative flow cytometry graphs of MMP after treatment with the indicated
concentrations of BA for 12 h. (b) Quantitative analysis of the red-to-green fluorescence ratio; ***P < 0.001. (c) Representative
fluorescence graphs of MMP transition in U266 cells after JC-1 staining.

confirmed that BA mediated the release of cyt c and activated
cleaved caspase-3, caspase-8, and caspase-9 and cleaved
PARPI (Figures 2(c) and 2(d)), indicating that the mitochon-
drial apoptosis pathway was invoked in the process of the
BA-mediated cell death.

3.4. BA Mediates S-Phase Arrest in U266 Cells. As another
potent antitumor indicator, the cell cycle phase was exam-
ined in treated cells. Our representative flow cytometry plots
(Figure 2(e)) and statistical analysis (Figure 2(f)) of U266
cells showed that BA exerted its antiproliferative effect by
increasing the percentage of S-phase cells. However, no
significant increase was observed at a low concentration level
(Figure 2(f)), suggesting that other mechanisms of inducing
cell death were functional at low concentrations. The
proteins cyclin A, CDK2, p21"**/“P! and p275"P are impor-
tant molecules for S-phase arrest [27], and as shown in
Figure 2(g), BA concentration dependently decreased cyclin

A and CDK2 but increased p21"V*™"/“P! and p27%P. These
results further demonstrated the BA-induced S-phase arrest.

3.5. BA Causes MMP Collapse in U266 Cells. MMP is an
important parameter of mitochondrial function, and MMP
transition is generally perceived as an early sign of apoptosis.
Flow cytometry plots (Figure 3(a)) and statistical analysis
(Figure 3(b)) showed that BA induced a concentration-
dependent decrease in red/green fluorescence ratios in
U226 cells, as indicated by a shift from red JC-1 aggregates
to green JC-1 monomers. In Figure 3(c), the control group
mainly exhibited a higher incidence of red fluorescence,
while the BA-treated group showed an obvious transition to
green fluorescence, which indicated damaged mitochondria.

3.6. BA Induces ROS-Mediated U266 Cell Death. Mitochon-
dria are important sources of intracellular ROS, and accumu-
lation of ROS is closely related to cellular proliferation and
apoptosis [12, 14]. After 12 h of treatment with BA (0, 10,
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FIGURE 4: BA induced ROS accumulation in U266 cells in a concentration-dependent manner. (a) Representative plots of flow
cytometric analysis using a DCFH-DA probe after 12 h of treatment and the quantitative analysis of the intracellular ROS level. *P < 0.05
and ***P<0.001. (b) Intracellular MDA content in different concentrations of BA; *P<0.05. (c) SOD activity in different
concentrations of BA; *P <0.05. (d) Expression of SOD2, FHC, GCLM, and GSTM by real-time PCR after 40 uM BA for 12h;
*P<0.05. (e) Representative cytometric graphs and quantitative analysis of the ROS generation level with or without 10 mM
NAC for 12 h. ***P <0.001vs. the control group; P < 0.01vs. the BA-treated group. (f) U266 cells were treated with 40 uM BA with or
without 10 mM NAC, the apoptosis rate was detected by flow cytometry, and quantitative analysis was shown. ***P < 0.001vs. the control

group; P < 0.001vs. the BA-treated group. (g) Expression levels of apoptosis-related proteins were evaluated by Western blotting after

treatment with or without 10 mM NAC.

20, and 40 uM), U266 cells exhibited concentration-  As expected, when ROS levels were reduced with the
dependent increases in intracellular ROS (Figure 4(a)). To =~ ROS scavenger NAC, apoptosis was effectively attenuated.
further confirm the oxidative function of BA, oxidation  In addition, the expression levels of Bax and cleaved
product MDA and reductive substance SOD were measured. PARP1 were decreased, while Bcl-2 levels were increased
As shown in Figures 4(b) and 4(c), there is a concentration- upon exposure to NAC (Figure 4(g)). Overall, our results
dependent increase in MDA contents and reduction in suggest that BA exerted its apoptosis-promoting effect in
SOD activities, especially for the high concentration group. ~ U266 cells by enhancing intracellular ROS generation.
There are many genes participating in the regulation of

ROS. Moreover, our real-time PCR results showed that  3.7. BA Blocks the NF-«B Pathway to Promote ROS
the expression of genes SOD2, FHC, GCLM, and GSTM Accumulation in U266 Cells. We then determined whether
was all decreased following treatment with BA (40 uM)  BA has an effect on the NF-«B pathway. According to the
(Figure 4(d)), which indicate the underlying regulatory tar- ~ Western blot results, BA significantly reduced the levels of
gets of ROS. When we investigated the role of ROS in BA-  NF-«B p65 and p-NF-«B p65 in a time- and concentration-
induced cell death, we firstly observed that BA-induced dependent manner (Figures 5(a) and 5(b)). Moreover, the
(40 uM) ROS was significantly decreased by 10 mM  immunofluorescence staining indicated lower expression
NAC (Figure 4(e)). Subsequently, we detected apoptosis  and less nuclear binding levels of NF-«B p65 (Figure 5(c)).
in the presence or absence of 10 mM NAC (Figure 4(f)). The activated IKK complex is responsible for IxB
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FiGure 5: BA induced inhibition of the NF-xB pathway, resulting in accumulation of ROS in U266 cells. (a, b) The expression levels of NF-xB
p65, p-NE-«B p65, p-IKKa/f, IxkBa, and p-IxkBa in U266 cells were evaluated by Western blotting after exposure to 40 yuM BA for the
indicated times or after exposure to the indicated concentrations for 12 h. (c) U266 cells incubated with 40 M BA or 0.1% DMSO for 12
h were analyzed for NF-«B p65 expression and distribution by immunofluorescence; ***P < 0.001. (d) Representative flow cytometry plots
using DCFH-DA after treatment with 40 uM BA for 12 h in the presence or absence of 10 ng/ml TNF-« and 5 yuM BAY 11-7082. (e)
Quantitative analysis of ROS levels with or without TNF-a and BAY 11-7082 in BA-treated U266 cells. ***P < 0.001vs. the control group;
P < 0.05vs. the BA-treated group; and **P < 0.01vs. the BA-treated group. (f) Quantitative analysis of survival rates by a CCK-8 assay via
comparison between groups in the presence or absence of TNF-a and BAY 11-7082 and exposure to BA. ***P < 0.001vs. the control
group; “*P < 0.01vs. the BA-treated group.
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F1GURE 6: BA inhibited MM xenograft tumor growth in vivo. Tumor-bearing mice were randomly assigned to the control and BA-treated
groups. The body weights (a) and tumor volumes (b) were measured every third day. NS indicates no significant difference vs. the control
group; ***P < 0.001. (c) Photographs of isolated tumors. (d) The weights of stripped tumors; **P < 0.01. (e) Tumor tissues were stained
with Ki-67 and NF-«B p65 via immunohistochemistry. (f) The level of NF-«B p65 in xenograft tumors was assessed by Western blotting.

phosphorylation and degradation, thus contributing to the
release and translocation of free NF-xB dimers. The p-
IKKa/3 and p-IxkBa were all time- and concentration-
dependently decreased after BA treatment (Figures 5(a)
and 5(b)). The above results demonstrate that BA strongly
inhibits the NF-«xB pathway.

Additionally, it has been reported that NF-«B suppresses
ROS levels in cancer cells [25]. To explore the regulatory rela-
tionship between these two factors, we chose the pathway-
specific activator TNF-« and the inhibitor BAY 11-7082 to
stimulate and suppress the NF-«B pathway, respectively,
and then assessed intracellular ROS levels and cell viability.
Our results showed that the pathway-specific activator par-
tially reversed the elevated ROS levels (Figures 5(d) and
5(e)) and cytotoxicity induced by BA (Figure 5(f)), whereas
the pathway inhibitor acted in the opposite fashion. These
findings indicate that blocking this pathway has the potential
to elicit strong antitumor responses, partly through breaking
cellular redox homeostasis.

3.8. BA Inhibits the Growth of MM Xenograft Tumors In
Vivo. We further performed in vivo studies in nude mice.
Indeed, chemotherapy is often accompanied by dramatic side
effects, such as substantial body weight loss. Interestingly, no
significant difference in body weight loss existed between the
two groups (Figure 6(a)). As is statistically and visually dis-
played in Figures 6(b) and 6(c), the xenograft volumes in
the BA-treated group were significantly reduced (inhibition
ratio of approximately 72.1%). Moreover, the tumor weights
(Figure 6(d)) of the experimental group (0.17 + 0.05 g) were
much lower than those of the control group (0.48 + 0.04 g).
Assessment of cellular proliferation by Ki-67 immunohisto-
chemistry is a consistent and powerful prognosticator in

M [28]. Our IHC graphs showed that proliferating cells
with brown-stained Ki-67" nuclei were more frequently
observed in the control group (Figure 6(e)). Consistent with
our in vitro experiments, BA inhibited the expression of
NF-«B p65 in vivo, as indicated by IHC and Western blot
results (Figures 6(e) and 6(f)).
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4. Discussion

Studies explosively report the treatments currently in use for
MM. These therapies include high-dose chemotherapy,
autologous stem cell transplant, cell immunotherapy, and
novel agents [2]. However, few studies have explored tradi-
tional Chinese medicines, such as BA. Herein, we focus on
the anticancer activities of BA against MM in vitro and
in vivo. We demonstrate that BA induces apoptosis, S-
phase arrest, MMP collapse, and ROS overproduction.
Subsequently, we investigate the effects of BA on NF-«B
signaling and finally reveal the role of the NF-«xB system on
ROS. To our knowledge, our study is the first to report that
BA inhibits MM cells by suppressing NF-«B transcriptional
activity, which in return disrupts redox homeostasis.

The mitochondrial pathway is believed to be one of
the most crucial mechanisms of BA-mediated cell death
in various cancers [9, 29, 30]. Molecularly, Bcl-2 families,
regulating the balance of proapoptotic (Bax) and antiapop-
totic (Bcl-2) proteins, determine whether a cell survives or
undergoes apoptosis [31]. As systematically summarized,
the mitochondrial apoptosis pathway is activated by a lit-
any of stimuli that trigger the release of cyt ¢, facilitate
the formation of the apoptosome, and activate apical
caspases (caspase-8 and caspase-9) and then downstream
caspase-3, which results in cell death [12, 32]. Addition-
ally, we revealed that BA effectively activated apoptosis
in a process dependent on the upregulation of Bax, the

downregulation of Bcl-2, and the activation of cleaved cas-
pase-3, caspase-8, and caspase-9, cyt ¢, and cleaved
PARPI. All of these evidences indicate that the mitochon-
drial apoptosis pathway plays a crucial role in BA-
mediated U266 cell death.

Loss of cell checkpoint controls is one of the hallmarks of
tumorigenesis. Treatments targeting the cell cycle are emerg-
ing as a most promising cancer therapy, and intense efforts
are now underway [27]. Goswami et al. showed that BA
induced G,/G, arrest in SiHa cells [15]. However, it was
reported that BA blocked breast cancer at the G,/M check-
point [33], whereas its derivatives mainly targeted the S-
phase in human hepatocellular carcinoma and leukemia
[34]. Such cell-selective and tumor-specific characteristics
indicate that a certain checkpoint block may occur in BA-
treated U266 cells. Our findings confirmed that BA-treated
MM stalled at the S-phase. Molecularly, the cell cycle, which
involves a series of tightly integrated events, is regulated by
cyclin/CDK complexes, which are again modulated by a host
of CDK inhibitors [27]. We confirmed that S-phase arrest
was mainly driven by a synergistic mechanism involving
inhibition of the cyclin A2/CDK2 complex as well as stimula-
tion of p21"a/CIPl and p275iP,

In comparison to their normal counterparts, cancer
cells inherently obtain a moderately elevated ROS level,
which contributes to cancer initiation, malignancy, and
resistance to chemotherapy [14]. Nevertheless, the elevated
ROS wusually plays a deleterious role [13]. BA clearly
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induces overwhelming oxidative stress, which initiates cell
death in many cancers [15, 16, 30]. Similar results were
observed in our study, that is, BA concentration-
dependently induced depolarization of MMP, accumulation
of ROS, and activation of the mitochondrial pathway.
These findings suggest that ROS mediate a unique way of
eliminating MM cells, as further confirmed by our results
that cell death was partially attenuated by ROS scavengers
(Figure 4).

The NF-xB system, which regulates the tumor microen-
vironment and modulates inflammation, tumorigenesis,
and therapy resistance [10, 17, 20], has long been proven to
be implicated in MM [35]. However, the BA-mediated tran-
scriptional activities of NF-xB have caused massive contro-
versies, namely, BA blocks NF-xB activity to inhibit cervical
cancer [36], prostate cancer [26], and breast cancer [19].
Whereas, in human endometrial adenocarcinoma [37] and
prostate cancer of LNCaP cells [23], BA activates the NF-
kB pathway to sensitize cells to death. Thus, we sought to
determine the transcriptional levels of the NF-«B pathway
in BA-treated U266 cells. In accordance with the majority
of findings, our results showed that BA may act as a potent
NEF-«B pathway inhibitor, not an activator.

The NF-xB pathway also closely interacts with ROS.
Researchers have reported that upregulated NF-«B activities
promote expression of downstream antioxidant genes, such
as the ROS-related genes ferritin heavy chain (FHC) and
SOD2 [24], thereby protecting cells from the insults of oxida-
tive damage. Moreover, our results found that upregulated
NF-«B activity partially reversed the excess ROS and attenu-
ated cytotoxicity induced by BA, whereas BA and the
pathway-specific inhibitor BAY 11-7082 exerted synergistic
cytotoxic effects by further elevating ROS. Therefore, we con-
clude that the inhibition of the NF-xB pathway enhances
downstream oxidant effectors and promotes ROS production
in BA-treated MM cells.

5. Conclusion

In our novel findings, we intensively elaborated on the
inhibitory effects of BA on MM cells both in vitro and
in vivo. The potential mechanisms mainly include mito-
chondrial apoptosis induction, cell cycle blockade, MMP
disruption, intracellular ROS accumulation, and NF-«B
signaling inhibition (Figure 7). And we especially eluci-
dated the complex regulatory roles between ROS and the
NF-«B pathway in MM. Overall, BA provides valuable
insight for clinical applications in treating MM, though
further studies are warranted to reveal its broader mecha-
nisms and to ensure its drug safety.
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