foxics

Article

Rutin Exerts Cytotoxic and Senescence-Inducing Properties in
Human Melanoma Cells

Iulia Pinzaru 12/

check for

updates
Citation: Pinzaru, I; Chioibas, R.;
Marcovici, I.; Coricovac, D.; Susan, R.;
Predut, D.; Georgescu, D.; Dehelean,
C. Rutin Exerts Cytotoxic and
Senescence-Inducing Properties in
Human Melanoma Cells. Toxics 2021,
9,226. http://doi.org/10.3390/
toxics9090226

Academic Editor: Mirta Milié

Received: 1 September 2021
Accepted: 17 September 2021
Published: 19 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Raul Chioibas 3, lasmina Marcovici 12, Dorina Coricovac
Denisa Predut 4, Doina Georgescu ® and Cristina Dehelean

1,2,*(D Razvan Susan 3%,

1,2

Research Center for Pharmaco-Toxicological Evaluations, Faculty of Pharmacy, “Victor Babes” University of

Medicine and Pharmacy Timisoara, Eftimie Murgu Square No. 2, 300041 Timisoara, Romania;

iuliapinzaru@umtft.ro (I.P.); iasmina.marcovici@umft.ro (I.M.); cadehelean@um(ft.ro (C.D.)

Faculty of Pharmacy, “Victor Babes” University of Medicine and Pharmacy Timisoara, Eftimie Murgu Square

No. 2, 300041 Timisoara, Romania

Faculty of Medicine, “Victor Babes” University of Medicine and Pharmacy Timisoara, Eftimie Murgu Square

No. 2, 300041 Timisoara, Romania; officec@medcom.ro (R.C.); georgescu.doina@umft.ro (D.G.)

Faculty of Dental Medicine, “Victor Babes” University of Medicine and Pharmacy Timisoara, Eftimie Murgu

Square No. 2, 300041 Timisoara, Romania; antoaneta.predut@farmaciiledona.ro

*  Correspondence: dorinacoricovac@umft.ro (D.C.); razvansusan@umft.ro (R.S.); Tel.: +40-743-092-959 (D.C.);
+40-744-337-091 (R.S.)

1t Shared first authors.

Abstract: Malignant melanoma represents the deadliest type of skin cancer with narrow treatment
options in advanced stages. Herbal constituents possessing anticancer properties occupy a particular
spot in melanoma research as potential chemotherapeutics. Rutin (RUT) is a natural compound
exerting antioxidant, antimicrobial, anti-inflammatory, UV-filtering, and SPF-enhancing activities
that are beneficial to the skin; however, its effect as an anti-melanoma agent is less investigated. The
current study is focused on assessing the cytotoxic potential of RUT against two different human
melanoma cell lines: RPMI-7951 and SK-MEL-28 by evaluating its impact in terms of cell viability,
cells” morphology, and nuclear aspect assessment, and senescence-inducing properties. The results
indicate a dose-dependent decrease in the viability of both cell lines, with calculated ICs, values of
64.49 £ 13.27 uM for RPMI-7951 cells and 47.44 + 2.41 uM for SK-MEL-28, respectively, accompanied
by a visible reduction in the cell confluency and apoptotic features within the cell nuclei. RUT exerted
a senescence-inducing property highlighted by the elevated expression of senescent-associated beta-
galactosidase (SA-3-gal) in SK-MEL-28 cells. Despite the in vitro anti-melanoma effect revealed by
our results, further studies are required to elucidate the mechanisms of RUT-induced cytotoxicity

and senescence in melanoma cells.

Keywords: rutin; human melanoma cells; cell viability; cellular senescence

1. Introduction

Skin serves as the main physical, chemical, and immunological barrier against en-
vironmental noxious agents [1,2], as well as one of the most common routes of toxics’
entrance into the body [3]. Therefore, it is the most vulnerable target to external damage [4],
which occurs when the abnormal exposure to external stressors such as ozone (O3), air
pollutants, and ultraviolet (UV) light surpasses the skin’s protective capacity [3,5]. The
major mechanism underlying the detrimental effect of environmental insults on the skin
is through the generation of oxidative stress which depletes the cutaneous antioxidant
capacity [3]. The alteration of skin barrier function leads to the development of various
cutaneous diseases, including erythema, edema, dermatitis, psoriasis, photoaging, and
cancer [3].

Carcinogenesis remains the most severe consequence of the prolonged exposure of
the skin to environmental carcinogens. The incidence of skin cancers, both melanoma,
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and non-melanoma subtypes, is continuously rising [6]. Non-melanoma skin cancers (i.e.,
basal cell and squamous cell carcinomas) are among the most frequent cancer types and
are generally treated by surgical excision [7]. On the other hand, despite its rareness [8],
melanoma—the tumor arising from the malignant transformation of melanocytes [9], re-
mains the leading cause of skin cancer-related deaths worldwide [10]. Several effective
drugs are currently available for melanoma treatment [11], but due to the severe side
effects and tumor resistance to therapy, the success rates remain low [12,13]. In this context,
the discovery and development of improved treatment strategies are indispensable and
demand continuous research. Herbal constituents are widely embraced as complementary
or alternative options in the field of oncology as chemopreventive agents, chemothera-
peutics, or sensitizers [14]. In particular, natural compounds generally serve as potent
anti-melanoma agents by initiating apoptosis and inhibiting cancer cell proliferation and
metastasis [12].

Rutin (RUT) is a flavonol glycoside found in numerous plants (e.g., Ruta graveolens L.,
Sophora japonica L.) and food beverages such as citrus, apples, vegetables, buckwheat, black
tea, etc. [15]. Due to its broad spectrum of pharmacological activities (e.g., antioxidant
and ROS-scavenging properties; antibacterial activity; anti-inflammatory and antimuta-
genic effects), this small molecule has been brought into the spotlight of modern research
aimed to assess its potential as a therapeutic agent in various pharmaceutical formulations
or cosmeceuticals [16-18]. Several studies indicate the efficacy of RUT in counteracting
skin injuries induced by environmental stressors [19-22]. For instance, RUT proved to
be active against UV radiation-induced damage due to its structural similarity to organic
UV filters and its strong antioxidant activity [19]. Additionally, RUT reduced skin pho-
toaging by strengthening the cutaneous density and elasticity through the regulation of
extracellular matrix enzymes [20], provided a sun protective factor (SPF) enhancement [21],
and inhibited the UVB-induced inflammatory responses (i.e., cyclooxygenase-2 and in-
ducible nitric oxide synthase expressions) [20]. The antitumor activity of RUT has been
also demonstrated against various cancers (e.g., breast, colon, liver, lung) by targeting
a multitude of apoptotic (Bcl-2, Bcl-2 associated X protein, caspases, Bax), autophagic
(Beclinl, Atg5/12, LC3-1I), inflammatory (nuclear factor-kB, interleukins), and angiogenic
(vascular endothelial growth factor) signaling mediators [22]. However, the anticancer
activity of RUT against skin carcinomas and its underlying molecular mechanisms have
not been extensively investigated so far. Our recent publications offer preliminary insight
into the pro-apoptotic effect exerted by RUT and its inclusion complexes in vitro in murine
(B164A5) and human (A375) melanoma cells [15,23], still, the anticancer effect of rutin in
melanoma is far from being elucidated.

The present study aims at providing an in vitro insight into the cytotoxic potential of
RUT against two different human melanoma cell lines: RPMI-7951 (epithelial morphology)
and SK-MEL-28 (polygonal morphology) by evaluating its impact in terms of cell viability,
cells” morphology, and nuclear aspect assessment, and senescence-inducing properties.

2. Materials and Methods
2.1. Reagents

Rutin, phosphate saline buffer (PBS), trypsin-EDTA solution, dimethyl sulfoxide
(DMSO), fetal bovine serum (FBS), penicillin/streptomycin, and MTT reagent were pur-
chased from Sigma Aldrich, Merck KgaA (Darmstadt, DE). The cell culture medium,
Eagle’s Minimum Essential Medium (EMEM—ATCC® 30-2003™), was acquired from ATCC
(American Type Cell Collection, Lomianki, PL). The Senescence Detection Kit (ab65351)
was purchased from Abcam (Cambridge, UK). All reagents were of analytical grade of
purity and suitable for cell culture use.

2.2. Cell Culture

The experiments were performed on two human malignant melanoma cell lines pro-
vided from ATCC as frozen vials—RPMI-7951 (HTB-66™) and SK-MEL-28 (HTB-72™).
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The cell lines were cultured in their specific growth medium (EMEM) according to the man-
ufacturer’s recommendations and were supplemented with 10% FCS and 1% antibiotics
solution (100 U/mL penicillin/ 100 ug/mL streptomycin). The cells were incubated in a
humidified atmosphere at 37 °C and 5% CO,.

2.3. Cell Viability Assessment

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was
applied to evaluate RUT’s impact on melanoma cells viability. Thus, RPMI-7951 and
SK-MEL-28 cells were seeded in 96-well plates (10* cells /200 uL/well) and treated with
increasing concentrations (1, 5, 10, 25, and 50 uM) of RUT for 24 h. The solvent used to
prepare the stock solution of RUT was DMSO. At the end of the 24 h treatment, the old
culture media was replaced with 100 uL of fresh media and 10 puL of MTT reagent/well,
followed by a 3 h incubation at 37 °C. Finally, the solubilization solution (100 pL/well) was
added, the plates were maintained protected from light, at room temperature for 30 min,
and the absorbances values were measured at two wavelengths (570 and 630 nm) using
Cytation 5 (BioTek Instruments Inc., Winooski, VT, USA).

2.4. Cell Morphology and Confluence Evaluation

To verify the impact of RUT on the morphology and confluence of RPMI-7951 and
SK-MEL-28 cells, a microscopic examination was performed. The cells were observed
under bright field illumination and photographed at the end of the 24 h treatment period
using Cytation 1 (BioTek Instruments Inc., Winooski, VT, USA). The photographs were
processed using the Gen5™ Microplate Data Collection and Analysis Software (BioTek
Instruments Inc., Winooski, VT, USA).

2.5. Nuclear Morphology Assessment

The potential toxicity of RUT at the nuclear level was tested by applying the Hoechst
33342 staining assay protocol according to the manufacturer’s (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) recommendations. In brief, the RPMI-7951 and SK-MEL-28
cells were seeded in 12-well plates (10° cells/1.5 mL/well) and treated with three selected
concentrations (1, 10, and 50 uM) of RUT in DMSO for 24 h. After the stimulation period,
the media was removed, and the staining solution diluted at 1:2000 in PBS was added
(500 pL/well). The plates were incubated for 10 min at room temperature, protected
from light. Finally, the staining solution was washed with PBS and the pictures were
taken using Cytation 1 (BioTek Instruments Inc., Winooski, VT, USA) and analyzed by the
means of Gen5™ Microplate Data Collection and Analysis Software (BioTek Instruments
Inc., Winooski, VT, USA). Staurosporine (STP) 5 uM was selected as a positive control for
apoptosis. The apoptotic index (Al) was calculated according to a formula described by

Xu et al. [24]:
_ Number of apoptotic cells

Al = 1
Total number of cells X 100

2.6. Senescence Detection

To evaluate the influence of RUT (1, 10, and 50 uM) on the senescence process within
melanoma cells, the expression of senescence-associated (3-galactosidase (SA-p-Gal) was
detected at the end of a 24 h treatment by performing the manufacturer’s protocol. In
brief, for this experiment SK-MEL-28 cells were seeded in 12-well plates and treated for
24 h with RUT. At the end of the treatment, the cells were washed with PBS, fixed with
the provided Fixing Solution, and stained using the provided Staining Solution which
was supplemented with an X-gal solution in DMSO and a Staining Supplement. Finally,
the cells were photographed in Color Bright Field illumination using the Olympus IX73
inverted microscope (Olympus, Tokyo, Japan).



Toxics 2021, 9, 226

40f11

(A)

2.7. Statistical Analysis

The data obtained were presented as means =+ SD, and the differences were compared
by one-way ANOVA, followed by Dunnett’s multiple comparison post hoc test by using
GraphPad Prism version 6.0.0 for Windows (GraphPad Software, San Diego, CA, USA,
www.graphpad.com). The differences between data were considered statistically significant
if p < 0.1 and are labeled with * (* p < 0.1, ** p < 0.01, * p < 0.001 and **** p < 0.0001).

3. Results
3.1. Cell Viability Assessment

To identify the potential in vitro cytotoxic activity of RUT against melanoma cells,
as well as its active concentrations, a cell viability assessment was performed. The 24 h
treatment with RUT (1, 5, 10, 25, and 50 M) indicated a dose-dependent decrease in the
percentage of viable cells in both cell lines tested as compared to Control (Figure 1). In RPMI-
7951 cells, the viability was significantly reduced even at low concentrations (5 uM—-85.31%).
However, the most prominent effect has been noticed at the highest concentration tested
(50 uM—-60%). In SK-MEL-28 cells, a significant increase in the cell viability was noticed at
the lowest concentration (1 pM-117.84%), followed by a considerable reduction at higher
concentrations up to 51.48% (at 50 uM). By comparing the calculated ICs( values of RUT in
the two melanoma cell lines it has been remarked that SK-MEL-28 (ICsy = 47.44 £ 2.41) is
more sensitive as compared to RPMI-7951 (ICsy = 64.49 £ 13.27).

RPMI-7951 malignant melanoma cell line (B) SK-MEL-28 malignant melanoma cell line
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Figure 1. In vitro evaluation of the effect exerted by RUT (1, 5, 10, 25, and 50 uM) after 24 h of treatment on (A) RPMI-7951
and (B) SK-MEL-28 malignant melanoma cells’ viability by performing the MTT assay. Data are presented as viability
percentages (%) normalized to Control and expressed as mean values = SD of three independent experiments performed in
triplicate. The statistical differences between Control and the treated group were verified by applying the one-way ANOVA
analysis followed by Dunnett’s multiple comparisons post-test (* p < 0.1; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3.2. Cell Morphology and Confluence Evaluation

As a component of the anti-melanoma profile of RUT, an evaluation of its impact on
the morphology of RPMI-7951 and SK-MEL-28 cells has been performed. RPMI-7951 cells
are adherent cells with an epithelial-like morphology and several changes were identified
in their morphology and confluence following RUT treatment (Figure 2), such as a dose-
dependent reduction of confluence, loss of adherence, and roundish cells were observed
mainly at 10 and 50 uM. A similar effect was detected in the case of SK-MEL-28 cells, human
melanoma cells with a polygonal morphology, the most noticeable signs being recorded
at the highest concentrations tested—10 and 50 uM (Figure 2). The changes observed in
both human melanoma cells indicate the cytotoxic effect of RUT treatment and could be
characterized as apoptotic-specific signs. These data support the cell viability results.
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Control RUT 1 uM RUT 10 uM RUT 50 uM

i)

RPMI-7951

SK-MEL-28

Figure 2. Morphological aspect and the confluence of RPMI-7951 and SK-MEL-28 melanoma cells following the 24 h
treatment with RUT 1, 10, and 50 uM. The scale bars represent 200 pum.

3.3. Nuclear Morphology Evaluation

Since specific changes in the morphology of cells nuclei offer insight into the possible
cell death mechanism induced by anticancer compounds, a Hoechst 33,342 staining was
conducted for RUT 1, 10, and 50 uM. Staurosporine (STP) 5 uM was selected as an indicator
for apoptosis. The interpretation of the pictures was performed according to Crowley and
colleagues [25]. Several apoptotic features were noticed. In RPMI-7951 cells (Figure 3), RUT
induced nuclear fragmentation (at 1 uM), membrane blebbing (at 10 uM), and chromatin
condensation (at 50 uM). Abnormally shaped and condensed nuclei can be remarked at 10
uM in SK-MEL-28 cells (Figure 4), as well as nuclear fragmentation and apoptotic bodies
at 50 uM. Additionally, the Hoechst staining revealed a dose-dependent increase in the
Al percentages when compared to Control at the end of the 24 h treatment with RUT 1,
10, and 50 pM (Figure 5). Despite the similar trend, at the highest concentrations tested
the registered Al values were higher in SK-MEL-28 cells (10 tM-56%; 50 tM-84.19%) as
compared to RPMI-7951 cells (10 pM—48.35%; 50 uM-75.25%).

RUT 1 uM RUT 10 uM RUT 50 uM

Control STP 5 uM

Figure 3. Hoechst 33342 staining of RPMI-7951 cells’ nuclei following the 24 h treatment with RUT 1, 10, and 50 uM. The
yellow arrows indicate nuclei expressing abnormal features. The scale bars represent 100 um.
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RUT 1 uM RUT 10 uM RUT 50 uM

Control STP 5 uM

Figure 4. Hoechst 33342 staining of SK-MEL-28 cells’ nuclei following the 24 h treatment with RUT 1, 10, and 50 uM. The
yellow arrows indicate nuclei expressing abnormal features. The scale bars represent 100 um.
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Figure 5. Calculated apoptotic index (AI) in Hoechst 33342 stained RPMI-7951 (A) and SK-MEL-28
(B) MM cells following the 24 h treatment with RUT (1, 10, and 50 uM). Data are presented as an
apoptotic index (%) normalized to Control and expressed as mean values & SD of three independent
experiments. The statistical differences between Control and the treated group were verified by
applying the one-way ANOVA analysis followed by Dunnett’s multiple comparisons post-test
(*p <0.1;* p <0.01; *** p <0.001).

3.4. Senescence Detection

The ability of RUT to induce senescence in melanoma cells has been assessed by the
X-Gal staining. As the most significant viability results were noticed in SK-MEL-28 cells,
this experiment was performed using this particular cell line. In comparison to Control
where several senescent cells were detected as well, RUT induced an enhancement in the
senescence signal (the dark color reporting 3-galactosidase expression). The uppermost
results were obtained at the highest concentration tested—50 uM (Figure 6).
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Control
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RUT 1M RUT 10 uM RUT 50 uM

Figure 6. Pictures (10x magnification) of X-Gal staining of senescent SK-MEL-28 cells after a 24 h treatment with RUT (1, 10,
and 50 pM). The white arrows indicate cells undergoing senescence.

4. Discussion

The present study was conducted to gather novel data regarding the effects of RUT as
a potential anti-melanoma agent, data that are rather scarce at present. The main findings
in this direction are as follows: (i) a dose-dependent cytotoxic effect at micromolar con-
centrations (1-50 uM—Figure 1) defined by apoptotic-specific features (cellular shape and
nuclear alterations—Figures 2—4) and (ii) a concentration-dependent senescence-inducing
activity (Figure 6).

RUT, the flavonoid glycoside was also known as rutoside, displays a plethora of
biological activities, including antioxidant, vasoprotective, neuroprotective, anticonvulsant,
antidepressant, analgesic and antinociceptive, antidiabetic, anti-hypercholesterolemic, anti-
coagulant, antiulcer, antiosteoporotic, anticancer, and many other pharmacological effects
that were comprehensibly described in an excellent review [26]. In recent years, a great
interest was attributed to elucidate the molecular mechanisms underlying the anticancer
effect of RUT [27,28], but this process is far from being elucidated. Significant steps were
made in this direction and several anticancer mechanisms of action were discovered, such
as (i) activation of cancer cells apoptosis in a caspase-independent pathway, (ii) induction
of cell cycle arrest; (iii) modulation of different signaling pathways (e.g., Wnt, JAK-STAT,
EGEFR, AP-1, NF-kB, Akt); (iv) inhibition of cancer cells’ migration; (v) antiangiogenic
effect, etc. These findings are based on studies conducted both in vitro and in vivo on
different models of cancer such as breast cancer, lung cancer, colon cancer, hepatic cancer,
neuroblastoma, leukemia, and ovarian cancer [26-28].

With regards to RUT’s anti-melanoma mechanism of action, the information is rather
insufficient at present. A recent in vitro study reported that RUT (5-100 pg/mL) in combi-
nation with photodynamic therapy and methylene blue induced apoptosis and cell cycle
arrest via ROS generation in A375 human melanoma [29]. Other data regarding the impact
of RUT in melanoma were achieved from two in vivo studies that showed an antimetastatic
effect of RUT by decreasing the number of metastatic nodules in a mouse melanoma model
induced by injection of B16F10 [30] and an inhibition of melanin formation, but an increase
in growth rate and tumor weight in C57BL/6 mice inoculated with B16 melanoma cells [31].

In the light of the data stated above and based on our previous background on the
topic [15,23], this study was focused on identifying novel insights regarding the anti-
melanoma effect of RUT. Our results showed that a 24 h treatment with different concen-
trations of RUT (1, 5, 10, 25, and 50 uM) induced a dose-dependent cytotoxic effect in
both types of human melanoma cells tested—RPMI-7951 and SK-MEL-28 and morpho-
logical and nuclear alterations (nuclear fragmentation, membrane blebbing, chromatin
condensation, and apoptotic bodies), characteristic signs of apoptosis (Figures 1-4). These
results are similar to the ones described in a study conducted on A375 melanoma cells [23].
Previous publications also reported the in vitro antitumor and proapoptotic properties of
RUT. One such example is the paper published by Danciu et al., revealing the potency of
RUT (100 uM) in decreasing the viability of B164A5 murine malignant melanoma cells after
72 h of treatment [16]. An additional study by Khan et al. reported the ability of RUT to
reduce the cell viability, induce nuclear condensation, cell cycle arrest at GO/G1 phase, and
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apoptosis via caspase-3 activation in HPV-C33A cervical cancer cells [32]. A proapoptotic
effect of RUT in A549 human lung cancer cells was also described [33]. RUT demonstrated
anticancer effects also against neuroblastoma, leukemia, breast, colon, hepatic, pancreatic,
and ovarian cancer cells [27].

Despite the similarities in terms of viability trend and percentages observed in both
cell lines, SK-MEL-28 cells (ICs5y = 47.44 & 2.41) showed an augmented sensitivity to RUT
as compared to RPMI-7951 cells (ICsy = 64.49 & 13.27). This different response to RUT
treatment could be explained by the distinct features of the two human melanoma cell
lines analyzed. RPMI-7951 cells are melanotic epithelial-like cells with adherent properties
that present melanosome granules and possess the capacity to synthesize melanin in vitro
and to transport it from the mature melanosomes to keratinocytes [34] and to develop
pigmented tumors in vivo. Moreover, according to the manufacturer (ATCC) characteriza-
tion datasheet, RPMI-7951 cells harbor BRAF, PTEN, and TP53 mutant genes. By contrast,
SK-MEL-28 cells are amelanotic cells presenting a melanocyte-like phenotype with polyg-
onal morphology, capable to form large round cell type melanoma in vivo. These cells
express as mutant genes BRAF, TP53, and CDK4 [35] and cannot produce melanin in vitro
as shown in our previous study [36]. Recently, it has been highlighted that melanin plays
a key role in the protection of pigmented cells against the injuries induced by chemical
toxicants [37]. Melanin is a negatively charged biopolymer that colors various human
structures such as skin, hair, and eyes [38]. The main biological function of melanin is to
exert a cytoprotective effect against noxious UV radiations by serving as a physical barrier
and absorbent filter that reduces their penetration through the epidermis [39], as well as
against oxidative stress damage by scavenging free radicals [40]. Hence, melanin can bind
small molecules, leading to their retention in the pigmented tissues [40] followed by a slow
release of the accumulated toxins [37]. In particular, melanin interacts by hydrogen and
ni—7 bonding with small aromatic molecules [40] such as RUT.

Besides the visualization of nuclear alterations induced by RUT treatment in both cell
lines—RPMI-7951 and SK-MEL-28 (Figures 3 and 4), the Hoechst 33342 staining assay was
used to calculate the apoptotic index value (AI—Figure 5). Our results indicated a similar
trend as to that observed for the viability results: a concentration-dependent elevation in
the apoptotic index values (Figure 5). The highest percentages were recorded following
the 24 h treatment with RUT 50 uM in both cell lines: RPMI-7951—75.25%; SK-MEL-28—
84.19%. Regarding the safety profile of RUT, one of our latest publications reveals that RUT
induces no cytotoxicity in normal keratinocytes—the predominant cellular component in
human skin [41], even at high concentrations (50 and 75 uM) [23].

An interesting and novel finding in the present study is represented by the senescence-
inducing activity exerted by RUT after a 24 h treatment in SK-MEL-28 cells (Figure 6),
results that were not reported before to the best of our knowledge.

Cellular senescence is described as a very complex and heterogeneous process due
to its involvement in multiple physiological and pathological conditions (e.g., aging and
cancer) being characterized by several specific features as cell-cycle abolition, macromolec-
ular damage, impaired metabolism, and a secretory phenotype [42,43]. At present, cellular
senescence is considered (i) a tumor-suppressive process by preventing malignant transfor-
mation; (ii) an effector mechanism of current chemotherapy, and (iii) an active process in
preventing disease recurrence following cancer treatment [43]. Therefore, an X-Gal staining
protocol has been applied after the 24 h stimulation of SK-MEL-28 cells with RUT. The most
prominent results were acquired at the highest concentration of 50 uM (Figure 6) when
specific senescence features such as increased cell size, and elevated senescent-associated
beta-galactosidase (SA-[3-gal) expression [44] highlighted by a dark coloration within the
cell cytoplasm were detected. Our results are endorsed by previous studies that reported
the capacity of several natural bioactive compounds (e.g., curcumin, quercetin) to force
cancer cells to undergo senescence in vitro [45—47]. Multiple mechanistic pathways have
been attributed to the pro-senescence effect of natural polyphenols in cancer cells, includ-
ing modulation of tumor suppressor or oncogene gene expression, DDR (DNA damage
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response) activation, ROS generation, promotion of endoplasmic reticulum (ER) stress, and
regulation of epigenetics [48]. According to our results, RUT treatment-induced senescence
in SK-MEL-28 melanoma cells by augmenting the expression of beta-galactosidase (SA-
-gal), but the underlying mechanism is far more complex. Based on the data from the
literature regarding the signaling pathways modulated by RUT in exerting its anticancer
effect (mitogen-activated protein kinase (MAPK), PI3K/Akt, Wnt/ 3-catenin cascade, Janus
kinase, Ras/Raf, TGF-32/Smad2/3Akt/PTEN, epidermal growth factor (EGF) pathway,
P53, etc.) [27] and the data regarding the mechanisms involved in cellular senescence of
cancer cells [42,43], we could assume that RUT acts by targeting various pathways as p53
pathway, PI3K/ Akt and others, but these assumptions need further studies for attestation.

5. Conclusions

Our findings revealed that RUT possesses a dose-dependent cytotoxic activity at
micromolar concentrations against human melanoma cells. The cytotoxic effect was as-
sociated with a reduced cell viability rate, changes in cellular morphology, apoptotic-like
nuclear alterations, and reduced confluence. Moreover, RUT enhanced the senescence
within SK-MEL-28 cells at the highest concentrations (10 and 50 uM). Further studies are
necessary to confirm and elucidate the mechanisms underlying the antiproliferative and
pro-senescent properties of RUT in melanoma cells.

Author Contributions: Conceptualization, I.P,; data curation, R.C., R.S., D.P. and D.G.; formal
analysis, R.C., LM., R.S. and D.P; investigation, .M. and D.P.; methodology, R.C., LM. and D.P;
project administration, L.P.,, D.C. and C.D.; resources, R.C., R.S., D.G. and C.D.; software, R.S. and
D.G.; supervision, C.D.; validation, D.C.; visualization, I.P. and D.C.; writing—original draft, LP.,
ILM. and D.G.; writing—review and editing, D.C. and C.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partially funded by Romanian Ministry of Education and Research,
CNCS -UEFISCD], grant number PN-III-P1-1.1-TE-2019-2134, within PNCDI III, acronym BAPRO-
NIO and grant number CNFIS-FDI-2021-0498.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

1.  Puri, P; Nandar, S.K,; Kathuria, S.; Ramesh, V. Effects of air pollution on the skin: A review. Indian J. Dermatol. Venereol. Leprol.
2017, 83, 415-423. [CrossRef] [PubMed]

2. Zhang, S.; Duan, E. Fighting against Skin Aging: The Way from Bench to Bedside. Cell Transplant. 2018, 27, 729-738. [CrossRef]

3. Valacchi, G,; Sticozzi, C.; Pecorelli, A.; Cervellati, F.; Cervellati, C.; Maioli, E. Cutaneous responses to environmental stressors.
Ann. N. Y. Acad. Sci. 2012, 1271, 75-81. [CrossRef]

4.  Mohania, D.; Chandel, S.; Kumar, P; Verma, V.; Digvijay, K.; Tripathi, D.; Choudhury, K.; Mitten, S.K.; Shah, D. Ultraviolet
radiations: Skin defense-damage mechanism. Adv. Exp. Med. Biol. 2017, 996, 71-87. [CrossRef] [PubMed]

5. Parrado, C.; Mercado-Saenz, S.; Perez-Davo, A.; Gilaberte, Y.; Gonzalez, S.; Juarranz, A. Environmental Stressors on Skin Aging.
Mechanistic Insights. Front. Pharmacol. 2019, 10, 759. [CrossRef] [PubMed]

6. Linos, E.; Katz, K.A,; Colditz, G.A. Skin Cancer-The Importance of Prevention. JAMA Intern. Med. 2016, 176, 1435-1436. [CrossRef]

7. Didona, D.; Paolino, G.; Bottoni, U.; Cantisani, C. Non melanoma skin cancer pathogenesis overview. Biomedicines 2018, 6, 6.
[CrossRef]

8.  Naik, P.P. Cutaneous Malignant Melanoma: A Review of Early Diagnosis and Management. World J. Oncol. 2021, 12, 7-19.
[CrossRef]

9.  Jenkins, RW.,; Fisher, D.E. Treatment of Advanced Melanoma in 2020 and Beyond. ]. Investig. Dermatol. 2021, 141, 23-31.
[CrossRef] [PubMed]

10. Burns, D.; George, J.; Aucoin, D.; Bower, ].; Burrell, S.; Gilbert, R.; Bower, N. The Pathogenesis and Clinical Management of

Cutaneous Melanoma: An Evidence-Based Review. |. Med. Imaging Radiat. Sci. 2019, 50, 460-469.el. [CrossRef] [PubMed]


http://doi.org/10.4103/0378-6323.199579
http://www.ncbi.nlm.nih.gov/pubmed/28195077
http://doi.org/10.1177/0963689717725755
http://doi.org/10.1111/j.1749-6632.2012.06724.x
http://doi.org/10.1007/978-3-319-56017-5_7
http://www.ncbi.nlm.nih.gov/pubmed/29124692
http://doi.org/10.3389/fphar.2019.00759
http://www.ncbi.nlm.nih.gov/pubmed/31354480
http://doi.org/10.1001/jamainternmed.2016.5008
http://doi.org/10.3390/biomedicines6010006
http://doi.org/10.14740/wjon1349
http://doi.org/10.1016/j.jid.2020.03.943
http://www.ncbi.nlm.nih.gov/pubmed/32268150
http://doi.org/10.1016/j.jmir.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31204313

Toxics 2021, 9, 226 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

De Oliveira Junior, R.G.; Ferraz, C.A.A.; e Silva, M.G.; de Lavor, E.M.; Rolim, L.A.; de Lima, J.T.; Fleury, A.; Picot, L.; de Souza
Siqueira Quintans, L.; Junior, L.J.Q.; et al. Flavonoids: Promising Natural Products for Treatment of Skin Cancer (Melanoma),
Natural Products and Cancer Drug Discovery, Farid A. Badria, IntechOpen. Available online: https://www.intechopen.com/
chapters /54517 (accessed on 5 July 2021). [CrossRef]

Chinembiri, T.N.; Du Plessis, L.H.; Gerber, M.; Hamman, J.H.; Du Plessis, J. Review of Natural Compounds for Potential Skin
Cancer Treatment. Molecules 2014, 19, 11679-11721. [CrossRef]

Jjaz, S.; Akhtar, N.; Khan, M.S.; Hameed, A.; Irfan, M.; Arshad, M.A; Ali, S.; Asrar, M. Plant derived anticancer agents: A green
approach towards skin cancers. Biomed. Pharmacother. 2018, 103, 1643-1651. [CrossRef]

Dehelean, C.A.; Marcovici, 1.; Soica, C.; Mioc, M.; Coricovac, D.; Iurciuc, S.; Cretu, O.M.; Pinzaru, I. Plant-Derived Anticancer
Compounds as New Perspectives in Drug Discovery and Alternative Therapy. Molecules 2021, 26, 1109. [CrossRef]

Danciu, C.; Bojin, F; Pinzaru, I.; Dehelean, C.; Ambrus, R.; Popescu, A.; Paunescu, V.; Hancianu, M.; Minda, D.; Soica, C. Rutin
and its Cyclodextrin Inclusion Complexes: Physico-chemical Evaluation and in vitro Activity on B164A5 Murine Melanoma Cell
Line. Curr. Pharm. Biotechnol. 2018, 18, 1067-1077. [CrossRef]

Baldisserotto, A.; Vertuani, S.; Bino, A.; De Lucia, D.; Lampronti, I; Milani, R.; Gambari, R.; Manfredini, S. Design, synthesis and
biological activity of a novel Rutin analogue with improved lipid soluble properties. Bioorganic Med. Chem. 2015, 23, 264-271.
[CrossRef]

Cosco, D,; Failla, P,; Costa, N.; Pullano, S.; Fiorillo, A.; Mollace, V.; Fresta, M.; Paolino, D. Rutin-loaded chitosan microspheres:
Characterization and evaluation of the anti-inflammatory activity. Carbohydr. Polym. 2016, 152, 583-591. [CrossRef] [PubMed]
Ben Sghaier, M.; Pagano, A.; Mousslim, M.; Ammari, Y.; Kovacic, H.; Luis, J. Rutin inhibits proliferation, attenuates superoxide
production and decreases adhesion and migration of human cancerous cells. Biomed. Pharmacother. 2016, 84, 1972-1978. [CrossRef]
[PubMed]

Peres, D.A.; de Oliveira, C.A.; da Costa, M.S.; Tokunaga, V.K.; Mota, J.P.; Rosado, C.; Consiglieri, V.O.; Kaneko, T.M.; Velasco,
M.V.R; Baby, A.R. Rutin increases critical wavelength of systems containing a single UV filter and with good skin compatibility.
Ski. Res. Technol. 2016, 22, 325-333. [CrossRef] [PubMed]

Choi, S.J.; Lee, S.N.; Kim, K.; Joo, D.H,; Shin, S.; Lee, J.; Lee, HK.; Kim, J.; Kwon, S.B.; Kim, M. ; et al. Biological effects of rutin on
skin aging. Int. ]. Mol. Med. 2016, 38, 357-363. [CrossRef]

Tomazelli, L.C.; de Assis Ramos, M.M.; Sauce, R.; Candido, T.M.; Sarruf, ED.; de Oliveira Pinto, C.A.S.; de Oliveira, C.A.; Rosado,
C.; Velasco, M.V.R.; Baby, A.R. SPF enhancement provided by rutin in a multifunctional sunscreen. Int. J. Pharm. 2018, 552,
401-406. [CrossRef] [PubMed]

Nouri, Z.; Fakhri, S.; Nouri, K.; Wallace, C.E.; Farzaei, M.H.; Bishayee, A. Targeting Multiple Signaling Pathways in Cancer: The
Rutin Therapeutic Approach. Cancers 2020, 12(8), 2276. [CrossRef]

Pinzaru, I.; Tanase, A.; Enatescu, V.; Coricovac, D.; Bociort, F.; Marcovidi, I.; Watz, C.; Vlaia, L.; Soica, C.; Dehelean, C. Proniosomal
gel for topical delivery of rutin: Preparation, physicochemical characterization and in vitro toxicological profile using 3D
reconstructed human epidermis tissue and 2D cells. Antioxidants 2021, 10, 85. [CrossRef] [PubMed]

Xu, C; Sun, G.; Yuan, G.; Wang, R.; Sun, X. Effects of platycodin D on proliferation, apoptosis and PI3K/Akt signal pathway of
human glioma U251 cells. Molecules 2014, 19, 21411-21423. [CrossRef]

Crowley, L.C.; Marfell, B.].; Waterhouse, N.J. Analyzing cell death by nuclear staining with Hoechst 33342. Cold Spring Harb.
Protoc. 2016, 2016, 778-781. [CrossRef]

Ganeshpurkar, A.; Saluja, A.K. The Pharmacological Potential of Rutin. Saudi Pharm. |. 2017, 25, 149-164. [CrossRef]

Safari, A.; Ghasemi, S.; Habtemariam, S.; Asgharioan, S.; Lorigooini, Z. Rutin: A Flavonoid as an Effective Sensitizer for Anticancer
Therapy; Insights into Multifaceted Mechanisms and Applicability for Combination Therapy. J. Evid.-Based Complementary Altern.
Med. 2021, 2021, 9913179. [CrossRef]

Imani, A.; Maleki, N.; Bohlouli, S.; Kouhsoltani, M.; Sharifi, S.; Maleki Dizaj, S. Molecular mechanisms of anticancer effect of rutin.
Phytother Res. 2020, 35, 2500-2513. [CrossRef]

Khorsandi, K.; Hosseinzadeh, R.; Chamani, E. Molecular interaction and cellular studies on combination photodynamic therapy
with rutoside for melanoma A375 cancer cells: An in vitro study. Cancer Cell Int. 2020, 20, 525. [CrossRef] [PubMed]

Conesa, C.M,; Ortega, V.V.; Yafiez Gascon, M.].; Bafios, M.A.; Jordana, M.C.; Benavente-Garcia, O.; Castillo, ]J. Treatment of
metastatic melanoma B16F10 by the flavonoids tangeretin, rutin, and diosmin. J. Agric. Food Chem. 2005, 53, 6791-6797. [CrossRef]
[PubMed]

Drewa, G.; Schachtschabel, D.O.; Palgan, K.; Grzanka, A.; Sujkowska, R. The influence of rutin on the weight, metastasis and
melanin content of B16 melanotic melanoma in C57BL/6 mice. Neoplasma 1998, 45, 266-271.

Khan, F;; Pandey, P.,; Upadhyay, TK.; Jafri, A.; Jha, N.K,; Mishra, R.; Singh, V. Anti-Cancerous Effect of Rutin Against HPV-C33A
Cervical Cancer Cells via G0/G1 Cell Cycle Arrest and Apoptotic Induction. Endocr. Metab. Immune Disord. Drug Targets 2020, 20,
409-418. [CrossRef] [PubMed]

Wu, F; Chen, J.; Fan, LM,; Liu, K; Zhang, N.; Li, SW.; Zhu, H.; Gao, H.C. Analysis of the effect of rutin on GSK-3 and TNF-o
expression in lung cancer. Exp. Ther. Med. 2017, 14, 127-130. [CrossRef] [PubMed]

Lin, H.C,; Shieh, B.H.; Lu, M.H.; Chen, ].Y.; Chang, L.T.; Chao, C.F. A method for quantifying melanosome transfer efficacy from
melanocytes to keratinocytes in vitro. Pigment Cell Melanoma Res. 2008, 21, 559-564. [CrossRef] [PubMed]


https://www.intechopen.com/chapters/54517
https://www.intechopen.com/chapters/54517
http://doi.org/10.5772/67573
http://doi.org/10.3390/molecules190811679
http://doi.org/10.1016/j.biopha.2018.04.113
http://doi.org/10.3390/molecules26041109
http://doi.org/10.2174/1389201019666180209165523
http://doi.org/10.1016/j.bmc.2014.10.023
http://doi.org/10.1016/j.carbpol.2016.06.039
http://www.ncbi.nlm.nih.gov/pubmed/27516307
http://doi.org/10.1016/j.biopha.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27829548
http://doi.org/10.1111/srt.12265
http://www.ncbi.nlm.nih.gov/pubmed/26346940
http://doi.org/10.3892/ijmm.2016.2604
http://doi.org/10.1016/j.ijpharm.2018.10.015
http://www.ncbi.nlm.nih.gov/pubmed/30308277
http://doi.org/10.3390/cancers12082276
http://doi.org/10.3390/antiox10010085
http://www.ncbi.nlm.nih.gov/pubmed/33435216
http://doi.org/10.3390/molecules191221411
http://doi.org/10.1101/pdb.prot087205
http://doi.org/10.1016/j.jsps.2016.04.025
http://doi.org/10.1155/2021/9913179
http://doi.org/10.1002/ptr.6977
http://doi.org/10.1186/s12935-020-01616-x
http://www.ncbi.nlm.nih.gov/pubmed/33132760
http://doi.org/10.1021/jf058050g
http://www.ncbi.nlm.nih.gov/pubmed/16104801
http://doi.org/10.2174/1871530319666190806122257
http://www.ncbi.nlm.nih.gov/pubmed/31385777
http://doi.org/10.3892/etm.2017.4494
http://www.ncbi.nlm.nih.gov/pubmed/28672902
http://doi.org/10.1111/j.1755-148X.2008.00487.x
http://www.ncbi.nlm.nih.gov/pubmed/18702635

Toxics 2021, 9, 226 11 of 11

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Rossi, S.; Cordella, M.; Tabolacci, C.; Nassa, G.; D’Arcangelo, D.; Senatore, C.; Pagnotto, P.; Magliozzi, R.; Salvati, A.; Weisz, A.;
et al. TNF-alpha and metalloproteases as key players in melanoma cells aggressiveness. J. Exp. Clin. Cancer Res. 2018, 37, 326.
[CrossRef] [PubMed]

Bratu, T.; Berceanu, M.; Coricovac, D.; Crainiceanu, Z.; Gyori, Z.; Roman, A.; Marcovici, I.; Dehelean, C.; Pinzaru, I. Melanin
quantification by chemical methods in healthy and melanoma cell lines correlated with the importance in the development of
melanoma. Rev. Chim. 2020, 71, 430-437. [CrossRef]

Karlsson, O.; Lindquist, N.G. Melanin and neuromelanin binding of drugs and chemicals: Toxicological implications. Arch.
Toxicol. 2016, 90, 1883-1891. [CrossRef]

Pelkonen, L.; Tengvall-Unadike, U.; Ruponen, M.; Kidron, H.; del Amo, E.M.; Reinisalo, M.; Urtti, A. Melanin binding study
of clinical drugs with cassette dosing and rapid equilibrium dialysis inserts. Eur. J. Pharm. Sci. 2017, 109, 162-168. [CrossRef]
[PubMed]

Carletti, G.; Nervo, G.; Cattivelli, L. Flavonoids and melanins: A common strategy across two kingdoms. Int. J. Biol. Sci. 2014, 10,
1159-1170. [CrossRef]

Jakubiak, P.; Lack, E; Thun, J.; Urtti, A.; Alvarez-Sanchez, R. Influence of Melanin Characteristics on Drug Binding Properties.
Mol. Pharm. 2019, 16, 2549-2556. [CrossRef]

Piipponen, M.; Li, D.; Landén, N.X. The immune functions of keratinocytes in skin wound healing. Int. ]. Mol. Sci. 2020, 21, 8790.
[CrossRef]

Ou, H.L,; Hoffmann, R.; Gonzalez-Lépez, C.; Doherty, G.J.; Korkola, ].E.; Mufioz-Espin, D. Cellular senescence in cancer: From
mechanisms to detection. Mol Oncol. 2020. [CrossRef] [PubMed]

Wyld, L.; Bellantuono, I.; Tchkonia, T.; Morgan, J.; Turner, O.; Foss, F.; George, J.; Danson, S.; Kirkland, J.L. Senescence and Cancer:
A Review of Clinical Implications of Senescence and Senotherapies. Cancers 2020, 12, 2134. [CrossRef]

Thompson, E.L.; Hu, J.J.; Niedernhofer, L.J. The role of senescent cells in acquired drug resistance and secondary cancer in
brafi-treated melanoma. Cancers 2021, 13, 2241. [CrossRef]

Malavolta, M.; Bracci, M.; Santarelli, L.; Sayeed, M.A.; Pierpaoli, E.; Giacconi, R.; Costarelli, L.; Piacenza, F.; Basso, A.; Cardelli, M.;
et al. Inducers of senescence, toxic compounds, and senolytics: The multiple faces of Nrf2-activating phytochemicals in cancer
adjuvant therapy. Mediat. Inflamm. 2018, 2018, 4159013. [CrossRef] [PubMed]

Wang, T.; Wu, X.; Al rudaisat, M.; Song, Y.; Cheng, H. Curcumin induces G2/M arrest and triggers autophagy, ROS generation
and cell senescence in cervical cancer cells. . Cancer 2020, 11, 6704—6715. [CrossRef] [PubMed]

OZSOy, S.; Becer, E.; Kabadayi, H.; Vatansever, H.S.; Yiicecan, S. Quercetin-Mediated Apoptosis and Cellular Senescence in Human
Colon Cancer. Anticancer Agents Med. Chem. 2020, 20, 1387-1396. [CrossRef]

Bian, Y.; Wei, J.; Zhao, C.; Li, G. Natural polyphenols targeting senescence: A novel prevention and therapy strategy for cancer.
Int. J. Mol. Sci. 2020, 21, 684. [CrossRef]


http://doi.org/10.1186/s13046-018-0982-1
http://www.ncbi.nlm.nih.gov/pubmed/30591049
http://doi.org/10.37358/RC.20.4.8084
http://doi.org/10.1007/s00204-016-1757-0
http://doi.org/10.1016/j.ejps.2017.07.027
http://www.ncbi.nlm.nih.gov/pubmed/28756205
http://doi.org/10.7150/ijbs.9672
http://doi.org/10.1021/acs.molpharmaceut.9b00157
http://doi.org/10.3390/ijms21228790
http://doi.org/10.1002/1878-0261.12807
http://www.ncbi.nlm.nih.gov/pubmed/32981205
http://doi.org/10.3390/cancers12082134
http://doi.org/10.3390/cancers13092241
http://doi.org/10.1155/2018/4159013
http://www.ncbi.nlm.nih.gov/pubmed/29618945
http://doi.org/10.7150/jca.45176
http://www.ncbi.nlm.nih.gov/pubmed/33046993
http://doi.org/10.2174/1871520620666200408082026
http://doi.org/10.3390/ijms21020684

	Introduction 
	Materials and Methods 
	Reagents 
	Cell Culture 
	Cell Viability Assessment 
	Cell Morphology and Confluence Evaluation 
	Nuclear Morphology Assessment 
	Senescence Detection 
	Statistical Analysis 

	Results 
	Cell Viability Assessment 
	Cell Morphology and Confluence Evaluation 
	Nuclear Morphology Evaluation 
	Senescence Detection 

	Discussion 
	Conclusions 
	References

