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Chapter 2. Introduction. A review of the literature on the subject of dissertation

Jasione montana L. (Sheep’s bit scabious) (Figure 1) is usually a biennial, rarely annual,
overwintering plant belonging to the Campanulaceae family. It is one of the 20 representatives of
the genus Jasione. The valid taxonomic name of this species was first described by Carl von Linné
[1]. It is a small perennial, usually 15-65 cm tall. It has a slender, shining white or yellowish-white
tap root with numerous fibrous lateral branches. The aerial parts of the plant included green, erect
or decumbent stalks. The alternate foliage morphology shows great variability according to the
location. The lower parts have abundant branching and rich foliage, while the upper half lacks
foliage and branching. The leaves are alternately arranged and single, villous, linear-oblong to
linear-lanceolate and blunt-tipped. The flowers are surrounded by a series of bracts. Outer bracts
are ovate to triangular, serrated or incised, while involucral bracts vary in terms of their outline, are
narrow with deep incisions, in linear-oblong to lanceolate shapes, and are densely villous. The
inflorescence is composed of 5-200 flowers with distinct pedicels that are typically irregularly
arranged, narrow, ligulate with an acute apex, and are blue or, occasionally, pink or white in colour.
The fruit of J. montana forms an oblong, acute capsule, while the brown or sometimes white seeds
are ovoid-shaped and smooth [2,3].
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Figure 1. A depiction of the morphology of Jasione montana L.
[i-flora.com, 2022]

The centre of distribution of J. montana is in Europe, including Poland. Moreover, its
presence has also been noted in Morocco, Tunisia, Algeria, Russia and Turkey, and it has also been
introduced to the north-eastern areas of the United States of America [3]. In Central and Eastern
Europe, it can be found mainly in pine forests, on sandy terrain in forest and forest-steppe areas,
cliffs, sand dunes, as well as wastelands and semi-natural communities. The plant does not have
high environmental requirements. It is growing well on acidic, calcium-poor, well-drained soil of
low fertility, both in sunny and semi-shady areas [2,4]. In addition, the plant can accumulate
arsenic, and can thus serve as a natural indicator of soil pollution. The accumulation of other heavy
metals, such as cadmium, lead, copper, chromium and zinc in the aboveground parts and roots of
J. montana has also been proven [5,6].

In the earliest literature regarding J. montana, published in 1629, Sheep’s bit scabious had
already been recognized as a typically garden plant. There were also reports stating that this plant
could have been used as feed for sheep (for this reason the name Mountain Sheep’s Scabious
occurs in old British literature). In addition, very limited literature sources identify J. montana as a
milky plant [2]. From an ethnopharmacological point of view, interesting reports are provided by
Belorussian folk medicine specifying J. montana as a plant with sedative effects in the case of



restless sleep in children [7]. So far, few literature sources report the presence of two flavonoid
compounds characterized as 5,7,3',4'-tetrahydroxyflavone (luteolin), and luteolin 7-O-5-D-
glucoside (cynaroside) in the aboveground parts of J. montana, at the full flowering phase [8].
Additionally, the presence of an anthocyanin derivative in the flowers, as well as delphinidin
inulin, and unspecified flavonoid and alkaloid compounds in the vegetative organs were detected

[2].

In modern medicine, drugs made from natural compounds and plant materials are important
elements for the growth of the drug research and development industry. Among the classes of plant
secondary metabolites studied thus far, flavonoids, including luteolin and its derivatives, are
distinguished by multiple beneficial biological activities. Among others, they exhibit anti-
inflammatory, immunomodulatory, antihypertensive and oxidative stress-modulating activity. In
addition, by modulating signalling pathways at each stage of carcinogenesis, they may display
therapeutic effects in various neoplasms, especially skin cancer [9], especially because the current
state of knowledge supports the evidence of beneficial effects of combination therapies consisting
of conventional anticancer drugs together with medicinal plants and their bioactive compounds
[10-12]. The developments in phytochemistry, phytotherapy, as well as the discovery of new
mechanisms of action, and new active ingredients is leading to breakthroughs in natural drug
research. However, there is a need to develop plant matrix safety studies. At the moment, there are
no sufficient publications regarding neither the presence of biologically active compounds in
aboveground parts of J. montana nor the evaluation of their biological activity. Thus, this plant can
be a promising source for obtaining biologically active compounds, especially polyphenolic
compounds, with a wide range of pharmacological activities and possible therapeutic effects.



Chapter 3. The objective of the work including the rationale for undertaken research

with reference to publications comprising the doctoral dissertation

The scientific aim of the doctoral dissertation was the detailed characterization of the

chemical composition of the aboveground parts of Jasione montana L., including the preparation of
selected extracts and fractions, undertaking attempts of isolation of active compounds and
assessing their biological activity.

1.

The characterization of the active components obtained from the aboveground parts of

J. montana was carried out based on:

a. qualitative analysis of the water, water-methanol and methanol extracts and selected
fractions from J. montana obtained by using multistage extraction with solvents of
increasing polarity: diethyl ether, ethyl acetate and n-butanol by high-performance liquid
chromatography (HPLC), including the LC-PDA-ESI-MS/TOF technique (publication
D;

b. a multi-stage procedure for the isolation of polyphenolic compounds using low-pressure
liquid chromatography (LPLC) with the use of various carriers: polyamide, Sephadex
LH-20, and HPLC (publication I);

c. full structural characteristics of the isolated flavonoid compounds using chromatographic
analysis of hydrolytic decay products (TLC) and spectral analyses: UV, nuclear magnetic
resonance: 'H and *C NMR, and final structural characterization obtained via mass
spectrometry [electrospray ionization—mass spectrometry (ESI-MS)] (publication I);

d. description of a new analytical method with simultaneous determination of the
quantitative content of flavonoid compounds in the abovementioned extracts and
fractions obtained from J. montana by using the HPLC—PDA technique (publication I1).

The evaluation of the anticancer activity of extracts and fractions from aerial J. montana and

three isolated and identified flavonoid compounds in a C32 skin melanoma cells (CRL-1585)

model was carried out based on (publication 1):

a. evaluation of cytotoxic activity by measuring cell viability using the BD Horizon™
Fixable Viability Stain 520 by flow cytometry;

b. assessment of the induction of apoptosis in C32 cells using fluorescent staining of
conjugated annexin V with fluorescein isothiocyanate and propidium iodide by flow
cytometry;

c. evaluation of the mechanism of apoptosis by cytometric measurement of the change in
mitochondrial membrane potential and the activity of selected caspases: -3, -8, -9 and -10;

d. evaluation of the influence on the phases of the cell cycle and the ability to induce/inhibit
the process of autophagy.

The assessment of wound healing properties of extracts and fractions from J. montana and

their isolated and identified flavonoid compounds was carried out based on (publication I1):

a. spectrophotometric determination of the degree of inhibition of elastase in an in vitro
model and assessment of antioxidant activity by means of the DPPH and FRAP methods;

b. measurement of collagen type-I biosynthesis, as well as evaluation of the selected pro-
inflammatory cytokines secretion in a normal human dermal fibroblast cell line (PCS-
201-012) model by flow cytometry;

c. evaluation of the potential to stimulate migration and proliferation of fibroblasts by
bioimaging using a phase contrast microscope.

The comparison and description, based on global literature, of knowledge about the

application of chromatographical techniques in the analysis of luteolin and its derivatives

(publication 111).

A review of studies describing luteolin and its derivatives as potential therapeutics in skin

cancers, including related pathways and therapy (publication 1V).



Chapter 4. The achievement of scientific objectives, concise summary of research
materials and methods, research results, summary and discussion with
reference to publications comprising the doctoral dissertation and
identification of prospects for further research in the subject

The experimental methods applied during the research did not require the approval of the
Bioethics Committee.

4.1. Plant material

The aerial parts of J. montana were collected from their natural environment in the Puszcza
Knyszynska area (N53°15720.9”; E23°25°41.5") near the Suprasl region (Podlasie Province,
Poland) in the period of June—-August 2017 and 2018. The plant material was air-dried in ventilated
premises with limited light conditions (publication | and Supplementary material to publication
I1). The species’ identity was confirmed according to the scientific botanical literature and its
morphological depiction [13]. A herbarium specimen with selected plant elements of J. montana
(JM-15029) was deposited at the Department of Pharmacognosy at the Medical University of
Biatystok.

4.2.  Preparation of extracts and fractions

To prepare the H,O (JM1), 50% MeOH (IJM2), and MeOH (JM3) extracts for further
studies, the raw plant material (5 g per sample) was pulverized and subsequently extracted with 65
mL of the above-mentioned solvents by using a heating mantle and radiator (5 x 45 min). The
extracts after filtration were dried to evaporation of the extraction solvents under reduced pressure
at a controlled temperature of 40+2 °C. The residues of extracts were lyophilized using a freeze-
drier after suspension in water. As a consequence, the extracts were obtained in the following
amounts: JM1 — 1293 mg; JM2 — 1238 mg; and JM3 — 858 mg. Furthermore, the plant material
(130 g) was purified in a Soxhlet extractor with the following extraction solvents: extraction petrol
(1.5 L x 8 h), and CHClIs (1.5 L x 8 h) according to the continuous extraction method, and finally
extracted with MeOH (20 x 3 L) and 50% (v/v) MeOH (3 L) for 45 min each time. The MeOH
extracts were aggregated, denuded of the extraction solvent, and their ballasts were eliminated
through precipitation with water. The obtained water extract formed the basis of further exhaustive
fractionations through liquid—liquid extraction with different solvents of increasing polarity: CHCI3
(35 x 200 mL), Et,0 (JM4: 50 x 200 mL), EtOAc (JM5: 98 x 200 mL) and n-BuOH (JM6: 45 x
200 mL). All fractions were lyophilized using a freeze-drier after evaporation to dryness. The
following amounts of the fractions were obtained: JM4 — 8.5 g; JM5 — 29 g and JM6 — 38.5 g, and
were used for further experiments. The CHCIs fraction obtained in one of the stages of the raw
material purification process was not used for further analyzes (publication | and I1).

4.3, Realization of scientific aims

4.3.1. Analysis of the phytochemical profiles of J. montana extracts and fractions by means
of LC-ESI-MS

The first step in evaluating the general characteristics of the prepared extracts (JM1-JM3)
and fractions (JM4-JM6) was the evaluation of the phytochemical analysis by means of the liquid
chromatography—photodiode array detection—electrospray ionization—-mass spectrometry (LC-
PDA-ESI-MS/TOF) method. LC-ESI-MS analysis was performed (Kinetex XB-C18 reversed-
phase chromatography column, 150 x 2.1 mm, 1.7 um (Phenomenex, USA);
UPW:MeCN:HCOOH). The compounds were analyzed in an MS detector in both positive and
negative ionization modes. The data obtained by chromatographic separation allowed for the
preliminary identification of 25 polyphenolic compounds, indicating at the same time the rich
qualitative composition of the tested plant material (Table 1) (Figures S1-S2 in Supplementary
material to publication I). As expected, the high content of free aglycones [peaks 22—25], with the
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dominant peak belonging to 22 (luteolin), was correlated with the extraction of the raw material
with MeOH (IM3), while JM1 and JM2 were rich in glycosides. It was observed that the 50%
MeOH extractant (JM2) was more effective than H,O (JM1). The dominant component in most of
the extracts tested was 22, while the second most represented compound was 12 (luteolin 7-O-
glucoside). Its presence was also detected in glycoside-rich extracts JM1, JM2, JM4, and JM5.
The composition of studied fractions (JM4-JM6) was symptomatic of the selectivity of the
extraction process for specific groups of compounds. The analysis documented that in the JM4
fraction, aglycones were predominate — mainly 22 and 23 (apigenin). In addition, 12, as well as p-
coumaric acid and its derivatives [peaks 3, 10] with a characteristic absorption maximum of 310
nm in the ultraviolet-visible (UV-VIS) spectrum, were also present. Moreover, JM5 contained di-
and triglycosides [peaks 9, 14, 15] with specific loss of fragments [M—162+H]"", [M—146+H]",
and [M-132+H]*", which correspond to O-hexose, O-pentose and O-deoxyhexose, respectively.
Furthermore, aglycones substituted with a linear glycoside molecule [peaks 9, 14] as well as
unsubstituted compounds were shown in JM5 [peak 15]. JM6 contained a multicomponent
mixture of flavonoid glycosides and was devoid of free aglycones (publication 1).

Table 1. Qualitative analysis of extracts/fractions (JM1-JM6) from Jasione montana performed by means
of the liquid chromatography—mass spectrometry (LC—MS) method.
Peak (anitn) ma‘j(i\r’];;”(ﬁm) [M=H]ions (m/z)  [M=H]* ions (m/2) Identified compounds
1 4.60 260 191, 217, 235 86, 136, 276 unknown
2 14.53 260,294 109, 153, 277 93, 137, 213, 248 unknown
3 19.29 256, 310sh 93, 183 94, 302 p-coumaroyl acid derivatives
4 20.79 268, 330 565, 771 302, 538, 773 unknown
5 21.61 272, 330 593 415, 432, 595 flavonoid derivatives
6 22.53 268, 336 609 287, 449, 611 luteolin O-hex-hex
7 23.40 268, 338 563, 741 287, 449, 565, 743 luteolin O-hex-pent-hex
8 24.41 268, 340 609 287, 449, 611 luteolin O-hex-hex
9 25.59 268, 348 285, 579 287, 449, 581 luteolin 7-O-sambubioside (s)
10 25.87 310 119, 162 91,119, 147, 165 p-coumaric acid (s)
11 26.11 268, 338 593 271, 433, 595 apigenin O-hex-hex
12 26.84 258, 266, 348 447, 895 287, 449 luteolin 7-O-glucoside (s)
13 26.99 268, 326 593 287, 449, 595 luteolin O-hex-deoxyhex
14 27.46 250, 268, 336 285, 447, 609, 755 287, 449, 611, 757 luteolin O-hex-hex-deoxyhex
15 27.85 268, 330 269, 563 271, 418, 565 apigenin O-deoxyhex-O-deoxyhex
16 28.76 268, 335 285, 447, 579, 769 287, 449, 581, 771 luteolin O-hex-pent-feruloyl
17 29.27 268, 330 285, 431 286, 433 flavonoid derivatives
18 29.45 268, 336 285, 447 287, 449 luteolin O-hex
19 30.17 268, 284 431 301, 419, 571 flavonoid derivatives
20 30.53 268, 300sh, 340 285, 447 287, 449 luteolin O-hex
21 32.36 270, 324 299, 461 331, 463 tricin O-pent
22 34.38 256, 266, 348 285 287 luteolin (s)
23 36.23 268, 295sh, 340 269 271 apigenin (s)
24 36.35 270, 300sh, 349 329 331 tricin (s)
25 36.54 268, 300sh, 344 299 301 chrysoeriol (s)

sh—peak shoulder; bold—most abundantion; s—reference substance; hex—hexose, pent—pentose, deoxyhex—
deoxyhexose.

4.3.2. lsolation and identification of main flavonoids 9, 12 and 22

Based on preliminary LC-ESI-MS phytochemical profiling, the presence of separable
compounds belonging to the polyphenol group was detected in fractions JIM4-JM®6. Hence, the
fractions were subjected to multistep and labor-intensive separation processes by means of low-
pressure liquid chromatography (LPLC) using different stationary phases, polyamide and Sephadex
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LH-20. The isolation procedures were inspected by means of the thin-layer chromatography (TLC)
(TLC Cellulose, n-BuOH:CH3;COOH:H-0, 4:1:5 (v/viv); 1% Naturstoff reagent A) technique under
UV light. As a result of chromatographic separation processes, three known substances: 9 (250
mg), 12 (1640 mg) and 22 (139 mg) were obtained. The full structural characterization of the
isolated, chromatographically homogeneous substances was established through further spectral
analyses (publication I).

The structures of the isolated compounds (9, 12, 22) were determined on the basis of
chromatographic analysis and Rs values of acid hydrolysis products and analysis of recorded
spectra of spectroscopic methods such as UV spectroscopy and nuclear magnetic resonance (*H
NMR, BC NMR). The final characterization was confirmed by mass spectrometry (MS), including
analysis of ion decay products (ESI) (publication I). The spectral data of the isolated compounds
(9, 12 and 22) were verified by comparison with those previously described in the literature. The
isolated compounds were identified as luteolin 7-O-$-D-xylosyl-(1-2)--D-glucoside (luteolin 7-O-
sambubioside, 9), luteolin 7-O-p-D-glucoside (cynaroside, 12) and 5,7,3',4'-tetrahydroxyflavone
(luteolin, 22) [14-16] (Figure 2) (Figures S3-S8 in Supplementary material to publication ).

OH O
Compd ‘ R
22 OH
12 O-glu
9 O—-glu—0O-[2’—xyl]

Figure 2. Chemical structure of isolated compounds 9, 12 and 22.
4.3.3.  Quantitative analysis of J. montana extracts and fractions by means of HPLC-PDA

Further studies focused also on the quantification of isolated secondary metabolites and the
sum of their derivatives in extracts (JM1-JM3) and fractions (JM4-JM®6) using high-performance
liquid chromatography with a photodiode array detector (HPLC-PDA method). For this purpose, a
new method was developed and validated. The parameters of the method for the two dominant
compounds 12 and 22 (Amax = 348 nm) are presented in Table 2 (Table S1 in Supplementary
material to publication I1). The compounds were quantified by using calibration curves of the two
reference substances.

Table 2. Regression data, the limit of detection (LOD) and limit of quantification (LOQ), accuracy and
precision obtained during HPLC—-PDA method validation.

Parameter luteolin 7-O-glucoside (12) luteolin (22)
Linear range [ug/mL] 25-1000 5-500
R? (N=6) 0.9999 0.9999
Regression equation y = 22851x+106.69 y = 36173x-34.602
LOD [pg/mL] 19.4 46
LOQ [pg/mL] 59 14
Accuracy [%] 101.09+3.23 101.234£2.93
Intra-day precision (%CV) (N=6) 0.58 0.93
Inter-day precision (%CV) (N=9) 0.88 1.26

athe value for y corresponds to the peak area and x to the concentration, respectively.
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Table 3 shows the contents of the main phytoconstituents, compounds 9, 12, and 22, as
well as their derivatives. Each examined extract exhibits variations in quantitative content relative
to the major compounds. Based on the results obtained, it can be determined that extracts JM1-
JM6 have a relatively limited phytochemical composition. Consequently, the determined dominant
substances are present in substantial amounts. This formed the basis for their multistage isolation
process. The predominant compounds found in JM4 are 22 (72.13+3.86 mg/g dry fraction) and 12
(40.21+£0.85 mg/g dry fraction), whereas JM5 contains a substantial quantity of 12 (383.16+1.36
mg/g dry fraction) and other flavonoid derivatives (publication I1).

Table 3. Quantification of major compounds in J. montana extracts (JM1-JM3) and fractions (JM4—-JM®6)
by means of HPLC-PDA expressed as mg/g dry extract/fraction.

Compounds JM1 JM2 JM3 JM4 JM5 JM6
9# 10.30+0.03 6.57+0.03 BLQ ND BLQ 6.77+0.08
12 52.02+0.17 31.21+0.07 11.10+0.08 40.21+0.85 383.16+1.36 ND
22 5.78+0.11 7.82+0.02 8.18+0.09 72.13+3.86 ND ND
luteolin

derivatives b 83.66+0.28 53.81+0.14 23.11+0.02 53.51+1 474.87+1.86 20.76+0.13

9—Iluteolin 7-O-sambubioside; 12—Iluteolin 7-O-g-p-glucoside; 22—Iuteolin; ® excluding luteolin; # expressed as
equivalent of luteolin 7-O-glucoside with standard deviation; BLQ—below the limit of qualification; ND—not detected.

4.3.4. In vitro evaluation of the anticancer activity of J. montana extracts/fractions and
their main compounds against human amelanotic melanoma C32 cell line

According to a number of available studies, plant materials represent an important source of
anticancer molecules due to their ability to inhibit tumor growth by means of cell cycle arrest
and/or apoptosis induction [17]. However, research into the metabolic pathways of plant matrices
and naturally derived compounds is deficient, therefore in vitro studies do not always correlate with
the effect observed after internal administration. Therefore, it seemed appropriate to consider
studies towards potential topical administration of the raw material and natural compounds. Based
on the available literature and previous studies involving in vitro and in vivo models, luteolin and
its derivatives have been suggested to have anticancer effects, including anti-melanoma properties
(publication 1V).

Taking these aspects into consideration, the anticancer activity of the J. montana extracts
(JM1-JM3), their fractions (JM4-JM6) and isolated compounds (9, 12, 22) against a human
amelanotic melanoma cell line C32 (CRL-1585) were investigated. The study was based on cell
cycle arrest and apoptosis induction. Preliminary profiling of the cytotoxic potential of JIM1-JM6
and 9, 12, 22 was performed using a fixed viability staining assay via a flow cytometer (Table 4).
The viability of the C32 cell was inhibited in a dose-dependent manner under the influence of the
tested extracts and compounds (Figures S9-S12 in Supplementary material in publication I).
The highest cytotoxic potential was observed for 22 (ICso = 95.1+7.2 pg/mL) and JM4 (ICso =
119.74£3.2 ug/mL), but was slightly lower for IM6 (ICso = 215.1+21.2 png/mL). Notably, based on
the content of compound 22 in JM4, it can be concluded that this compound is predominantly
responsible for the observed effects of the JM4 fraction on C32 cells (publications | and I1). The
observed activities of the JIM4 fraction and compounds 22 were comparable to vinblastine sulfate
(VLB), which was used as a positive control (ICso = 148.5+7.7 pg/mL). While both 22 and JM4
displayed notable degrees of cytotoxic activity in C32 cells in this study, their cytotoxic potential
against a normal human dermal fibroblast cell line was much lower (Figure S13 in
Supplementary material in publication I). On the other hand, other evaluated samples (JM1-
JM3, IM5-JM6, compounds 9, and 12) showed no effect on the C32 cell survival rate (1Cso > 300
ug/mL). Moreover, C32 cells treated with 22, JM4, and VLB were visualized using phase-contrast
microscopy to assess the morphological profile (Figure 3). Dose-dependent degradation of the cell
membrane and a decrease in cell adhesion was observed. Additionally, it can be speculated that cell
proliferation was inhibited or apoptosis induced, based on the observed reduction in cell numbers
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in the treatment groups. Based on the results of the preliminary assessment of cytotoxic potential
against cancer cells, samples with the highest toxic activity (JM4, 22) were submitted for further
elucidation of the mechanism of cell damage and the possible induction of apoptosis, as well as the
ability to halt the cell cycle.

Table 4. Cytotoxic activity of IM1-JM6 extracts and isolated compounds 9, 12, 22 against C32 human
amelanotic melanoma cells. Mean values + SD from three independent experiments conducted in
duplicate are presented. (ICso value in pg/mL).

Sample 1Cs0 [pg/mL]
M1 > 300
IM2 > 300
JM3 > 300
JM4 119.7£3.2
JM5 > 300
JM6 215.1£21.2

9 > 300

12 > 300

22 95.1£7.2
VLB 148.5+7.7

VLB—vinblastine sulfate (positive control).

Figure 3. Morphological profile of C32 melanoma cells treated with JM4 at concentrations of 25 pg/mL (A),
50 ug/mL (B) and 100 ug/mL (C), 22 at a concentration of 25 ug/mL (D), and vinblastine sulfate
(VLB) at a concentration of 25 pg/mL (E), compared with an untreated control (F) evaluated by
means of phase contrast microscopy (magnification x 200).

The fluorescent staining of conjugated annexin V with fluorescein isothiocyanate and
propidium iodide (PI) was performed by means of a flow cytometer technique to establish the
mode of programmed cell death induced by JM4 and 22. During apoptosis, annexin V has a close
kinship with phosphatidylserine (PS) on the cell membrane, anticipatory of its externalization.
Meanwhile, Pl marks the integrity of the cell membrane and, consequently, the percentage of
necrotic cells. Hence, this method allows for differentiation between viable cells, those undergoing
early or late apoptosis, and necrotic cells [18]. Results demonstrated that JM4 and 22 relevantly
induced programmed death of C32 cells (Figure 4). The most significant proapoptotic effect was
observed in the case of 100 pg/mL JM4 (44.2+1.0% viable cells and 51.5+1.7% apoptotic cells).
Nevertheless, due to the fact that the percentage of necrotic cells increased in direct proportion to
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the increase in JM4 concentration (4.3+2.6% necrotic cells under the influence of 100 ug/mL), a
dose-dependent toxic effect could be attributed. VLB and 22 displayed comparable proapoptotic
potential (29.2+3.0%, and 27.4+£1.0% apoptotic cells, respectively); however, VLB was
characterized by twofold higher necrotic potential.

Under cytometric examination of the effect on the induction of the autophagy process, it was
observed that the highest dose-dependent activity was demonstrated after 24 hours of incubation
with JIM4 (100 ug/mL) (60.2+1.6% non-autophagic cells and 38.6+1.6% autophagic cells) (Figure
5). Admittedly, the potential of VLB at a concentration of 25 pg/mL was twofold higher
(22.4+0.6% non-autophagic cells and 76.7+0.5% autophagic cells). At the same time, it was
observed that the effect after treatment with JM4 was not compatible with its major component,
22. Autophagy prevents the deposition of damaged cellular organelles through the regulation of
intracellular homeostasis, and its levels are compatible with cellular stress leading to apoptosis of
cancer cells [19]. Hence, the observed percentage of autophagic cells after treatment with IM4 may
suggest the induction of cellular stress and programmed cell death.
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Figure 4. The percentage of C32 melanoma cells in the viable stage, early and late apoptosis, and necrotic
stage, after treatment with JIM4 (25, 50, 100 pg/mL), 22 (25 pg/mL) and vinblastine sulfate (VLB)
(25 pg/mL). Mean percentages from three independent experiments (n = 3) conducted in duplicate
are presented. * p < 0.05 versus control group, ** p < 0.01 versus control group, *** p < 0.001
versus control group.
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Figure 5. The percentage of non-autophagic and autophagic C32 melanoma cell population after incubation
with IM4 (25, 50, 100 pg/mL), 22 (25 pg/mL) and vinblastine sulfate (VLB) (25 pg/mL). Mean
percentage values from three independent experiments (n = 3) conducted in duplicate are
presented. * p < 0.05 versus control group, *** p < 0.001 versus control group.

Cell cycle arrest and apoptosis induction play an important role in the mechanism of activity
and design of anticancer agents. Mitochondria and caspases activity, inter alia, are closely linked
with programmed cell death. Cytometric analysis of the changes in C32 cell cycle progression
caused by JM4 and 22 are presented in Figure 6. It was observed that JIM4 at 100 pg/mL and 22 at
25 pg/mL led to an accumulation of cells in the G2/M phase (30.1+£1.8% vs. 6.1+£0.6% control,
14.6+1.5 % vs. 6.1+0.6 % control, respectively). Thereby, the potential of 25 pg/mL of VLB was
only moderate compared to JM4 and 22. Moreover, the percentage of C32 cells in the G1 phase
decreased after incubation with JIM4 (100 pg/mL) and 22 (25 pg/mL) (14.7+ 2.4% vs. 73.0+0.9%
control, 35.3+£3.0% vs. 73.0+0.9% control, respectively). The demonstrated disruptions of the cell
cycle were associated with inhibition of cell proliferation.
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Figure 6. Percentage of accumulation C32 melanoma cells in the different cell cycle phases after 24 h of
incubation with JM4 (25, 50, 100 ug/mL), 22 (25 pg/mL) and vinblastine sulfate (VLB) (25
pg/mL). Mean percentage from three independent experiments (n = 3) done in duplicate are
presented. * p < 0.05 versus control group, ** p < 0.01 versus control group, *** p < 0.001 versus
control group.
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Dysfunction of mitochondrial membrane integrity may affect the mitochondrial pathway in
the apoptotic cell death process. The cytometric evaluation performed showed a significant
decrease in dose-dependent mitochondrial membrane potential (MMP) under the influence of JIM4
and compound 22, thus confirming the triggering of apoptosis (Figure 7). Notably, the reduction in
MMP in the case of 22 at a concentration of 25 pg/mL (31.8+0.7%) was similar to that caused by
VLB, and in the case of JM4 at a concentration of 100 pg/mL (74.5+3.0%), it was twice as high as
that recorded in the case of VLB (34.1+£3.0%). Furthermore, in the untreated control group, reduced
MMP was present in only 5.2+0.1% of cells. The obtained results are in accordance with the results
from the annexin V binding assay. The correlation between reduced MMP and early stages of
apoptosis is also linked to the appearance of cytochrome C and other proteins in the cytosol. These
proteins play a crucial role in the activation of the intrinsic (mitochondrial) apoptotic pathway,
closely related to caspase-9 and, therefore, caspase-3. Moreover, activation of apical caspases
(caspase-8 and caspase-10) leads to initiation of the external apoptotic pathway as well as
activation of the effector caspase, caspase-3, directly responsible for DNA damage-induced
apoptosis [20,21]. Analysis of the changes in caspase expression presented in Table 5 showed a
significant increase in the levels of all investigated caspases compared to the untreated control
group under the influence of JM4 and 22. JM4 (100 ug/mL) proved to be a potent inducer of
apoptosis, exerting a significant effect on caspase-8, caspase-9 and caspase-10 activations
(41.8+0.5%, 40.9+2.4%, and 43.7+1.1%, respectively), which was almost twice as effective as after
VLB treatment. Additionally, the main component of JM4, 22 (25 pg/mL) showed a slightly
weaker but equally adequate effect on caspase-8, caspase-9 and caspase-10 activation (20.2+1.5 %,
16.6+0.8%, and 15.4+0.7%, respectively). The obtained results were consistent with the previous
hypothesis of an intrinsic mitochondrial apoptotic pathway established by the results from the
changes in MMP potential. Moreover, JM4 (100 ug/mL) and 22 (25 pg/mL) affect the activity of
the effector caspase, caspase-3 (74.9+4.0%, and 22.1+1.9%, respectively). Therefore, it can be
assumed that they induce external and intrinsic pathways of apoptosis and DNA degradation
(publication 1I).
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Figure 7. The percentage of C32 melanoma cells with normal and decreased mitochondrial membrane
potential (MMP) after 24 h incubation with JM4 (25, 50, 100 pg/mL), 22 (25 pg/mL) and
vinblastine sulfate (VLB) (25 upg/mL). Mean percentage values from three independent
experiments (n = 3) conducted in duplicate are presented. *** p < 0.001 versus control group.
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Table 5. The percentage of C32 melanoma cells with active caspase-3 after 24 h incubation with JIM4 (25,
50, 100 pg/mL), 22 (25 pg/mL) and vinblastine sulfate (VLB) (25 pg/mL).

Cells with active caspases [%6]

Samples

caspase-3 caspase-8 caspase-9 caspase-10

control 4.2+1.3 4.4+0.7 4.0+£0.7 3.9+0.5

VLB 23.443.5 28.8+1.1 28.7+0.2 30.8+0.7

22 22.1+1.9 20.2+1.5 16.6+0.8 15.4+0.7

JIM4 - 25 pg/mL 8.5£1.6 8.240.7 6.4+0.4 7.240.4

JM4 — 50 pg/mL 21.2+1.7 17.4+0.3 16.7+0.5 18.7+0.9

JM4 — 100 pg/mL 74.9+4.0 41.8+0.5 40.9+2.4 43.7+1.1

4.3.5. Estimation of the effects of J. montana extracts/fractions and their major secondary
metabolites on wound healing processes

The wound healing process constitutes a series of dynamic, smoothly overlapping phases
strictly related to the modulation of the release of various growth factors, extracellular matrix
(ECM) signaling proteins, and cytokines; collagen depositing; and the control of oxidative stress,
consequently resulting in restoration of anatomic continuity and tissue function [22,23]. Certain
medicinal plants and their phytoconstituents may present an attractive therapeutic approach in the
process of accelerating the restoration of the physical barrier of the skin [24]. Hence, the
experiments conducted within the framework of this dissertation are intended to determine the
effect of J. montana extracts (JM1-JM3), their fractions (JM4-JM®6) and isolated compounds (9,
12, 22) on the wound healing process. The research presented herein focused mainly on
investigating antioxidant potential, enzymatic inhibition against elastase, as well as the ability to
accelerate the viability, migration and function of human dermal fibroblasts (PCS-201-012).

The antioxidant properties of J. montana extracts and their main components were
established based on diverse mechanisms of action, including the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging and ferric reducing antioxidant potential (FRAP)
spectrophotometric assays. The radical scavenging activity by DPPH, expressed as 1Cso values,
ranged from 848.47+4.4 pg/mL to 72.69+£2.3 png/mL for all extracts, and 10.65+0.7 pg/mL to
20.34+0.8 pg/mL for all compounds (Table 6). All of the tested compounds (9, 12, and 22) were
comparably effective antiradical agents, while fractions JIM4 and JM5, with the highest content of
these compounds (Table 3), showed the highest activity among the tested extracts/fractions. The
obtained results were simultaneously comparable or stronger than the positive control, Trolox (ICso
= 58.6+0.1 ug/mL). Similar findings were revealed in the reduction of metal ions in FRAP method
(Table 6). The best reducing abilities were found in JM5 (51.55+1.65 mM Fe?*/mL), followed by
JM4 (43.87+1.32 mM Fe?*/mL), while the lowest activity was observed in JM6 in both the FRAP
(10.63+0.92 mM Fe?*/mL) and DPPH assays (ICso = 848.47+4.4 pg/mL).

Elastin fibers, which are a component of the ECM, play an essential structural role and also
benefit wound healing processes. Overproduction of one of the matrix metalloproteinases, elastase,
leads to degradation of this protein and finally inhibition of skin re-epithelialization [25].
Performed spectrophotometric determinations of the inhibitory potential against elastase activity
for crude extracts from J. montana and isolated compounds, carried out under the present doctoral
research, showed that among all tested samples only a few exhibited moderate anti-elastase effects.
The most active samples tested are classified from the strongest to the weakest elastase inhibitors
as follows: 22>JM4>JM5, with values of 1Csp = 39.93£1.06 pg/mL, 359.03£1.65 pg/mL, and
385.03+1.87 pg/mL, respectively. On the other hand, JIM1-JM3, JM6, 9 and 12 showed no
significant inhibitory activity (Table 7).
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Table 6. Antiradical activity against DPPH radical (ICso, pg/mL) and FRAP values (mM Fe?* per mL) of
JM1-JMB6 extracts and components (9, 12, and 22).

Sample DPPH, ICso (ng/mL)? FRAP (mM Fe?*eq/mL)P

JM1 457.15+5.2 34.33+0.99
JM2 276.60+3.8 46.53+0.87
JM3 261.18+4.2 41.31+0.99
JM4 72.69+£2.3 43.87+1.32
JM5 42.69+1.7 51.55+1.65
JM6 848.47+4 .4 10.63+0.92

9 20.34+0.8 60.59+0.46

12 16.59+0.7 51.88+0.53

22 10.65+0.7 51.81+0.78

2 All data are represented as mean 1Cso values; ? ability to reduce the Fe®* complex to ferrous Fe?*.

Table 7. Elastase inhibitory activity of JM1-JM6 extracts; compounds 9, 12, and 22, and quercetin
expressed as I1Csp (ng/mL).

Sample I1Cs0 (ug/mL)
JM1 > 600
JM2 > 600
JM3 > 600
JM4 359.03+1.65
JM5 385.03+1.87
JM6 > 600

9 > 200
12 > 200
22 39.93+1.06
PC 22.36+0.86

PC—positive control (quercetin).

Fibroblasts, one of the predominant cells in the wound closure process, may constitute a
principal target in the commercial design of therapeutic preparations. To pre-determine the effects
of the tested extracts and compounds on human dermal fibroblasts viability, a fixed viability
staining assay was performed via a flow cytometer. As shown in Figure 8, the percentages of cell
viability ranged from 94.9% to 104.6% compared to the control group. Most of the tested extracts
and compounds at all tested concentrations (10-300 pg/mL) showed no noticeable toxicity.
Nevertheless, JM4 and 22 showed moderate dose-dependent cytotoxic potential. However, it was
noted that there was no effect on cell viability in the presence of JM4 at a concentration of 10-100
ug/mL and 22 (Figure S13 in Supplementary material in publication ).
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Figure 8. The percentage of viable HDF cells after 24 h of incubation with JIM1-JM®6 extracts and their
main components (9, 12, 22) (10-300 pg/mL) compared to the untreated control. Mean percentage
from three independent experiments (n = 3) performed in duplicate. * p < 0.05 versus the control
group, ** p < 0.01 versus the control group, *** p < 0.001 versus the control group, **** p <
0.0001 versus the control group.

The proliferation and migration of fibroblasts toward a temporary irruption plays a critical
step during the re-epithelialization mechanism of restoring skin integrity [23]. The potency of
either of these mechanisms has been examined by means of the in vitro scratch test, the preferred
wound healing model applied in order to mimic cell migration during wound closure in vivo [26].
Considering the above-mentioned aspects, it has been demonstrated that J. montana extracts and
their main metabolites can promote granulation tissue formation and, consequently, wound healing
by inducing migration of fibroblasts as visualized using phase-contrast microscopy.
Simultaneously, the tested samples showed no toxicity against the tested skin cells (Figure 9).
Furthermore, among the tested samples, 9 and JM1 (50 ug/mL) most firmly induced fibroblast
growth and migration, and their influence was comparable to the healing-promoting potential of the
positive control, allantoin (50 pg/mL). A slightly weaker effect was observed for the JM5 fraction
and its main compound, 12, which likely determines the former’s effects (Table 3). In contrast, a
distinct trend was observed for 22 and JM4, which were capable of stimulating cells only at a low
concentration (10 pg/mL). Above this concentration, a reduction in cell adhesion and loss of
intercellular connections was observed. This observation coincides with the moderate cytotoxicity
of these samples (Figure 8).
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Figure 9. A representative image of the in vitro scratch migration assay in fibroblast cells immediately after
wounding (t0), untreated (control) or treated with allantoin (50 pg/mL), extracts JM1-JM6 (50

pg/mL), or compounds 9, 12 (25 pg/mL) or 22 (10 pug/mL) after 24 h incubation, evaluated by
means of phase contrast microscopy (magnification x 100) (scale bar 250 um).

Collagen is the major ECM protein produced by fibroblasts is as a significant protagonist of
their survival, proliferation and function. Thus, from a clinical perspective, the deposition of
collagen within the wound may constitute an exceedingly relevant aspect of healing and potentially
contributes to the strengthening of the matrix [25]. The effect of J. montana extracts and isolated
compounds on collagen type | content was evaluated in an in vitro model of human skin fibroblasts
by means of a flow cytometry technique; however, the observed activity was restrained (Figure 10)
(Figure S1 in Supplementary material in publication Il). The highest increase in median
fluorescence intensity (MFI) characterizing soluble collagen content in fibroblasts was observed for
the highest tested concentrations (300 pg/mL) of 9 (MFI: 1763458 vs. 1507+9.2 control) and 12
(MFI: 1717+10.6 vs. 1507+9.2 control); however, as already mentioned, they did not demonstrate
an ability to reduce cell viability (Figure 8). Furthermore, the JM3 extract slightly increased the
soluble collagen content at a concentration of 25 pg/mL (MFI: 2417+45.2 vs. 2244+7.1 control).
However, this was not a dose-dependent effect; therefore, it is difficult to determine which
dominant component (12, 9) of this extract was responsible for its activity, or whether it was an
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effect related to reciprocal inhibition with the other components (Table 3). Upon comparing the
results obtained for the reference sample, allantoin at a concentration of 50 pg/mL, it became
apparent that the majority of the investigated samples had more significant activity than allantoin
(MFT: 149442.8 vs. 1822+62.2 control).
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Figure 10. Effect of J. montana extracts (JM1-JM6) and their main compounds (9, 12, and 22) (10-300
pg/mL) and allantoin (50 pg/mL) on collagen type | content in fibroblast cells. Data are expressed
as the percentage of the median fluorescence intensity compared with the control. Data are
presented as the median fluorescence intensity (MFI) from three independent experiments (n = 3)
performed in duplicate. * p < 0.05 versus the control group, ** p < 0.01 versus the control group,
*** n < 0.001 versus the control group, **** p < 0.0001 versus the control group.

Inflammation is part of the normal wound healing process; however, in the absence of
effective decontamination, this condition can be prolonged with elevated levels of proinflammatory
cytokines, such as tumor necrosis factor-a (TNF-a) and its dependent interleukins (ILs) IL-6 and
IL-8, as well as IL-1B. This impedes the healing process by limiting proliferation, skin cell
differentiation and collagen deposition at the wound site while synergistically increasing matrix
metalloproteinase production [27]. Therefore, the levels of several inflammatory cytokines were
evaluated in response to J. montana extracts and isolated compounds to assess the immune status of
human fibroblast cells. All tested samples showed a complex effect on cytokine secretion that
depended both on the cytokine considered and the concentration of the samples tested. The study
showed that the tested extracts and compounds exhibited differential activity in modulating the
expression levels of IL-1B and IL-8 (Figure 11 and 13). Among the tested samples, the greatest
ability to reduce the secretion of the labelled pro-inflammatory cytokine IL-1p was observed in the
case of the JM4 at a concentration of 50 pg/mL (0.5+0.4 pg/mL vs. 13.4+5.6 pg/mL control) and
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its main component 22 at a concertation of 100 pug/mL (1.7+1.1 pg/mL vs. 13.4£5.6 pg/mL
control). Furthermore, the ability to reduce IL-1p secretion was observed after treatment with JM2,
JM5 and JMB6, but only at their higher concentrations (100-300 pg/mL). In contrast, the reference
sample, allantoin, had a significant effect on stimulating pro-inflammatory IL-1B levels (Figure
11). In the case of the proinflammatory IL-8, treatment with JM2, JIM4, JM5 and 22 resulted in a
pronounced decrease in IL-8 expression. The most significant pro-inflammatory inhibitors proved
to be JM4 and 22 (300 pg/mL) undercutting cytokine expression at 154.0+102.8 pg/mL vs.
8396.842771.1 pg/mL control and 60.8+8 pg/mL vs. 8396.842771.1 pg/mL, respectively.
Compared to the results obtained for allantoin (Figure 13) it can be observed that the decrease in
IL-8 expression was weaker than for the most active samples tested. The highest increase in the
expression level of IL-6, with both pro- and anti-inflammatory properties, appeared for extracts
JM1 (100 pg/mL), IM2 (100 pg/mL), and IM3 (100 pg/mL), fractions IM5 (10 pg/mL), and IM6
(50 pg/mL), as well as compounds 9 and 12 (100 pg/mL), while IM4 and 22 induced a decrease in
IL-6 below that of the untreated control in a dose-dependent manner (Figure 12). The observed up-
regulation of IL-6 is comparable to the results obtained for the positive control. Considering the
correlation between quantitative analysis (Table 3) and documented anti-inflammatory activity, it
can be concluded that a high content of 22 also relevantly determines JM4 activity, as well as, to a
lesser extent, the activity of the other extracts/fractions (publication I1).
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Figure 11. Effects of the J. montana extracts JM1-JM®6 and their main components (9, 12, and 22) (10-300
pg/mL) and allantoin (50 pg/mL) on IL-1B production inhibition. Mean values from three
independent experiments (n = 3) performed in duplicate are presented. * p < 0.05 versus the
control group, ** p < 0.01 versus the control group, *** p < 0.001 versus the control group, **** p
< 0.0001 versus the control group. BSR, below the standard range (values lower than the detection
limit).
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Figure 12. Effects of the J. montana extracts JIM1-JM®6 and their main compounds (9, 12, and 22) (10-300
pug/mL) and allantoin (50 pg/mL) on the release of IL-6. Mean values from three independent
experiments (n = 3) performed in duplicate are presented. * p < 0.05 versus the control group, ** p
< 0.01 versus the control group, *** p < 0.001 versus the control group, **** p < 0.0001 versus
the control group.

23



8 JM1 8 JM2 JM3
87 87 ]
- ~ o
o o (=
Q (=] * o-
& I = g
™ (3]
8 8 ]
o= o= o
& & 8.
o o =
(=] o
S -
= = FEk b
o= o o
0 10 25 50 100200300 0 10 25 50 100200300 0 10 25 50 100200300
8 JM4 8 JM5 JM6
37 a7 g
- o L g_
—_ o o
= S o4 o
E| ¢ S 4
[=] (3]
& o
o| 8] 84 S *
d| B - & 5]
o o- o
0 10 25 50 100200300 0 10 25 50 100200300 0 10 25 50 100200300
8 Comp 9 I Comp 12 8 Compd 22 & Allantoin
<y &1 S =B
& © - - i
3 .
7 g g §
- . =n 37 37
[=] =~ = 2
o
ST -
- (o] Q (=]
(=3 (=] (=
(=) o Q Q
=3 I3 ik n . n
o
wn
o- o- o
0 10 25 50 100200300 0 10 25 50 100200300 0 10 25 50 100200300 0 50

Concentration pg/mL

Figure 13. Effects of the J. montana extracts JM1-JM6 and their main flavonoids (9, 12, and 22) (10-300
pg/mL) and allantoin (50 pg/mL) on IL-8 production inhibition. Mean values from three
independent experiments (n = 3) performed in duplicate are presented. * p < 0.05 versus the
control group, ** p < 0.01 versus the control group, *** p < 0.001 versus the control group, **** p
< 0.0001 versus the control group.

4.3.6.  Statistical analysis

All numerical data are expressed as the mean + standard deviation (SD) from at least three
independent repeats. The GraphPad Prisma 8 software (GraphPad Software, San Diego, CA, USA)
was used for statistical analysis. Statistical differences were assessed using one-way ANOVA
followed by Dunnett's multiple comparisons test. Statistically significant values were considered
under the condition of p < 0.05. The MS Excel 2019 software with the Data Analysis add-on was
used for statistical analysis and determination of regression parameter calculations in
guantification. The parameters were obtained using ANOVA with a confidence level of 95%.

4.4.  Summary and discussion

Based on a review of the literature, it can be concluded that information describing the
detailed chemical composition of the aboveground parts of J. montana are scarce. Previous reports
indicate the presence of two flavonoid compounds, luteolin and cynaroside, in the aboveground
parts of J. montana [8]. On the other hand, inulin, unspecified flavonoid compounds, alkaloids and
an anthocyanin, derivative of delphinidin, were detected in vegetative organs [2].
Ethnopharmacological reports suggest the use of J. montana as a sedative in Belarusian traditional
folk medicine [7]. Admittedly, the lack of available reports on their potential biological activity
prompted a detailed phytochemical profiling and evaluation of the potential pharmacological
activity of J. montana for the first time for this species.
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In the first stage of the study, phytochemical analysis of secondary metabolites was
performed. Detailed phytochemical profiling with LC-PDA-ESI-MS/TOF enabled the
identification of 25 polyphenolic compounds, mainly flavonoids. The methanol extract (JM3), and
the diethyl ether fraction (JM4) were dominated by free aglycones, predominatly luteolin (22) and
apigenin (23). In most of the extracts tested 22 was determined as the dominant component.
Moreover, p-coumaric acid and its derivatives (3, 10), as well as luteolin 7-O-glucoside (12) were
also detected in JM4. The second most represented compound was 12, and its presence was also
detected in glycoside-rich extracts: water (JM1) and 50% methanol (JM2), as well as in the ethyl
acetate fraction (JM5). JM5 also contained diglycosides and triglycosides (9, 14, 15), and
aglycones substituted with a linear glycoside moiety (9, 14). The n-butanol fraction (JM6)
contained a multicomponent mixture of flavonoid glycosides (publication I).

The next step of the analysis was an attempt to isolate and identify the processes of
compounds belonging to the flavonoid group with potential pharmacological effects. The attempts
undertaken to isolate flavonoid compounds led to three pure, homogeneous compounds. According
to the detailed UV, TLC, NMR, MS analyses and available literature [14-16], the presence of
compounds 12 and 22, identified as luteolin 7-O--D-glucoside (cynaroside) and 5,7,3'4'-
tetrahydroxyflavone (luteolin), respectively, was confirmed in J. montana [8]. Nonetheless,
compound 9, identified by means of the same spectral and spectrometric techniques as luteolin 7-
O-p-D-xylosyl-(1-2)-5-D-glucoside (luteolin 7-O-sambubioside), was for the first time isolated and
described within the aboveground parts of J. montana (publication I).

Chromatography is a powerful tool in the analysis of natural compounds, and its coupling
with other analytical methods expands analytical capabilities while improving the accuracy,
sensitivity and precision of natural compound determinations, especially in multi-ingredient plant
extracts. The conducted review of the literature systematizes and shows that chromatographic
techniques have been successfully applied in the analysis of luteolin derivatives. Combinations of
large-scale chromatographic techniques with serially aligned detection modalities, such as LC—
MS/MS or LC-NMR-MS, have proven particularly useful. The LC method is of predominant
practical importance in this group of compounds. A fundamental element of the analysis in a
chromatographic system that ensures its effectiveness is the correct and optimized selection of
separation conditions. Proper selection of the sorbent stationary phase, its polarity, column
diameter, the type of mobile phase used or type of elution are closely related to the efficiency and
success of separation. In the analysis of luteolin and its derivatives, according to the available
literature, separation is mainly performed using the reversed-phase (RP) system, using a mobile
phase consisting of mixtures of acetonitrile and water or, less frequently, methanol and water, in
both cases modified by the addition of formic acid or trifluoroacetic acid. In addition, the vast
majority of reports document the use of gradient elution (publication I11).

Based on the conducted review of the literature on the chromatographic techniques used in
the determinations of luteolin and its derivatives, the new method of quantification of isolated
compounds in J. montana extracts and fractions by means of the HPLC-PDA technique was
developed and validated. According to the obtained HPLC analyses, luteolin (22) was determined
as the dominant substance in the JM4 fraction as well as the JM1, JM2, and JM3 extracts, while
only the JM5 and JM6 fractions did not contain 22. In addition, 12 was present in most of the
tested samples, and its highest amount was recorded in JM5. 9 was quantified only in JIM1, JM2
and JM6 (publication I1).

Continuing the research on the aboveground parts of J. montana, the biological activity of
extracts and fractions IM1-JM6 as well as isolated and identified compounds 9, 12 and 22 was
assessed. Firstly, by conducting an evaluation of the anticancer potential, it was shown that, among
the tested samples, fraction JM4 and its main component, compound 22, decreased the viability of
C32 melanoma cells by means of cytotoxic action. At the same time, after treatment with JM4 and
22, cell membrane degradation and reduction of melanoma cell population were observed,
suggesting inhibition of their proliferation and induction of apoptotic processes. Further
experiments were conducted to determine the impact of JM4 and 22 on cell cycle and apoptotic
cell death. It was confirmed that JM4 and 22 led to cell death through both activations of the
extrinsic and intrinsic (mitochondrial) apoptotic pathways. This ability, established by the
documented reduction of MMP and the expression of caspase-9, correlated with the intrinsic
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apoptotic pathway. Furthermore, increased caspase-8 and caspase-10 potential are indicative of an
activated external apoptotic pathway. Both cell death pathways consequently lead to modulation of
caspase-3 activity and direct DNA damage, which was also documented after incubation with JIM4
and 22. Moreover, the isolated compound 22 and the JM4 fraction had an effect on the number of
autophagic cells and showed an increase in the accumulation of cells in the S and G2/M phases of
the cell cycle. Cell cycle arrest and induction of apoptosis or autophagy inhibit neoplasm growth
and are considered essential aspects of cancer therapy [28,29]. The anticancer effect of the JIM4
fraction can be partly explained by the significant presence of luteolin (22), confirmed by
gualitative and quantitative analysis (publication I). The high antiproliferative activity of luteolin
can be correlated with its structural features, especially the presence of the C2-C3 double bond and
the oxo group at position C4 of the C ring, and the hydroxyl groups at C5 and C7 of ring A, as well
as the catechol group containing two adjacent phenolic OH groups (3', 4'-di-OH) [30] (publication
V). However, taking into consideration differences between effects on mitochondrial potential,
caspase activation and the apoptosis phase, a synergism of different phytochemical components
such as compound 22 and its derivatives should be deliberated (publication 1).

A review of previous studies, conducted within the framework of the present doctoral
research, confirms the anticancer activity in the context of skin cancer in in vitro and in vivo
models of luteolin and its derivatives. The presented effect is a result not only of the mentioned
induction of apoptosis, cell cycle disruption or inhibition of proliferation, migration and
angiogenesis, but also a multidimensional regulation of epigenetic layers, inhibition of a number of
different pathways and expression of many key genes involved in tumor progression. The
anticancer potential of this group of flavones correlates with the modulation of signaling proteins
and genes involved in, inter alia, mutations of the mitogen-activated protein kinase (MAPK) and
phosphoinositol-3-kinase (PI13K) oncogenic pathways [31,32]. Furthermore, luteolin and its
derivatives also affect cancer cell proliferation and apoptosis through their pro-oxidant properties
and ability to inhibit the process of melanogenesis related with the p53 protein [33,34]. Thus,
melanogenesis is considered another target of therapy, more specifically eliminating malignant
melanocytes. Luteolin and its derivatives, in addition to acting at the level of promotion and
progression of carcinogenesis, are also involved in the stage of initiation of this process and the
prevention of neoplastic lesions. A large body of evidence suggests that reduced
photocarcinogenesis and prevention of skin cancer can be attributed to the antioxidant and anti-
inflammatory properties through inhibiting, inter alia, further overexpression of the MAPK
pathway, nuclear factor kappa-light-chain-enhancer of activated B (NF-«B) and cyclooxygenase-2
(COX-2) [35] (publication 1V).

On the other hand, in light of the high polyphenolic compound content, mainly in the form of
flavonoids, the decision was made to evaluate the effect of the extracts (JM1-JM3) and their
fractions (JM4-JM6) from J. montana as well as their main components (9, 12, 22) on the skin
wound healing process. The fractions with the highest polyphenol content, including flavonoids
(JM4, JM5), showed the highest antioxidant activity in DPPH and FRAP assays, which is
supported by the available literature [36]. Furthermore, in an experiment conducted in an in vitro
model evaluating the level of inhibition of elastase activity, most of the tested samples showed
moderate activity. The highest percentage of elastase inhibition was established by compound 22
and the diethyl ether (JM4) and ethyl acetate (JM5) fractions, characterized by high content of 22.
The biological activity of the extracts and fractions can be correlated with their chemical
composition. The chemical structure of the constituents, e.g. the O-glycosylation at the C7 position
of the ring A of the luteolin structure in 9 and 12, may strongly contribute to the biological activity
[37]. The antioxidant properties, often related to the presence of polyphenolic substances, is
repeatedly linked to enhanced fibroblast migration [38]. Within the frame of this work, the ability
of the tested extracts and compounds to accelerate the proliferation and migration of human dermal
fibroblasts in the in vitro scratch test was demonstrated. Due to their strong involvement in wound
healing, fibroblasts are considered as an important therapeutic target in numerous skin diseases. In
the performed experiments, the activity was strictly dependent on the type of dominant compound
and, importantly, on its concentration. In addition, among the samples tested, compounds 9 and 12
promoted biosynthesis of collagen type I most strongly, with a concomitant lack of any cytotoxic
effect. It was also noted that none of the samples tested had a destructive effect on collagen
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content. Previous reports on in vitro and in vivo models confirm that flavonoids may not only lead
to induced fibroblast proliferation, but also stimulate them to synthesize collagen and, presumably,
assist in the formation of cross-links as collagen matures [39,40]. Finally, a multistep effect of
J. montana extracts and fractions as well as their major constituents on the expression of cytokines
IL-1pB, IL-6 and IL-8 involved in the immune response phases of wound healing was observed.
JM4 showed the most significant anti-inflammatory effect, as well as other luteolin-rich fractions,
which correlates with available data from the literature [9] (publication II).

From the studies performed within the framework of the present doctoral dissertation, it
appears that Jasione montana, rich in flavonoid compounds (mainly luteolin and its derivatives),
exhibits significant cytotoxic and proapoptotic potential against melanoma cells. The plant extracts
and their phytochemical components also influence the processes involved in wound healing,
making it potentially useful for topical therapeutic application, for the development of new
preparations with potential anticancer properties, as well as for stimulation of the wound healing
process. However, this potential activity shown in in vitro models needs to be further clarified in
order to understand the molecular mechanisms in each cell and to analyze the selectivity, efficacy,
and pharmacological and toxicological properties. These are pivotal aspects in linking in vitro and
in vivo laboratory studies with possible clinical trials. Additionally, there is a need to develop a
suitable pharmaceutical formulation that ensures proper penetration, biochemical stability,
bioavailability, and controlled release of the drug in the target tissue.

4.5, Abbreviations

CH3COOH acetic acid

CHCl; chloroform

COX-2 cyclooxygenase-2

DPPH 2,2-diphenyl-1-picrylhydrazyl

ECM extracellular matrix

ESI electrospray ionization

Et,O diethyl ether

EtOAC ethyl acetate

FRAP ferric reducing antioxidant potential
H0 water

HCOOH formic acid

HPLC high-performance liquid chromatography
ICso median inhibitory concentration

ILs interleukins

JM1 water extract from J. montana

JM2 50% methanol extract from J. montana
JM3 methanol extract from J. montana

JM4 diethyl ether fraction from J. montana
JM5 ethyl acetate fraction from J. montana
JM6 n-butanol fraction from J. montana

LC liquid chromatography

LOD limit of detection

LOQ limit of quantification

LPLC low pressure liquid chromatography
MAPK mitogen-activated protein kinase pathway
MeCN acetonitrile

MeOH methanol

MFI median fluorescence intensity

MMP mitochondrial membrane potential

MS mass spectrometry

MS/MS tandem mass spectrometry

n-BuOH n-butanol

NF-«xB nuclear factor kappa-light-chain-enhancer of activated B
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NMR
PDA
Pl
PI3K
PS

RP

SD
TLC
TNF-a
UPW
UV-VIS
VLB

nuclear magnetic resonance
photodiode array detection
propidium iodide
phosphoinositol-3-kinase pathway
phosphatidylserine
reversed-phase

standard deviation

thin layer chromatography
tumor necrosis factor-a
ultra-pure water
ultraviolet-visible spectroscopy
vinblastine sulfate
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Chapter 5. Conclusion

e The qualitative and quantitative content of polyphenolic compounds in extracts and their
fractions from the aboveground parts of Jasione montana L. (Campanulaceae) was described.
Attempts to isolate flavonoid compounds led to the isolation and full structural
characterization of three biologically active compounds, luteolin and its derivatives.

e Luteolin 7-O-sambubioside was isolated and described for the first time from the studied plant
material.

e Extracts and their fractions obtained from the J. montana herb were shown to have significant
cytotoxic and proapoptotic potential against cutaneous melanoma cells, both at the
morphological and metabolic level. This type of activity can be attributed to the high content
of polyphenolic compounds, especially flavone aglycone - luteolin.

e According to the results, extracts and fractions obtained from J. montana were shown to
possess significant antioxidant, anti-inflammatory potential, moderate elastase inhibition and
collagen biosynthesis activity. Additionally, by evaluating mechanisms focusing on multiple
phases of the dynamic wound healing process, the ability to improve fibroblast viability and
migration was also observed. Some of these activities can be attributed to the high content of
main compounds, although the efficacy of some fractions suggests the presence of other
biologically active compounds. These mechanisms focus on multiple phases of the dynamic
wound healing process, making them major factors in promoting wound healing.

e The isolated substances, as well as the extracts and fractions from the aboveground parts of J.
montana, may provide a potential strategy for the development of topical therapeutic
formulations with potential anticancer and/or wound healing stimulating properties.

o Further studies are required, in particular using an in vivo model and in the human system to
determine the level of safety and the exact cellular mechanism, distribution and effects on the
skin after long-term exposure.
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Chapter 7. Summary

Sheep’s bit scabious (Jasione montana L.) (bellflower, Campanulaceae), growing in sandy
habitats in woodlands and forest-steppe areas, is a biennial stalk plant commonly found in Europe.
Taking into account the scarce information on the phytochemical profile and pharmacological
potential of J. montana, as well as low soil quality requirements, experimental work was
undertaken to determine the chemical composition and biological activity of the J. montana herb.
At the first stage of the study, a detailed qualitative analysis of the obtained extracts (JM1-JM3)
and their fractions (JM4-JM6) was carried out using the LC-PDA-ESI-MS/TOF method, which
resulted in the determination of the presence of 25 polyphenolic compounds — mainly flavonoids.
Subsequently, an attempt was made to isolate compounds with potential pharmacological effects.
As a result, three homogeneous, chromatographically pure compounds were obtained, and their full
structural characterization was established based on the following spectral analyses: UV, *H and
13C NMR, and MS. The isolated compounds were identified as luteolin (compound 22), luteolin 7-
O-glucoside (compound 12), as well as luteolin 7-O-sambubioside (compound 9), which was
isolated and described for the first time in the J. montana species. Based on a validated new
method for quantification of the isolated compounds, compounds 22 and 12 were identified as the
predominant compounds in JM4, while 22 and other flavonoid derivatives were found to be
predominant in JM4. In subsequent steps, the biological activity of the extracts, fractions (JM1-
JMBG6) and their main compounds (9, 12, 22) from J. montana were examined. Based on the results
obtained in an in vitro model of C32 cutaneous melanoma cells, the JM4 fraction and its
predominant compound 22 were assigned strong cytotoxic activity, represented by I1Cso values of
119.743.2 pg/mL and 95.14+7.2 pg/mL, respectively. Moreover, the pro-apoptotic potential of the
aforementioned fraction and its major component was established by cytometric determination of
the apoptosis phase, mitochondrial membrane potential (MMP) and expression of caspase-3, -8, -9
and -10. The JM4 fraction was able to significantly reduce MMP in C32 cells, which was
consistent with a significant percentage of cells in the early and later apoptosis phase documented
by annexin V staining. Furthermore, the determination of caspase-9 activity confirmed activation of
the intrinsic (mitochondrial) apoptosis pathway. Based on the observed increased expression of
caspase-8 and caspase-10 under the influence of JM4 and its major component, 22, their effect on
the extrinsic apoptotic pathway was assessed. Final confirmation of the pro-apoptotic activity was
obtained through the determination of caspase-3, directly leading to DNA degradation and cancer
cell death. In the next stage, the effect of J. montana extracts, fractions and isolated compounds on
the mechanisms involved in the skin repair process was evaluated. Among all tested samples,
fractions JM4 and JM5, which had the highest content of polyphenolic compounds, showed
significant antioxidant potential in the DPPH and FRAP assays, as well as the highest elastase
inhibition capacity. All tested extracts, fractions and isolated compounds were able to stimulate
human skin fibroblast cell migration and proliferation in an in vitro "scratch" model. However, the
effect on collagen synthesis was limited, and so a lack of collagen type | degradation was observed
as concentration increased. Furthermore, anti-inflammatory potential was documented through the
observed ability of compound 22 and fractions in which it was present, especially JM4, to
modulate the expression of pro- and anti-inflammatory cytokines (IL-1B, IL-6 and IL-8),
confirming the relationship between the content of flavonoid compounds and the activity of
individual extracts/fractions. In conclusion, the research carried out for the purposes of the present
dissertation suggests a potential application of the aboveground parts of Jasione montana in the
development of new topical therapeutic preparations with potential anticancer and/or wound
healing stimulating properties. However, further research on the molecular mechanism, selectivity,
metabolism or toxicological properties of the plant material and compounds of natural origin in an
in vivo model, as well as for the purposes of developing a suitable formulation, are necessary.
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Chapter 8. Streszczenie w jezyku polskim

Jasieniec piaskowy (Jasione montana L.) (dzwonkowate, Campanulaceae), porastajacy
siedliska piaszczyste terendw lesnych i lesno-stepowych, jest dwuletnia byling powszechnie
spotykang na terenie Europy. Biorac pod uwage jedynie szczatkowe informacje o profilu
fitochemicznym oraz potencjale farmakologicznym jasienca piaskowego, jak rowniez niskie
wymagania glebowe, podjeto prace badawcze majace na celu ustalenie sktadu chemicznego oraz
aktywnos$ci biologicznej ziela J. montana. W pierwszym etapie badan przeprowadzono
szczegOtowa analize jakosciowa otrzymanych wyciagow (JM1-JM3) i ich frakcji (JM4-JM6)
metoda LC-PDA-ESI-MS/TOF, w wyniku ktorej okreslono obecnos¢ 25 zwigzkow
polifenolowych, gltéwnie o charakterze potaczen flawonoidowych. Nastgpnie podjeto si¢ proby
izolacji zwigzkdw o potencjalnym aspekcie farmakologicznym, w wyniku ktorej uzyskano trzy
jednorodne, chromatograficznie czyste zwiazki, ktérych pelna charakterystyke strukturalng
ustalono na podstawie nastepujacych analiz spektralnych, UV, *H i *C NMR, MS. Wyizolowane
zwigzki zidentyfikowano jako luteoling (zwigzek 22), 7-O-glukozyd luteoliny (zwigzek 12), jak
réwniez 7-O-sambubiozyd luteoliny (zwigzek 9) wyizolowany i opisany po praz pierwszy
w gatunku J. montana. Na podstawie zwalidowanej, nowej metody oznaczen iloSciowej zawartosci
wyizolowanych zwiazkow, zidentyfikowano zwiazki 22 i 12 jako dominujagce w JM4, za§ 22
i innych pochodnych flawonoidowych w JM4. W kolejnych etapach okre$lono aktywno$é
biologiczng wyciagow, frakcji (JM1-JM6) i ich gtownych zwigzkow (9, 12, 22) z J. montana. Na
podstawie wynikéw uzyskanych w badaniach w modelu in vitro nad komérkami czerniaka skory
C32, przypisano frakcji JM4 oraz jej dominujagcemu zwigzkowi 22 silng aktywnos$¢ cytotoksyczng
reprezentowang przez wartosci ICso rownymi odpowiednio, 119,7+3,2 pg/mL oraz 95,1£7,2
ug/mL. Co wigcej, ustalono potencjal proapototyczny wspomnianej frakcji i jej gtownego
sktadnika, na podstawie cytometrycznego oznaczenia fazy apoptozy, aktywno$ci potencjatu
mitochondrialnego MMP oraz ekspresji kaspazy-3, -8, -9 i -10. Frakcja JM4 byta zdolna
do znaczacej redukcji MMP w komoérkach C32, co bylo zgodne ze znaczacym odsetkiem komorek
w fazie wczesnej 1 pozniej apoptozy udokumentowanym w barwieniu aneksyna V. Ponadto,
oznaczenie aktywnosci kaspazy-9 potwierdzito aktywacje wewnetrznej (mitochondrialnej) $ciezki
apoptozy. Na podstawie obserwowanej zwigkszonej ekspresji kaspazy-8 i kaspazy-10 pod
wptywem JM4 i jej gtownego sktadnika, 22, oceniono ich wplyw na zewnetrzng droge apoptozy.
Ostateczne potwierdzenie aktywnos$ci proapototycznej uzyskano na podstawie oznaczenia kaspazy-
3, bezposrednio prowadzacej do degradacji DNA i $mierci komérek nowotworowych. W kolejnym
etapie oceniono, wptyw ekstraktow, frakcji J. montana oraz wyizolowanych zwigzkéw na
mechanizmy uczestniczgce w procesie naprawczym skory. Sposréd wszystkich badanych probek,
frakcje (IJM4, JMS5), o najwyzszej zawartosci zwigzkow polifenolowych, cechowaly si¢
znaczacym potencjalem antyoksydacyjnym w teScie DPPH oraz FRAP, jak rowniez najwyzsza
zdolnos$cig inhibicji elastazy. Wszystkie badane ekstrakty/frakcje oraz wyizolowane zwigzki byty
zdolne do stymulacji migracji i proliferacji fibroblastow skory ludzkiej w modelu ,,zadrapania”
in vitro. Jednakze, wplyw na syntez¢ kolagenu byl ograniczony, a jednoczesnie nie
zaobserwowano, wraz ze wzrostem stezenia, znacznej degradacji kolagenu. Ponadto,
udokumentowano potencjal przeciwzapalny poprzez obserwowana zdolno$¢ zwiazku 22 oraz
frakcji o jego zawarto$ci, zwlaszcza JM4, do modulacji ekspresji cytokin pro- i przeciwzapalnych
(IL-1B, IL-6 i IL-8), potwierdzajac zwiazek migdzy zawartoSciag zwigzkow flawonoidowych,
a aktywnoS$cig poszczegdlnych ekstraktow/frakcji. Podsumowujgc, przeprowadzone w ramach
prezentowanej rozprawy doktorskiej badania sugeruja potencjalne zastosowanie nadziemnych
czedci jasienca piaskowego w opracowaniu nowych, miejscowych preparatow terapeutycznych
o potencjalnych wlasciwoséciach przeciwnowotworowych i/lub stymulujacych gojenie ran.
Konieczne sg jednak dalsze badania nad okre$leniem mechanizmu molekularnego, selektywnosci,
metabolizmu, czy tez wlasciwos$ci toksykologicznych materialu roslinnego 1 zwigzkow
pochodzenia naturalnego w modelu in vivo, jak réowniez opracowanie odpowiedniej postaci
preparatu.

33



Chapter 9. Copies of publications comprising the doctoral dissertation

Publication |

Juszczak A.M., Czarnomysy R., Strawa J.W., Zovko Kon¢i¢ M., Bielawski K., Tomczyk M.: In
vitro anticancer potential of Jasione montana and its main components against human amelanotic

melanoma cells. International Journal of Molecular Sciences Vol. 22, ID 3345, 2021, 25 pages.
DOI: 10.3390/ijms22073345

34



International Journal of
Molecular Sciences

Article

In Vitro Anticancer Potential of Jasione montana and Its Main
Components Against Human Amelanotic Melanoma Cells

Aleksandra Maria Juszczak ¥, Robert Czarnomysy 2{7, Jakub Wladystaw Strawa 1, Marijana Zovko Kong&i¢ 30,
Krzysztof Bielawski ? and Michat Tomczyk 1*

check for

updates
Citation: Juszczak, AM.;
Czarnomysy, R.; Strawa, | W.; Zovko
Kongéi¢, M.; Bielawski, K.; Tomczyk,
M. In Vitro Anticancer Potential of
Jasione montana and Its Main
Components Against Human
Amelanotic Melanoma Cells. Int. J.
Mol. Sei. 2021, 22, 3345, https://
doi.org/10.3390/ijms22073345

Academic Editor: Gi-Young Kim

Received: 15 March 2021
Accepted: 23 March 2021
Published: 25 March 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,
This article is an open access article

Switzerland.

distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pharmacognosy, Faculty of Pharmacy with the Division of Laboratory Medicine,

Medical University of Biatystok, ul. Mickiewicza 2a, 15-230 Bialystok, Poland;
aleksandra.juszczak@umb.edu.pl (A.M.].); jakub.strawa@umb.edu.pl (JJW.S.)

Department of Synthesis and Technology of Drugs, Faculty of Pharmacy with the Division of Laboratory
Medicine, Medical University of Biatystok, ul. Kilinskiego 1, 15-089 Bialystok, Poland;
robert.czarnomysy@umb.edu.pl (R.C.); kbiel@umb.edu.pl (K.B.)

Department of Pharmacognosy, Faculty of Pharmacy and Biochemistry, University of Zagreb, Marulicev trg
20/11, 10000 Zagreb, Croatia; mzovko@pharma.hr

*  Correspondence: michal.tomczyk@umb.edu.pl; Tel.: +48-85-748-56-94

Abstract: Jasione montana L. (Campanulaceae) is used in traditional Belarusian herbal medicine for
sleep disorders in children, but the chemical composition and biological activity have not been
investigated. In this study, the activities of J. montana extracts, their fractions and main compounds
were evaluated in amelanotic melanoma C32 (CRL-1585) cells and normal fibroblasts (PCS-201-012).
The extracts and fractions were analyzed using liquid chromatography—photodiode array detection—
electrospray ionization—mass spectrometry (LC-PDA-ESI-MS/TOF) to characterize 25 compounds.
Further, three major and known constituents, luteolin (22) and its derivatives such as 7-O-glucoside
(12) and 7-O-sambubioside (9) were isolated and identified. The cytotoxic activities against fibroblasts
and the amelanotic melanoma cell line were determined using the fixable viability stain (FVS) assay.
The influence of diethyl ether (Et;O) fraction (JM4) and 22 on apoptosis induction was investigated
using an annexin V binding assay. The obtained results showed significant cytotoxicity of JM4
and 22 with ICs) values of 119.7 + 3.2 and 95.1 + 7.2 ug/mL, respectively. The proapoptotic
potential after 22 treatment in the C32 human amelanotic melanoma cell line was comparable to
that of vinblastine sulfate (VLB), detecting 29.2 + 3.0% apoptotic cells. Moreover, 22 displayed
less necrotic potential against melanoma cells than VLB. In addition, the influences of JM4 and
22 on the dysfunction of the mitochondrial membrane potential (MMP), cell cycle and activity of
caspases 3, 8, 9, and 10 were established. The effects of JM4 on MMP change (74.5 = 3.0% of the cells
showed a reduced MMP) corresponded to the results obtained from the annexin V binding assay and
activation of caspase-9. JM4 and 22 displayed a significant impact on caspase-9 (40.9 £ 2.4% of the
cells contained active caspase-9 after JM4 treatment and 16.6 + 0.8% after incubation with 22) and the
intrinsic (mitochondrial) apoptotic pathway. Moreover, studies have shown that JM4 and 22 affect
the activation of external apoptosis pathways by inducing the caspase-8 and caspase-10 cascades.
Thus, activation of caspase-3 and DNA damage via external and internal apoptotic pathways were
observed after treatment with JM4 and 22. The obtained results suggest that J. montana extracts could
be developed as new topical preparations with potential anticancer properties due to their promising
cytotoxic and proapoptotic potential.

Keywords: Jasione montana; Campanulaceae; flavonoids; luteolin derivatives; fibroblasts; melanoma

1. Introduction

Skin cancers are the most common type of human cancer, with dramatically increasing
incidence and mortality rates. The World Health Organization (WHO, Geneva, Switzerland)
reports that globally, approximately 3 million skin cancers occur annually, of which less than
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6% are melanomas [1]. Cutaneous malignant melanoma (CMM) developed by transformed
melanocytes proliferating from the basal area of the epidermis, is the most aggressive form
of diagnosed skin cancer [2,3]. Even though the incidence of melanoma is relatively low, its
mortality is the highest among all skin cancers [4]. Although several new drugs have been
developed over the last 10 years that have greatly improved the prognosis of patients with
metastatic melanoma, many patients do not show a lasting response to these treatments [5].
Treatment with natural compounds and preparations based on plant materials have been
increasingly used among patients with various neoplasms [6-8], and natural product-based
treatments for melanoma are constantly being researched [9,10].

Jasione montana L., commonly known as Sheep’s bit scabious, is one of 16 representa-
tives of the genus Jasione L. (Campanulaceae). The presence of ]. montana outside of Europe,
the Scandinavian Peninsula, Great Britain, and Ireland has been established, inter alia, in
Morocco, Tunisia, Algeria, Russia, and Turkey, as well as in the northeastern region of
the United States. It is a biennial plant, or occasionally, an annual plant, mainly found
in warmer, sunny or semiarid places in lowland and upland regions. The determining
factors for the distribution of ]. montana are the temperature and average precipitation per
year [11,12]. J. montana has been recognized as a garden plant [11]. Ethnopharmacolog-
ical reports regarding this traditional Belarusian herbal medicine state that ]. montana is
used to treat sleep disorders in children, although its biological activity has not yet been
assessed [13]. The available scientific literature on J. montana is scarce, and little is known
about its phytochemical composition. A previous study of the aerial parts of J. montana
established the presence of the bioactive flavonoid luteolin [14]. Taking these aspects into
consideration, a detailed phytochemical analysis and characterization of the J. montana
aerial parts was undertaken. Furthermore, the activities of the extracts, their fractions and
isolated compounds against a human amelanotic melanoma cell line were investigated.

2. Results
2.1. LC-ESI-MS Analysis of Extracts JM1-JM3 and Fractions JM4-JM6

The phytochemical analysis, based on liquid chromatography—photodiode array
detection—electrospray ionization-mass spectrometry (LC-PDA-ESI-MS/TOF) technique,
results of the extracts (H,O, JM1; 50% MeOH, JM2; MeOH, JM3), and their fractions (Et,O,
JM4; EtOAc, JM5; n-BuOH, JM6) revealed 25 polyphenolic compounds. Extraction of the
raw material with MeOH (JMB3) resulted in a high content of free aglycones [peaks 22-25],
among which luteolin (22) was the dominant peak. The second most represented compound
was luteolin 7-O-glucoside (12). On the other hand, JM1 and JM2 were rich in glycosides,
and the hydromethanolic extractant was the more efficient of the two solutions. The studied
fractions (JM4-JM6) were characterized by the selectivity of the extraction process for
specific groups of compounds. JM4 turned out to be rich in aglycones with a dominance of
22 as well as apigenin (23) and 12. Moreover, p-coumaric acid and its derivatives were also
present in this faction [peaks 3, 10]. An absorption maximum at 310 nm in the ultraviolet-
visible (UV-VIS) spectrum is characteristic for these types of compounds. Compound 12
was also significantly dominated in the JM5 fraction. The presence of di- and triglycosides
was also revealed [peaks 9, 14, 15]. These compound structures were suggested based
on the loss of fragments [M — 162 + H]*/~, [M — 146 + HJ]*/~,and [M — 132 + H]*/—,
which correspond to O-hexose, O-pentose, and O-deoxyhexose, respectively. Moreover,
aglycones substituted with a linear glycoside molecule [peaks 9, 14] as well as disubstituted
compounds were present in the JM5 fraction [peak 15]. JM6 consisted of a mixture of
flavonoid glycosides and was devoid of free aglycones. The LC-MS analysis is summarized
in Table 1 and Supplementary Figures S1 and S2.
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Table 1. Liquid chromatography-mass spectrometry (LC-MS) analysis of extracts/fractions (JM1-JM6) from Jasione montana.

Peak/Compound Rt (min) UN=MIS M M- Tons [M-H]"* Ions (n/z) Identified Compounds
(nm) (m/z)
1 4.60 260 191,217,235 86, 136, 276 Unknown
2 14.53 260, 294 109, 153, 277 93,137, 213, 248 Unknown
3 19.29 256,310 sh 93,183 94,302 prequmangylacid
derivatives
4 20.79 268, 330 565, 771 302, 538, 773 Unknown
5 21.61 272,330 593 415, 432, 595 Flavonoid derivatives
6 22.53 268, 336 609 287,449, 611 Luteolin O-hex-hex
7 23.40 268, 338 563, 741 287, 449, 565, 743 Luteolin O-hex-pent-hex
8 2441 268, 340 609 287,449, 611 Luteolin O-hex-hex
Luteolin
9 25.59 268, 348 285, 579 287, 449, 581 7-Osambubieside (5]
10 25.87 310 119, 162 91, 119, 147, 165 p-coumaric acid (s)
11 26.11 268, 338 593 271,433, 595 Apigenin O-hex-hex
12 26.84 258, 266, 348 447, 895 287,449 Luteolin 7-O-glucoside (s)
13 26.99 268, 326 593 287, 449, 595 Luteolin O-hex-deoxyhex
14 27.46 250, 268, 336 285,447, 609,755 287,449, 611, 757 Luteolin
O-hex-hex-deoxyhex
Apigenin
15 27.85 268, 330 269, 563 271, 418, 565 O-deoxyhex-O-deoxyhex
16 28.76 268, 335 285,447,579,769 287, 449,581,771 Tuitepliss
O-hex-pent-feruloyl
17 29.27 268, 330 285, 431 286, 433 Flavonoid derivatives
18 29.45 268, 336 285, 447 287,449 Luteolin O-hex
19 30.17 268, 284 431 301, 419, 571 Flavonoid derivatives
20 30.53 268, 300 sh, 340 285, 447 287,449 Luteolin O-hex
21 32.36 270, 324 299, 461 331, 463 Tricin O-pent
22 34.38 256, 266, 348 285 287 Luteolin (s)
23 36.23 268, 295 sh, 340 269 271 Apigenin (s)
24 36.35 270, 300 sh, 349 329 331 Tricin (s)
25 36.54 268, 300 sh, 344 299 301 Chrysoeriol (s)

sh—peak shoulder; bold—most abundantion; s—reference substance; hex—hexose, pent—pentose, deoxyhex—deoxyhexose.

2.2. Identification of the Isolated Compounds 9, 12 and 22

As a result of exhaustive multistep chromatographic isolation processes, three chro-

matographically homogeneous known compounds (9, 12, and 22) were isolated from the
obtained JM4-JM6 fractions. The identification of those compounds was carried out on the
basis of R¢ values, products of acid hydrolysis and spectroscopic methods (ultraviolet (UV)
spectroscopy, nuclear magnetic resonance (\H NMR, *C NMR), mass spectrometry (MS)).
The spectral data of all compounds were identical to the available literature data. The
spectral properties of compounds 9, 12 and 22 were verified by comparison of its spectral
data with those previously described in the literature. Isolated compounds were identified
as luteolin 7-O-p-D-xylosyl-(1-2)-B-D-glucoside (luteolin 7-O-sambubioside, 9), luteolin
7-O-B-D-glucoside (cynaroside, 12) and luteolin (22) (Figure 1) [15-17] (Supplementary
Figures S3-S8).
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Compd | R
22 OH
12 O-glu
9 O—-glu-0-[2"—xyl]

Figure 1. Chemical structures of isolated compounds 9, 12 and 22.

2.3. Cytotoxicity Assay

An MTT assay was performed separately for each sample for a preliminary assessment
of the cytotoxic effects of JM1-JM6 and compounds 9, 12 and 22 on the viability of C32
and fibroblast cells. The MTT assay is among the most common methods for the evaluation
of cell viability. However, several studies have shown inaccuracies that are inherent in the
MTT method. Some studied plant extracts and polyphenols directly reduce the tetrazolium
salt even in the absence of cells, which interferes with the MTT assay [18-20]. Additionally,
the MTT assay has a limited operating range of compounds with a strong color that can
be absorbed by the tested cells. Due to the imprecision of the MTT method, the fixable
viability stain assay was chosen as an alternative to assess viability. C32 and fibroblast
cells were treated with JM1-JM6, compounds 9, 12, 22 and vinblastine sulfate (VLB) at
increasing concentrations (10-300 ug/mL) for 24 h. The results are presented in Table 2
and Supplementary Figures S9-S12. The morphological profile of C32 melanoma cells
after 24 h of incubation with JM4, 22 and VLB is shown in Figure 2. We observed dose-
dependent degradation of the cell membrane and a decrease in cell adhesion. Additionally,
the number of cells in the treatment groups decreased compared with the untreated group,
indicating inhibition of cell proliferation or induction of apoptosis. The highest activity was
observed after treatment with compound 22 at a concentration of 25 pg/mL. The fixable
viability stain study showed that C32 cell viability was inversely proportional to the applied
concentration of all tested compounds. The cytotoxic potential is expressed as a median
inhibitory concentration (ICs() value, where the IC5 value and cytotoxic activity value are
inversely proportional. The tested extracts and compounds inhibited the viability of C32
cells in a dose-dependent manner. The ICs values for some of the extracts and compounds
were either similar (JM4 ICsp = 119.7 pg/mL) to VLB (ICs5p = 148.5 pg/mL) or somewhat
higher (e.g., JM6 ICsy = 215.7), while compound 22 had an IC5q value (95.1 ug/mL) even
lower than that of VLB. The ICsy values of the other extracts were > 300 pg/mL. The
viability of the fibroblast cells under the influence of JM4 and 22 was higher than that of
the C32 cells. In the case of fibroblasts, the IC5 value for JM4 was above 300 ug/mL, and
that for compound 22 was 194.1 + 4.4 ug/mL (Supplementary Figure S13).
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Table 2. ICs) of viability of CRL-1585 human amelanotic melanoma cells treated for 24 h with
different concentrations of JM1-JM6 and isolated compounds 9, 12, 22 from J. montana. Mean values
+ SD from three independent experiments done in duplicate are presented. (ICsy value in pg/mL).

Sample ICs0 [ug/mL]
JM1 >300
M2 >300
M3 >300
M4 119.7 £ 3.2
JM5 >300
JMe 215.7:+ 21.2
Compound 9 >300
Compound 12 >300
Compound 22 951 7.2
VLB 1485+ 7.7

Figure 2. Morphological profile of C32 melanoma cells after 24 h of incubation with JM4 in concentration 25 ug/mL
(A), 50 ug/mL (B) and 100 pg/mL (C), 22 at concentration 25 ug/mL (D), and vinblastine sulfate (VLB) at concentration
25 ug/mL (E), compared with untreated control (F) evaluated by phase contrast microscopy (magnification x 200).

The obtained results suggested that JM4 and compound 22 were the most active
against human amelanotic melanoma C32 cells. Due to the high activity of the mentioned
fraction and compound, JM4 and 22 were submitted for further study. Notably, based on
the content of compound 22 in JM4, it can be concluded that this compound is dominantly
responsible for the observed effects of the JM4 fraction on C32 cells.

2.4. Alteration of C32 Cell Cycle Progression by JM4 and 22

The results demonstrated the differences between the investigated JM4 and compound
22, their concentration and the control group with respect to the percentage of accumulated
C32 cells in different cell cycle phases after 24 h incubation (Figures 3 and 4). JM4 at a
concentration of 100 pug/mL led to the accumulation of C32 cells in the S and G2/M phases.
Simultaneously, the population of C32 cells in G1 phase after treatment with JM4 was
meaningfully reduced. The percentage of C32 cells in G2 phase increased from 6.1 + 0.6%
in the untreated control group to 30.1 &+ 1.8% after treatment with JM4 (100 ug/mL).
However, this result was significantly lower than that in the case of VLB (25 pg/mL).
Additionally, the percentage of C32 cells in G1 phase in the untreated control group
decreased from 73.0 # 0.9% to 35.3 & 3.0% after incubation with 22 (25 ug/mL), and the
percentage of C32 cells in G2/M phase increased from 6.1 £ 0.6% to 14.6 & 1.5% after
treatment with 22 (25 ug/mL).
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Control

G1 phase

S phase

G2/M phase

VLB - 25 pg/mL Compd 22 —25 pg/mL

Cell number

TM4 —25 pg/mL M4 —50 pg/mL JM4 - 100 pg/mL

DNA content

Figure 3. Flow cytometric analysis of cell cycle of C32 melanoma cells after 24 h of incubation with JM4 (25, 50, 100 ug/mL),
22 (25 pg/mL) and vinblastine sulfate (VLB) (25 pug/mL) using propidium iodide (PI) staining.

80

Cell number | %]
=
=

;: \\: F5 §
0 % T T § T § T § T
Control VLB - 25 pg/mL Compd 22 - 25 ug/mL JM4 - 25 ng/mL. JM4 - 50 pg/mL. JM4 - 100 pg/mL
=3 Gl phase B3 S phase G2/M phase

Figure 4. Percentage of accumulation C32 melanoma cells in the different cell cycle phases after 24 h of incubation with JM4
(25, 50, 100 pg/mL), 22 (25 pg/mL) and vinblastine sulfate (VLB) (25 pg/mL). Mean percentage from three independent
experiments (n = 3) done in duplicate are presented. * p < 0.05 versus control group, ** p < 0.01 versus control group,
*** p < 0.001 versus control group.
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The obtained results suggested that the effects on C32 cell cycle arrest in the S and
G2/M phases was not caused by the main component of the JM4 fraction, which is
compound 22 (luteolin).

2.5. The JM4 Fraction and Compound 22 Induce Apoptosis in Melanoma C32 Cells

During programmed cell death, annexin V has a high affinity for phosphatidylserine
(PS) when it is exposed to the extracellular environment. Hence, this assay is based on
the externalization of PS on the cell membrane. Additionally, propidium iodide (PI) was
used to determine the number of necrotic cells, which confirms the integrity of the cell
membrane [21,22]. The assay allows differentiability between viable cells (annexin V-/PI-)
and early (annexin V-/PI+) and late (annexin V+/PI+) apoptotic cells, as well as necrotic
cells (annexin V-/PI+).

An apoptosis study was performed to determine the mode of cell death provoked by
JM4 and 22. The results are presented in Figures 5 and 6. This analysis demonstrated that
both tested samples, JM4 and 22, significantly induced programmed death in C32 cells in
comparison with the untreated control group, where 91.2 + 1.0% viable cells and 7.3 4 1.3%
apoptotic cells were observed. Fraction JM4 (100 png/mL) displayed the most significant
proapoptotic effect after 24 h of incubation, where we detected 44.2 4+ 1.0% viable cells
and 51.5 £ 1.7% apoptotic cells. Nevertheless, with increasing concentration, a significant
increase in the percentage of necrotic cells (4.3 + 2.6% of necrotic cells after incubation
with JM4 (100 ug/mL)) was shown which may suggest the toxic activity of JM4 at higher
concentrations. Compound 22 (25 ug/mL) and VLB displayed similar proapoptotic effect
after 24 h of incubation, where we detected 29.2 4 3.0% apoptotic cells after treatment
with 22, and 27.4 + 1.0% apoptotic cells after treatment with VLB. However, VLB exhibited
two times higher necrotic potential (4.2 & 1.0% necrotic cells after incubation with VLB
(25 ug/mL)).

Control

late apoptosis cells

necrotic cells

early apoptosis cells

viable cells

VLB - 25 pg/mL Compd 22 - 25 pg/mL

JM4 - 50 png/mL IM4 - 100 pg/mL

FITC — Annexin V

Figure 5. Flow cytometric analysis of C32 melanoma cells after incubation with JM4 (25, 50,
100 pg/mL), 22 (25 pg/mL) and vinblastine sulfate (VLB) (25 pg/mL) for 24 h and subsequent
staining with Annexin V and propidium iodide (PI).
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Control VLB - 25 pg/mL Compd 22 - 25 pg/mL JM4 - 25 pg/mL. - IM4-50 pg/mL. JM4 - 100 pg/mL
3 Viable cells B Larly apoptosis cells B8 Late apoptosis cells 3 Necrotic cells

Figure 6. Percentage of viable C32 melanoma cells, early and late apoptosis cells, and necrotic cells, after 24 h of incubation
with JM4 (25, 50, 100 pg/mL), 22 (25 ug/mL) and vinblastine sulfate (VLB) (25 ug/mL). Mean percentages from three
independent experiments (1 = 3) done in duplicate are presented. * p < 0.05 versus control group, ** p < 0.01 versus control
group, *** p < 0.001 versus control group.

2.6. Fraction JM4 and Compound 22 Induce Autophagy

Autophagy contributes to the maintenance of internal cell homeostasis by preventing
the accumulation of damaged cell organelles. The level of autophagy is directly pro-
portional to the increase in cellular stress, which ultimately leads to programmed cell
death [23,24].

The Autophagy Assay, Red was carried out via flow cytometry to detect the level
of autophagy in C32 cells after 24 h of incubation with JM4 and compound 22. The
results, expressed as the change in intensity of induced autophagy in C32 cells versus
the untreated control group, differed according to treatment type (JM4 vs. 22 vs. VLB)
and concentrations (Figures 7 and 8). There were 94.5 + 1.0% nonautophagic cells and
4.8 + 0.8% autophagic cells in the untreated control group. The highest dose-dependent
activity of the induced autophagy process among the investigated samples/concentrations
was displayed after 24 h incubation with fraction JM4 (100 ug/mL), where we observed
60.2 £ 1.6% nonautophagic cells and 38.6 =+ 1.6% of autophagic cells, which was twofold
lower than in case of VLB. Significant activation of autophagy was observed after 24 h
treatment with VLB (25 ug/mL); 22.4 £ 0.6% nonautophagic cells and 76.7 £ 0.5% of
autophagic cells. The significant dose-dependent increase in the percentage of autophagic
cells after JM4 treatment may suggest that JM4 causes stress in cells and leads to the
induction of programmed cell death.
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Figure 7. Autophagy induction in C32 melanoma cells measured by flow cytometry using Autophagy Probe (right—red
histogram) compared to negative control cells (left—gray histogram) after 24 h incubation with JM4 (25, 50, 100 ug/mL), 22
(25 ug/mL) and vinblastine sulfate (VLB) (25 ug/mL).

Cell population [%]
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»
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Control VLB - 25 ug/mL Compd 22 - 25 pg/mL. JM4-25 pg/mL.  JM4-50 pg/mL JM4 - 100 ug/mL

B3 Non-autophagic cells Autophagic cells

Figure 8. Percentage of nonautophagic and autophagic C32 melanoma cell population after 24 h incubation with JM4 (25,
50,100 ug/mL), 22 (25 ug/mL) and vinblastine sulfate (VLB) (25 pg/mL). Mean percentage values from three independent
experiments (1 = 3) done in duplicate are presented. * p < 0.05 versus control group, *** p < 0.001 versus control group.
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2.7. The Impact of Fraction JM4 and Compound 22 on Mitochondrial Membrane Potential (MMP)

To evaluate the mechanism underlying intrinsic cellular apoptosis under the influence
of JM4 and compound 22, staining with the fluorescent dye JC-1 was performed. Reduced
mitochondrial membrane potential (MMP) is associated with the early stages of apoptosis
as well as with the appearance of cytochrome C in the cytosol [25-27]. As shown in
Figures 9 and 10, JM4 caused a significant dose-dependent reduction in the MMP at the
highest dose. We observed that 74.5 + 3.0% of the cells had a reduced MMP after 24 h
incubation with JM4 (100 pug/mL), whereas the untreated control group had only a reduced
MMP in 5.2 £ 0.1% of the cells. JM4 at a concentration of 100 ug/mL led to a twofold higher
percentage of cells with a reduced MMP than VLB (34.1 & 3.0%). A weaker effect was
displayed after 24 h of incubation with 22 (25 ug/mL), where we observed that 31.8 4= 0.7%
of the cells had a reduced MMP. The obtained results are in accordance with the results
from the annexin V binding assay.

Control

== normal MMP

< decreased MMP

Red fluorescence

VLB - 25 pg/mL Compd 22 — 25 pg/mL

JM4 —50 pg/mL JM4 — 100 pg/mL
) / /

Green fluorescence

Figure 9. Fluorescence of C32 melanoma cells treated for 24 h with JM4 (25, 50, 100 pg/mL), 22 (25 ug/mL) and vinblastine
sulfate (VLB) (25 pug/mL) incubated with mitochondrial membrane potential probe JC-1.
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Figure 10. Percentage of C32 melanoma cells with normal and decreased mitochondrial membrane potential (MMP) after
24 h incubation with JM4 (25, 50, 100 ug/mL), 22 (25 pg/mL) and vinblastine sulfate (VLB) (25 pg/mL). Mean percentage
values from three independent experiments (1 = 3) done in duplicate are presented. *** p < 0.001 versus control group.

2.8. Activation of Caspase-3, Caspase-8, Caspase-9, and Caspase-10

Caspases play a crucial role in the activation of the apoptotic process. Activation
of apical caspases (caspase-8 and caspase-10) leads to initiation of the external apoptotic
pathway as well as activation of the effector caspase, caspase-3. In addition, the intrinsic
(mitochondrial) apoptotic pathway is closely related to the activity of caspase-9, which
is stimulated by a reduction in the MMP and plays an equally important role in the
activation of caspase-3. Caspase-3 instructs the cell directly through apoptosis and DNA
damage [28-30]. The influence of JM4 and compound 22 on the expression of caspases 3,
8,9, and 10 in C32 cells is shown in Figures 11-18. The results proved that there was a
significant increase in the levels of all caspases compared to the untreated control group
after 24 h incubation with tested samples. The most significant effect of the activation of
caspase-8, caspase-9, and caspase-10 was observed after incubation with JM4 (100 ug/mL),
where 41.8 £ 0.5% of cells had active caspase-8, 40.9 4 2.4% of cells had active caspase-9,
and 43.7 &+ 1.1% of cells had active caspase-10. In all cases, the increases were almost
twofold higher than after treatment with VLB. Compound 22 (25 pg/mL) displayed a
slightly weaker impact on the activation of caspase-8, caspase-9, and caspase-10, with
20.2 £ 1.5%, 16.6 = 0.8%, and 15.4 £ 0.7% of cells with the active respective caspase.
According to these results, JM4 and 22 induce the external and intrinsic apoptotic pathways
as well as the activation of caspase-3, and JM4 (100 pg/mL) is the strongest activator of
caspase-3. After treatment with JM4, 74.9 4 4.0% of the cells had active caspase-3, in
comparison with 4.2 + 1.3% of the cells in the untreated control group and 23.4 + 3.5%
of the cells after treatment with VLB. These results were consistent with the previous
hypothesis of the intrinsic mitochondrial apoptotic pathway. The results showed that
one of the molecular mechanisms leading to apoptosis caused by JM4 is the activation of
caspases in a dose-dependent manner. Our study confirmed that JM4 was the strongest
activator of all the tested caspases. Increasing the JM4 concentration enhanced its cytotoxic
properties and significantly increased the expression of caspase-3, which is responsible for
DNA damage.

45



Int. J. Mol. Sci. 2021, 22, 3345 12 of 25

Control

non-active caspase-3

| active caspase-3

£ v £

VLB - 25 ng/mL Compd 22 - 25 pg/mL

Count

v 12 N v v v

M4 -25 ng/mL IM4 - 50 pg/mL JM4 100 pg/mL

L3
*
3

v : v v v v v £

Active caspase-3

Figure 11. Flow cytometric analysis of populations C32 melanoma cells treated for 24 h with JM4 (25, 50, 100 ug/mL), 22
(25 ug/mL) and vinblastine sulfate (VLB) (25 ug/mL) for active caspase-3.
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Figure 12. Percentage of C32 melanoma cells with nonactive and active caspase-3 after 24 h incubation with JM4 (25, 50,
100 pug/mL), 22 (25 ug/mL) and vinblastine sulfate (VLB) (25 ug/mL). Mean percentage values from three independent
experiments (1 = 3) done in duplicate are presented. *** p < 0.001 versus control group.
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Figure 13. Flow cytometric analysis of populations C32 melanoma cells treated for 24 h with JM4 (25, 50, 100 ug/mL), 22
(25 ug/mL) and vinblastine sulfate (VLB) (25 pug/mL) for active caspase-8.
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Figure 14. Percentage of C32 melanoma cells with nonactive and active caspase-8 after 24 h incubation with JM4 (25, 50,
100 ug/mL), 22 (25 ug/mL) and vinblastine sulfate (VLB) (25 ug/mL). Mean percentage values from three independent
experiments (1 = 3) done in duplicate are presented. ** p < 0.01 versus control group, *** p < 0.001 versus control group.
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Figure 15. Flow cytometric analysis of populations C32 melanoma cells treated for 24 h with JM4 (25, 50, 100 pug/mL), 22
(25 ug/mL) and vinblastine sulfate (VLB) (25 ug/mL) for active caspase-9.
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Figure 16. Percentage of C32 melanoma cells with nonactive and active caspase-9 after 24 h incubation with JM4 (25, 50,
100 pg/mL), 22 (25 pg/mL) and vinblastine sulfate (VLB) (25 pg/mL). Mean percentage values from three independent
experiments (1 = 3) done in duplicate are presented. *** p < 0.001 versus control group.
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Figure 17. Flow cytometric analysis of populations C32 melanoma cells treated for 24 h with JM4 (25, 50, 100 ug/mL), 22
(25 pg/mL) and vinblastine sulfate (VLB) (25 ug/mL) for active caspase-10.
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Figure 18. Percentage of C32 melanoma cells with nonactive and active caspase-10 after 24 h incubation with JM4 (25, 50,
100 pg/mL), 22 (25 ng/mL) and vinblastine sulfate (VLB) (25 pg/mL). Mean percentage values from three independent
experiments (1 = 3) done in duplicate are presented. *** p < 0.001 versus control group.

3. Discussion

The extracts and fractions obtained from the aerial parts of |. montana were used in this
study. Due to the lack of literature data on the phytochemical profile and biological prop-
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erties of |. montana as well as traditional anticancer drugs from J. montana, we performed
the isolation and identification of the main compounds from the fractions from . montana
and examined their activity against human amelanotic melanoma C32 cells. Pathological
skin cells were selected for this research due to the awareness of problems resulting from
unknown plant matrix metabolic pathways when used internally. Additionally, previous
studies have suggested the anticancer potential of luteolin and its derivatives [6,31-33]. To
the best of our knowledge, there are currently no reports in the literature on the effects of J.
montana extracts and its main phytoconstituents on C32 cells.

The main phytochemicals belonging to the flavone group that were found and isolated
from J. montana herbs include luteolin 7-O-sambubioside, luteolin 7-O-glucoside, and
luteolin (9, 12, and 22, respectively). During the chromatographic study, it was found that
the EtOAc fraction JM4 contained luteolin (22) and luteolin 7-O-glucoside (12). JM5 and
the n-BuOH fraction JM6 contained luteolin-7-O-sambubioside (9). These compounds
were identified by comparison of the obtained UV spectral data as well as 'H and '*C NMR
data with the available literature data, thus confirming their presence in the aerial parts
of J. montana. The presence of these compounds in the studied species had already been
described for the first time [12]. However, compound 9 was isolated for the first time from
J. montana.

Luteolin displays numerous health-related properties, such as antiallergy, anti-inflammatory,
antioxidant, anticancer activities and it was also reported as MAO-B inhibitors for the
treatment of neurodegenerative diseases [34]. In traditional Chinese medicine, plants rich
in luteolin have been used for the treatment of various disorders, such as inflammatory
diseases, hypertension, and even malignant tumors [7,35]. Luteolin 7-O-glucoside (12)
protects cells against apoptosis activated by hypoxia and buffers atopic dermatitis skin
lesions in murine models [36].

The metabolic pathways of natural compounds and the complexity of the plant matrix
have been insufficiently studied and pose a problem for internal administration. Hence, it
seemed appropriate to undertake research towards only the potential external application
of the raw material. Many anticancer compounds act by inhibiting tumor growth by
arresting the cell cycle and/or inducing apoptosis [37]. The action of luteolin in the context
of cancer, including melanoma, has been extensively described in review articles [8,31-33].
There are several suggested mechanisms by which luteolin may exert an inhibitory effect on
human melanoma, including the induction of cell cycle arrest [38] or activation of apoptosis
by increasing the level of intracellular reactive oxygen species (ROS) [39]. Additionally, the
activity of luteolin was evaluated in an experimental in vivo metastasis model of hypoxia-
induced epithelial-mesenchymal transition (EMT) inhibition through the regulation of
B3 integrin [4]. This result was confirmed by luteolin research in melanoma cells, during
which attempts were made to determine the influence of luteolin on the programming of
the cell cycle, proving the arrest of this process in the G2/M and G0/G1 phases of the cell
cycle [3]. Luteolin activates caspase-3, caspase-8, caspase-9, and caspase-10, activates DNA
fragmentation factor, reduces MMP, and induces cytochrome C release into the cytosol [32].
Additionally, research on CH27 human lung squamous carcinoma cells showed that luteolin
causes DNA damage and cell cycle arrest in S phase [40]. The aforementioned anticancer
effects and mechanisms of Iuteolin are only examples of the very broad spectrum of action
of this flavonoid [32].

The cytotoxic properties of chemotherapeutic substances are often associated with the
induction of apoptosis in cancer cells [41]. Our results demonstrated the cytotoxic potential
of the tested samples in amelanotic melanoma C32 cells. These melanoma cells showed a
reduction in cell viability in a dose-dependent manner. The calculated ICs, value for all
investigated extracts and fractions in the cytotoxic assays allowed us to observe differences
in their activity. Luteolin (22) and fraction JM4 showed the greatest cytotoxic potential that
was comparable to that of VLB during the next steps of experiment. The presence of 22
in JM4 was confirmed by LC-MS analysis, in which the presence of the ions 269 [M-H]~
and 271 [M-H]* were found, which corresponded to the mass of the monoisotopic ion of
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luteolin, as well as the LC peak of the standard substance that had the same retention time
as luteolin. It is worth noting that the compound 22 was the dominant in the analyzed
fraction JM4. However, JM4 was identified as a mixture of other polyphenolic compounds
(Supplementary Figure S2).

Said and co-authors set out to determine the antiproliferative potential of flavonoids
isolated from Ailanthus excelsa, including 12 and 22 against the same amelanotic melanoma
C32 cell line used in this study as well as large cell lung carcinoma COR-L23 cells and
malignant melanoma A375 cells. The results showed that luteolin had strong antipro-
liferative effects, comparable to those of VLB in all tested cell lines [42]. The observed
antiproliferative effects of luteolin indicate that it might play a significant role in the overall
activity of JM4.

While both 22 and JM4 displayed notable degrees of cytotoxic activity in C32 cells
in this study, their cytotoxic potential against normal fibroblast cells was much lower. To
further elucidate the mechanism of cell damage and the possible induction of apoptosis,
the ability of the test compounds to arrest the cell cycle was investigated. Flow cytometry
analysis showed a decrease in the number of cells in G1 phase, which was most clearly
seen in the case of JM4. Additionally, both J]M4 and compound 22, at concentrations of
100 and 25 pg/mL, respectively, showed an increase in the accumulation of cells in the
S and G2/M phases. Similar results were obtained in A375 melanoma cells. It has been
shown that luteolin can contribute to cell cycle arrest and the induction of apoptosis by
arresting the cell cycle at the G2/M and G0/G1 phases [3]. Literature data have confirmed
that many antitumor substances block the cell cycle in G2/M phase [43-45]. It should be
emphasized that there was a significant increase in the number of cells in S phase, which is
a significantly higher result than in the case of VLB. The demonstrated disruptions in the
cell cycle were associated with the inhibition of cell proliferation.

Apart from cell cycle arrest, mitochondria and caspases play an essential role in the
induction of apoptosis. At the cellular level, many factors mediate apoptosis. One is
the dysfunction of mitochondrial membrane integrity that can result in apoptotic cell
death. Reducing the MMP causes the release of cytochrome c and other proteins. These
proteins play an important role in the activation of caspase-9 and hence caspase-3, which
directly leads to cell death [46-48]. To show the effects of the mitochondrial pathway on
the apoptosis process, flow cytometry analysis was conducted and showed a significant
decrease in MMP under the influence of JM4 and compound 22, thus confirming that
apoptosis was triggered. Notably, the reduction in MMP in the case of compound 22 was
similar to that caused by VLB, and in the case of JM4, it was twice as high as that recorded
in the positive control.

The relationship between the reduction in MMP and the induction of the intrinsic
apoptotic pathway is based on the activation of pro-caspase-3. In the context of cellular
apoptosis, caspase-8 and caspase-10, which are involved in the external apoptotic pathway,
are equally important [49]. As discussed in the results section, JM4 and compound 22
exerted a significant antiproliferative effect in C32 cells that was associated with caspase-8,
caspase-9, and caspase-10, followed by caspase-3. In a recent paper, Danciu et al. showed
that chamomile flower extract presents a proapoptotic effect against human melanoma
A375 cells. The dominant components of the studied extract were the following flavonoids:
apigenin glucoside, rutin, luteolin glucoside, and luteolin. The chamomile flower extract
activated caspase-3 at a concentration of 60 pg/mL. However, this flavone complex did
not show significant activity in terms of cell cycle distribution or induction of apoptotic
phases. This nonsignificant effect of the extract may be caused by the synergistic action of all
components of the extract [50]. A similar effect was observed in study on a rosemary extract
and human melanoma A375 cells where the extract was subjected to an MTT test with the
main pure compounds such as rosmarinic acid, luteolin, carnosol, apigenin, and scutellarin.
The dominant compound, rosmarinic acid, showed a much weaker antiproliferative effect
than the extract. The substances whose contents in the extract were lower (carnosol,
apigenin and luteolin) turned out to be more effective. However, since the individual
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substances were effective at concentrations well above those found in the rosemary extract,
the results suggested that the cytotoxicity of the whole extract was due to the combination
of activities of different substances [51].

Autophagy may have two functions: protumorigenic and antitumorigenic, depending
on the type of cell, stage of cancer development and stimulator [24]. Most of the currently
available chemotherapeutic agents exert their cytotoxic activity by promoting apoptosis.
Previous reports have indicated that autophagy is essential in cancer therapy as well as
apoptosis [52-55]. These assumptions are supported by studies on the effects of another
natural polyphenol, curcumin, in melanoma A375 cells. Zhao et al. proved the relationship
between the induction of cell proliferation and autophagy [56]. Our results led to similar
conclusions by showing the activation of autophagy and apoptosis under the influence of
JM4 and compound 22.

Thus, the induction of apoptosis in cancer cells treated with fraction JM4 described in
this study may be partly explained by the presence of luteolin (22). However, the conducted
studies, which were aimed at demonstrating the induction of apoptosis in neoplastic cells
under the influence of the tested fraction and pure compound, showed differences in the
mitochondrial potential, caspase activation and the number of cells in the apoptotic phases
between the samples used. This may be because the plant matrix of the fraction JM4 is
present and because of the possible synergism of the various phytochemical components
such as compound 22 and its derivatives. Previous studies on luteolin (22) and its antitumor
effects have confirmed its inhibitory effect against various types of cancer, including
human lung carcinoma cells [40], oral squamous cancer cells [57], human esophageal
adenocarcinoma cells [58], human colon cancer cells [59], human hepatoma cells [60],
breast cancer, pancreatic cancer, prostate cancer, glioblastoma, and many others [7]. Hence,
it is possible to hypothesize that J. montana, as a rich source of derivatives of luteolin, may
be the basis for further research due to their potential antitumor activity.

4. Materials and Methods
4.1. Chemicals and Reagents

Methanol (MeOH) (CAS67-56-1), petroleum spirit (CAS8032-32-4), chloroform (CHCl3)
(CAS67-66-3), diethyl ether (Et;O) (CAS60-29-7), ethyl acetate (EtOAc) (CAS141-78-6),
n-butanol (n-BuOH) (CAS71-36-3), ethanol (EtOH) (CAS64-17-5), Sephadex LH-20, vin-
blastine sulfate (VLB) (CAS143-67-9), dimethyl sulfoxide (DMSO) (CAS67-68-5), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (CAS298-93-1) obtained
from Sigma Aldrich Co. (St. Louis, MO, USA). Polyamide (CAS25038-54-4), chrysoeriol
and p-coumaric acid were purchased from Carl ROTH (Karlsruhe, Germany). The human
amelanotic melanoma cell line C32 (CRL-1585) and a normal human fibroblast cell line
(PCS-201-012) were purchased from the American Type Culture Collection (ATCC; Manas-
sas, VA, USA). Dulbecco’s minimal essential medium (DMEM), fetal bovine serum (FBS),
phosphate-buffered saline (PBS), glutamine, penicillin, and streptomycin were purchased
from Corning (Corning, NY, USA). Propidium iodide (PI) (CAS 25535-16-4), stain buffer,
and an FITC Annexin V Apoptosis Detection Kit IT were obtained from BD Pharmingen (San
Diego, CA, USA). Fixable Viability Stain 520 (FVS520) was from BD Horizon, San Diego,
CA, USA and the DNase-free RNase A Solution was acquired from Promega, Madison,
WI, USA. The Autophagy Assay, Red kit, FLICA Caspase-3/7 Assay Kit, FLICA Caspase-8
Assay Kit, FLICA Caspase-9 Assay Kit, and FLICA Caspase-10 Assay Kit were purchased
from ImmunoChemistry Technologies (Bloomington, MN, USA). The JC-1 MitoScreen kit
was from BD Biosciences Systems (San Jose, CA, USA). Ultra-pure water (UPW) for the
preparation of the mobile phase for LC-PDA-ESI-MS/TOF analysis was performed on a
POLWATER DL3-100 system (Labopol, Krakéw, Poland). Acetonitrile (MeCN) (CAS75-05-
08) was purchased from Fisher Chemical (Thermo Fisher Scientific, Leicestershire, UK), and
both mobile phases were modified with the addition of formic acid (HCOOH) (CAS64-18-6)
(Ph. Eur., Merck, Darmstadt, Germany). Apigenin (purity > 96%) and tricin (purity > 96%)
were isolated from the inflorescences of Arctium tomentosum [61] and Cirsium palustre flower
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heads [62], respectively. Luteolin 7-O-sambubioside, luteolin 7-O-glucoside, and luteolin
were isolated from J. montana as described below.

4.2. Plant Material

The aboveground parts of ]. montana (2.0 kg) were collected from plants occurring in
their natural habitat within the area of Puszcza Knyszyniska (N53°15'20.9”; E23°25'41.5”)
in the region of Supraél (Podlasie Province, Poland) within the period of June-August 2017
and 2018. The plant material was dried in a shaded and well-ventilated area. Samples
of the collected plant material were identified based on the scientific botanical literature
and its morphological features by one of the authors (M.T.). A plant voucher specimen
(JM-15029) has been deposited in the Herbarium of the Department of Pharmacognosy at
the Medical University of Bialystok, Poland.

4.3. Preparation of Extracts JM1-JM3 and Fractions JM4-JM6

The raw plant material (5 g per sample) was powdered and subsequently extracted
using a heating mantle and radiator (5 x 45 min). All extractions were carried out us-
ing 65 mL of one of the following solvents: H,O (JM1), 50% MeOH (JM2), and MeOH
(JM3). After filtration of the extracts, the solvents were evaporated under reduced pressure
(BUCHI System, Flawil, Switzerland) at a controlled temperature of 40 & 2 °C. The remain-
ing residues were suspended in water and lyophilized using a freeze-drier (Lyph-Lock,
Labonco, Italy). The following amounts of the extracts were obtained: JM1, 1293 mg; JM2,
1238 mg; and JM3, 858 mg. Additionally, the plant material (130 g) was purified with
a continuous extraction method using extraction petrol (1.5 L x 8 h), and then CHCl3
(1.5L x 8 h) in Soxhlet extractor. The purified raw material was exhaustively extracted
with MeOH (20 x 3 L) and 50% (v/v) MeOH (3 L) for 45 min each time. After the obtained
MeOH extracts were combined and evaporated to dryness, they were precipitated with
water for elimination of the ballasts. The obtained water extract was exhaustively frac-
tionated by liquid-liquid extraction with different solvents of increasing polarity: CHCl3
(35 x 200 mL), Et;O (JM4; 50 x 200 mL), EtOAc (JM5; 98 x 200 mL) and n-BuOH (JM6;
45 x 200 mL). All fractions were evaporated to dryness and finally lyophilized using a
freeze-drier. The three fractions were obtained in the following amounts: JM4, 8.5 g; JM5,
29 g; and JM6, 38.5 g and were used for further experiments. The chloroform fraction
(CHCl3) was not investigated.

4.4. LC-ESI-MS Analysis of Extracts JM1-JM3 and Fractions [M4-JM6

To establish the phytochemical compositions of JM1-JM6, LC-PDA-ESI-MS/TOF
analysis was performed on a 1260 Infinity chromatography system hyphenated to a 6230
TOF mass spectrometer and Dual Agilent Jet Stream ESI (Agilent Technologies, Santa Clara,
CA, USA). The MS conditions were as follows: electrospray ionization (ESI) source in both
positive and negative ionization mode, a gas flow of 12 L/min, a gas temperature of 325 °C,
a nebulizer pressure of 45 psi, and capillary voltages of 4500 and 2500 V for positive and
negative ion modes, respectively. The analysis was performed using a Kinetex XB-C18
column (150 x 2.1 mm, 1.7 um; Phenomenex, Torrance, CA, USA). The mobile phases were
UPW (solvent A) and MeCN (solvent B), both with 0.1% HCOOH. The gradient started
with the elution of 5% solvent B over 1.5 min. Then, within 22 min, the concentration of
solvent B reached 28%, in 35 min it reached 75%, and finally in 45 min it reached 95%, with
a linear gradient. After 3 min of maintaining the 95% B concentration, in 49 min, the system
returned to its initial conditions, and conditioning continued for 6 min. The total run time
of the analysis was 55 min at 25 °C. The injection volume was 1.0 pL, and the flow rate was
0.1 mL/min.

4.5. Identification and Isolation of Main Compounds 9, 12 and 22 (JM7-JM9)

Fractions JM4-JM6 underwent labor-intensive isolation procedures with low pres-
sure liquid chromatography (LPLC) to isolate the active compounds using various ad-
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sorbents, such as polyamide and Sephadex LH-2. The fractionation process was con-
trolled by thin layer chromatography (TLC) (TLC Cellulose, 20 x 20 cm, MERCK, #n-
BuOH:CH3COOH:H;0, 4:1:5 (v/v/v); upper layer, sprayed with 1% Naturstoff reagent
A) analysis under UV light. Isolated, chromatographically homogeneous compounds 9
(250 mg), 12 (1640 mg), and 22 (139 mg) were subjected to spectral analyses to determine
their full structural characteristics. Spectral measurements were performed using UV-VIS
(SPECORD 200 Plus, Analytik Jena, Jena, Germany) with various complexing reagents
and 'H NMR and 3C NMR spectra were recorded (BRUKER Advance II 400, BRUKER,
Billerica, MA, USA). The final characteristics of all isolated compounds were also confirmed
by MS (Agilent, Santa Clara, CA, USA).

4.6. Biological Assays
4.6.1. Cell Culture

The human amelanotic melanoma cell line C32 (CRL-1585) and a normal human
fibroblast cell line (PCS-201-012) were cultured in DMEM. DMEM was blended with 10%
FBS, 10 ug/mL streptomycin, and 10 units/mol penicillin. The cells were cultured in 5%
CO; and fully humidified at 37 °C. All tested compounds were used at a final DMSO
concentration of not more than 0.5% (v/v). Cells cultured in drug-free DMEM were used as
controls, and cells with the addition of only DMSO were used as solvent-controls; VLB was
used as a positive control. The JM4 fraction was analyzed at the following concentrations:
25,50 and 100 pg/mL and compound 22 and VLB were analyzed at 25 pg/mL. For the
cytotoxicity assay, all extracts and compounds were tested at the following concentrations:
10, 25, 50, 100, 200, and 300 pg/mL.

4.6.2. Cytotoxicity Assay

Cytotoxicity was evaluated by the MTT colorimetric assay previously described by
Carmichael [63]. The MTT test is founded on the reduction of a yellow tetrazolium
salt to purple formazan crystals by viable cells. C32 and fibroblast cells were seeded
in 24-well plates at an initial density of 1 x 105 cells per well. The cultured cells were
grown at 37 °C for 24 h and incubated with JM1-JM6 and compounds 9, 12 and 22
at various concentrations for 24 h. Each sample was dissolved in DMSO (the DMSO
concentration was no greater than 0.5%) and further diluted in serum-free DMEM to
achieve different concentrations (10-300 ug/mL). After incubation, 10 pL of MTT solution
(5 mg/mL) was added to all cultured cells and followed by an additional incubation
for 4 h (fibroblast cell line) or 10 min (C32 cell line). Upon removal of the medium,
200 puL of DMSO was added to all wells to dissolve the insoluble formazan. The results
were measured spectrophotometrically at 570 nm using an Evolution 201 reader (Thermo
Scientific, Waltham, MA, USA).

4.6.3. Fixable Viability Stain Assay

This analysis was performed to estimate the level of viable cells after treatment with
JM1-JM6, compounds 9, 12, 22 and VLB at concentrations ranging from 10 to 300 pg/mL.
Cytotoxicity was evaluated by FVS520 via a flow cytometer (BD FACSCanto II flow cytome-
ter, San Jose, CA, USA). In contrast to nonpermeable live cells, the permeable membranes
of necrotic cells allow for the intracellular diffusion of FVS520 and the covalent binding
of high concentrations of amines. Thus, necrotic cells contained a higher level of FVS520
and, consequently, increased fluorescence intensity than viable cells. After 24 h of incu-
bation, C32 cells and fibroblasts were washed with PBS, trypsinized and resuspended in
DMEM. The supernatant was removed, and 0.5 mL of Stain Buffer with the addition of 1
uL of FVS520 was added to each sample, which was vortexed immediately and kept for
10-15 min in the dark at room temperature. After incubation and the addition of 2 mL of
PBS, the supernatant was removed, the cells were resuspended in 300 uL of PBS and then
immediately subjected to analysis. The results were analyzed based on FACSDiva software
(BD Biosciences Systems, San Jose, CA, USA). Based on the results of the cytotoxicity
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analysis, further research in this project focused on the determination of the full anticancer
mechanism of the most promising fraction JM4 and compound 22.

4.6.4. Cell Cycle Analysis

The allocation of cell cycle stage was analyzed on a FACSCanto II flow cytometer. C32
cells were cured with JM4, 22 and VLB for 24 h of incubation. Thereafter, the cells were
harvested and adjusted with 1 mL of 70% EtOH and maintained at —20 °C for 24 h. Next,
the cells were washed with PBS, treated with 50 pg/mL DNase-free RNase A solution for
5 min at room temperature, stained with 100 pg/mL PI for 30 min at 37 °C, and submitted
to flow cytometry analysis. The results were analyzed with FACSDiva software.

4.6.5. Flow Cytometry Assessment of Annexin V Binding

Characterization of the mode of apoptosis induced by JM4, 22 and VLB was performed
in C32 cells via flow cytometry using a FITC Annexin V Apoptosis Detection Kit II. All
stages of programmed cell death could be identified by annexin V bound with high affinity
to PS. Pl is a standard flow cytometric viability explorer that stains cells that interfere with
the cell membrane, and it can be used to distinguish necrotic cells from dead cells. After
the C32 cells were incubated for 24 h with various concentrations of JM4, 22 and VLB, they
were trypsinized and resuspended in binding buffer. After that, 5 uL of annexin V-FITC
and 5 pL of PI were added and maintained for 15 min in the dark at room temperature.
The results were analyzed using FACSDiva software.

4.6.6. Determination of the Level of Autophagy by Autophagy Assay, Red

An autophagy assay was carried out to detect the impact of JM4, compound 22, and
VLB on the autophagy process of C32 cells via flow cytometry using an Autophagy Assay,
Red kit. The probe is a cell-permeable aliphatic molecule that brightly fluoresces after
unjumbling autophosphates and autolysosomes into lipid membranes. Samples of C32 cells
incubated for 24 h with JM4, 22, and VLB were subjected to a rising procedure with PBS
and then resuspended in PBS with the accessory of Autophagy Probe, Red solution, and
maintained for 30 min at 37 °C in the dark. After incubation, the cells were flushed again
and resuspended in cellular assay buffer. The results were analyzed with FACSDiva software.

4.6.7. Analysis of Mitochondrial Membrane Potential (MMP)

Disorder of the MMP was determined by the lipophilic cationic probe 5,5,6,6'-tetrachloro-
1,1’,3,3-tetrarthylbenzimidazol-carbocyanine iodide using a JC-1 MitoScreen kit. Samples
of C32 cells after the 24 h incubation with JM4, compound 22, and VLB, were subjected
to a rising procedure with PBS, suspended in PBS with 10 pg/mL JC-1 and maintained
for 15 min at room temperature in the dark. After incubation, the cells were flushed
again, resuspended in PBS, and immediately subjected to BD FACSCanto II flow cytometry
analysis. The results were analyzed using FACSDiva.

4.6.8. Determination of Caspase-3, Caspase-8, Caspase-9, and Caspase-10 Activity

Determination of the caspase-3, caspase-8, caspase-9, and caspase-10 activity were
carried out by the following kits: FLICA Caspase-3/7 Assay Kit, FLICA Caspase-8 Assay
Kit, FLICA Caspase-9 Assay Kit, and FLICA Caspase-10 Assay Kit using a BD FACSCanto II
flow cytometer. C32 cells were incubated with JM4, compound 22 and VLB for 24 h, washed
twice with PBS, resuspended in buffer supplemented with 5 mL of FLICA reagent, and
incubated. After 1h, the cells were flushed with apoptosis wash buffer and resuspended in
100 mL of the same reagent with 10 mg/mL PI. The procedure of determining the activity of
each caspase was carried out analogously. The results were analyzed with FACSDiva software.

4.6.9. Cell Morphological Analysis

Visualization of the nuclear morphology of C32 cells was evaluated using a phase
contrast microscope (Nikon Eclipse Ti, Tokyo, Japan) at 200 x magnification. C32 cells
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(2.5 x 10°) were incubated with JM4 at concentrations of 25, 50, and 100 pg/mL and
compound 22 and VLB at a concentration of 25 ug/mL in 6-well plates for 24 h at 37 °C.
After incubation, the cells were washed twice with PBS and observed under a phase
contrast microscope.

4.6.10. Statistical Analysis

All numerical data are shown as the mean + standard deviation (SD) from at least
three independent repeats. Statistical analysis was performed using GraphPad Prisma 8
software (GraphPad Software, San Diego, CA, USA). Statistical differences were assessed
using one-way ANOVA followed by Tukey’s test. Values of p < 0.05 were considered
statistically significant.

5. Conclusions

Summarizing, the results of conducted studies indicate that J. montana is a rich source
of polyphenolic compounds, mainly luteolin and its derivatives demonstrated significant
cytotoxic and proapoptotic potential. The obtained results have shown that J. montana may
be an effective strategy to develop preparation with potential antimelanoma properties.
However, further studies are required in the human system to determine cellular uptake,
distribution, and the long-term effect of the isolated flavonoids in the skin.
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Abbreviations

CHCl3 chloroform

CMM cutaneous malignant melanoma
DMEM Dulbecco’s minimal essential medium
DMSO dimethyl sulfoxide

ESI electrospray ionization

Et,O diethyl ether

EtOAc ethyl acetate

EtOH ethanol

FBS fetal bovine serum

HCOOH formic acid

H,O water

(@) median inhibitory concentration
LPLC low pressure liquid chromatography

LC-PDA-ESI-MS/TOF

liquid chromatography—photodiode array detection—electrospray
ionization-mass spectrometry

MeCN acetonitrile

MeOH methanol

MMP mitochondrial membrane potential
MS mass spectrometer

NMR nuclear magnetic resonance

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
n-BuOH n-butanol

PBS phosphate-buffered saline

PDA photodiode array detection

PI propidium iodide

PS phosphatidylserine

ROS reactive oxygen species

TLC thin layer chromatography

Urw ultra-pure water

uv ultraviolet

UV-VIS ultraviolet-visible spectroscopy
WHO World Health Organization

VLB vinblastine sulfate
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Figure S1. The qualitative assessment of J. montana extracts (JM1-JM3).

UV-VIS chromatogram (A=280 nm) obtained by LC-PDA-MS.
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Figure S2. The qualitative assessment of J. montana fractions (JM4-JM6).
UV-VIS chromatogram (A=280 nm) obtained by LC-PDA-MS.
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Figure S9. Flow cytometric analysis of cytotoxicity of C32 melanoma cells after 24 h of
incubation with DMSO and VLB (10, 25, 50, 100, 200, and 300 pg/mL) comparable with
untreated control by the Fixable Viability Stain assay.
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Figure S10. Flow cytometric analysis of cytotoxicity of C32 melanoma cells after 24 h of
incubation with JM1-JM3 (10, 25, 50, 100, 200, and 300 pg/mL) comparable with untreated
control by the Fixable Viability Stain assay.
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Figure S11. Flow cytometric analysis of cytotoxicity of C32 melanoma cells after 24 h of
incubation with JM4-JM6 (10, 25, 50, 100, 200, and 300 pg/mL) comparable with untreated
control by the Fixable Viability Stain assay.
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Figure S12. Flow cytometric analysis of cytotoxicity of C32 melanoma cells after 24 h of

incubation with compound 9, 12, and 22 (10, 25, 50, 100, 200, and 300 pg/mL) comparable
with untreated control by the Fixable Viability Stain assay.
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Figure S13. Flow cytometric analysis of cytotoxicity of normal human fibroblasts cells after
24 h of incubation with DMSO, JM4, and compound 22 (10, 25, 50, 100, 200, and
300 pg/mL) comparable with untreated control by the Fixable Viability Stain assay.

73



Publication 11

Juszczak A.M., Jakimiuk K., Czarnomysy R., Strawa J.W., Zovko Kon¢i¢ M., Bielawski K.,
Tomczyk M.: Wound healing properties of Jasione montana extracts and their main secondary
metabolites. Frontiers in Pharmacology Vol. 13, ID 894233, 2022, 13 pages.

DOI: 10.3389/fphar.2022.894233

74



:" frontiers | Frontiers in Pharmacology

ORIGINAL RESEARCH
published: 10 May 2022
doi: 10.3389/fphar.2022.894233

OPEN ACCESS

Edited by:
Carlos L. Cespedes-Acuna,
Universidad del Bio-Bio, Chile

Reviewed by:

Carlos Areche,

University of Chile, Chile
Juan Rodrigo Salazar,
Universidad La Salle, Mexico

*Correspondence:
Michat Tomczyk
michal.tomczyk@umb.edu.pl

Specialty section:

This article was submitted to
Ethnopharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 11 March 2022
Accepted: 21 April 2022
Published: 10 May 2022

Citation:

Juszczak AM, Jakimiuk K,
Czarnomysy R, Strawa JW,

Zovko Konci¢ M, Bielawski K and
Tomczyk M (2022) Wound Healing
Properties of Jasione montana
Extracts and Their Main
Secondary Metabolites.

Check for
updates

Wound Healing Properties of Jasione
montana Extracts and Their Main
Secondary Metabolites

Aleksandra Maria Juszczak', Katarzyna Jakimiuk', Robert Czarnomysy?,
Jakub Wtadystaw Strawa’, Marijana Zovko Konéié®, Krzysztof Bielawski? and
Michat Tomczyk ™

! Department of Pharmacognosy, Faculty of Pharmacy with the Division of Laboratory Medicine, Medical University of Bialystok,
Bialystok, Poland, “Department of Synthesis and Technology of Drugs, Faculty of Pharmacy with the Division of Laboratory
Medicine, Medical University of Bialystok, Bialystok, Poland, *Department of Pharmacognosy, Faculty of Pharmacy and
Biochemistry, University of Zagreb, Zagreb, Croatia

The effects of different extracts obtained from Jasione montana L. (JM1-JM6) and their
main metabolites on biological processes during wound healing were evaluated. The effect
on wound closure in the scratch test was established, and collagen type | synthesis and
anti-inflammatory effects were assessed by flow cytometry in a human dermal fibroblast
model (PCS-201-012). Additionally, the antioxidant activity (DPPH and FRAP) and degree
of inhibition of elastase participating in the proliferation processes of skin fibroblasts were
determined in an in vitro model. The extracts and fractions were analyzed using high-
performance liquid chromatography—-photodiode array detection (HPLC-PDA) to
quantitatively characterize their main polyphenolic compounds. The high antioxidant
activity of the JM4-JM5 fractions correlated with the content of luteolin and its
derivative 7-O-glucoside. Luteolin also showed the highest anti-elastase activity with an
ICso value of 39.93 + 1.06 ug/mL, and its substantial content in the JM4 fraction
presumably determines its activity (359.03 + 1.65pg/mL). At lower concentrations
(<60 pg/mL) of all extracts, cell proliferation and migration were significantly stimulated
after 24 h of treatment. The stimulation of cell migration was comparable with that of
allantoin, which was used as a positive control. However, most of the tested extracts
showed limited capacity to affect collagen type | biosynthesis. Moreover, the tested
samples exhibited a complex effect on cytokine secretion, and the strongest anti-
inflammatory activity through the moderation of IL-1p, IL-6 and IL-8 was observed for
JM4 and luteolin. Based on the obtained results of the quantitative analysis, the anti-
inflammatory activity of JM4 may be due to the high content of Iuteolin. In summary,
extracts from J. montana, which is flavonoid-rich, promote the viability and accelerate the
migration of fibroblasts as well as moderate oxidant and inflammatory processes and
elastase activity. Hence, they may be potentially useful for topical therapeutic applications
to stimulate the wound healing process.

Front. Pharmacol. 13:894233. Keywords: Jasi flavi ids, luteolin deri , fibr wound h g, antioxidant, y
doi: 10.3389/fphar.2022.894233 inhibition
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1 INTRODUCTION

The wound healing process is considered to be a series of
dynamic overlapping reactions leading to proliferation,
migration, matrix synthesis and contraction, as well as
restoration of function and integrity to damaged tissues,
resulting in the restoration of anatomic continuity. In
general, the wound healing process consists of four distinct
but smoothly overlapping phases, including hemostasis, the
inflammatory phase, proliferation and remodeling of new
tissue. Hemostasis occurs immediately after injury and is a
form of protection of the vascular system and bridges
invading cells. Transforming growth factor-p (TGF-p), which
stimulates fibroblasts, and platelet-derived growth factor
(PDGF) and vascular endothelial growth factor (VEGEF),
which are created by inter alia fibroblasts, are involved in
promoting post-inflammatory wound healing cascades. In
addition to VEGF, other important inflammatory cytokines
regulated by tumor necrosis factor-a (TNF-a) are interleukin
6 (IL-6), with both pro- and anti-inflammatory properties, and
interleukin 8 (IL-8) with chemotactic properties and
downregulation of collagen expression by fibroblasts
(Barrientos et al., 2008; Wedler et al., 2014). The proliferative
phase, during which the aforementioned cytokines are still
involved, is characterized by epithelialization, which leads to
cell detachment, proliferation, migration and differentiation.
The proliferation stage also includes angiogenesis in newly
developed cells and tissue, formation of granulation tissue
and deposition of collagen produced by proliferating
fibroblasts (Gothai et al., 2016). The most common cells in
the dermis particularly involved at each stage of the process are
fibroblasts, which generate the proliferative phase of repair and
are also involved in phases such as early inflammation and full
epithelialization of the damaged tissue (Addis et al., 2020). The
healing process is closely linked to the modulation of the
secretion of many growth factors, extracellular matrix (ECM)
signaling proteins, and cytokines; collagen deposition; and the
control of oxidative stress (Bainbridge, 2013). ECM components
such as collagen, fibrin, elastin, fibronectin, proteoglycans and
others function as significant protagonists of the survival,
proliferation and function of fibroblasts. The interaction
between the ECM and these cells is a form of autocrine
regulation that is essential in wound healing. Furthermore,
matrix metalloproteinases (MMPs), such as collagenase and
elastase, play an important role in regulating ECM
degradation and deposition and thus affect tissue remodeling
and repair (Tracy et al., 2016; Jakimiuk et al., 2021).

There is an association between wound healing processes and
oxidative stress-regulating activity, and one of the main factors
that play a fundamental role in wound healing is oxidation; hence,
antioxidant polyphenolic substances of plant origin may be a
particularly important aspect (Ustuner et al., 2019; Comino-Sanz
et al, 2021; Monika et al, 2022). The presence of several
polyphenolic compounds, mainly of a flavonoid nature, was
revealed in the aerial parts of Jasione montana L.
(Campanulaceae). To date, 5,7,3’,4’-tetrahydroxyflavone
(luteolin) (22), luteolin 7-O-B-D-glucoside (cynaroside) (12)
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and luteolin 7-O-B-D-xylosyl-(1-2)-B-D-glucoside (luteolin 7-
O-sambubioside) (9) have been isolated. Moreover, the
anticancer effect of J. montana has been documented in an
in vitro model of skin melanoma (Juszczak et al,, 2021). As,
from the pharmacological point of view, stimulation of
proliferation, migration and differentiation of dermal
fibroblasts, as well as anti-inflammatory or antioxidant effects,
are critical aspects of the wound healing process, the aim of this
study was to evaluate the effects of J. montana extracts and their
main metabolites, such as luteolin, luteolin 7-O-glucoside and
luteolin 7-O-sambubioside, on processes involved in wound
healing.

2 MATERIALS AND METHODS

2.1 Plant Material and Preparation of
Extracts JM1-JM3 and Fractions JM4-JM6

Aboveground parts of J. montana were collected and identified as
reported previously by Juszczak and coauthors. The plant
material was pretreated and then processed to obtain extracts
JM1-JM3 and fractions JM4-JM6 following a previously
described procedure (Juszczak et al., 2021).

2.2 Quantitative Analysis of Extracts
JM1-JM3 and Fractions JM4-JM6 by
HPLC-PDA

The quantification of selected secondary metabolites and the sum
of their derivatives in extracts (JM1-JM3) and fractions
(JM4-JM6) was performed in compliance with the
International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH)
recommendations (Okuda et al, 2014). Details of the
optimization and validation  high-performance liquid
chromatography with a photodiode detector (HPLC-PDA)
method are presented in the Supplementary Table S1.

2.3 DPPH Radical-Scavenging Assay

The antioxidant activity of the JM1-JM6 extracts and their main
compounds (9, 12, and 22) against 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radicals was estimated according to the method
previously described (Ciganovi¢ et al, 2019) with some
modifications. All extracts (JM1-JM6) and main components
of the tested extracts (9, 12, and 22) were isolated and identified as
previously described (Juszczak et al,, 2021). A total of 130 puL of
sample solution at various concentrations was mixed with 70 uL
of DPPH (0.2mg/mL) in a 96-well plate. Then, the reaction
mixture was incubated in the dark at room temperature. After
30 min, the absorbance was recorded at 517nm using a
microplate  reader  (BioTek  Instruments  microplate
spectrophotometer EPOCH 2, Oxfordshire, United Kingdom).
A blank solution was prepared by mixing methanol and DPPH
solution. Trolox was used as a positive control. The experiment
was performed in triplicate.

RSA (%) = (C—S)/Cx100%
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where C is the negative control and S is the sample. Concentration
of the tested samples, which scavenges 50% of free radicals
present in the solution (ICsp), was calculated.

2.4 Ferric Reducing Antioxidant Potential

Determination of the ferric reducing antioxidant potential
(FRAP) was performed using a ferric reducing antioxidant
power assay kit. Ten microliters of each sample (JM1-JM6, 9,
12, 22) was mixed with 190 pL of supplied reaction mix (FRAP
assay buffer, FeCl; solution, FRAP probe). The absorbance was
measured after 1h of incubation at 37°C at 594 nm using a
microplate reader. A blank solution contained 10 pL of MeOH
instead of extract/compound solution. For further calculations,
the ferrous standard curve was evaluated. The values are given as
mM ferrous equivalents. All tests were executed in triplicate.

2.5 Elastase Inhibitory Activity

The measurement of elastase inhibition was modified slightly
according to a previous method (Wittenauer et al., 2015). The
procedure was performed in 100 mM Tris buffer (pH = 8.0).
Briefly, 100 uL of extracts (JM1-JM6) (100-600 pg/mL) or
compounds (9, 12, and 22) (10-200 pg/mL) and 100 uL of
Tris buffer were mixed with 25uL of porcine pancreatic
elastase solution (0.05mg/mL). Then, the mixtures were
preincubated at 25°C for 5min, and 70 uL of AAAPVN
(0.4 mg/mL) was added. After another 15 min of incubation,
the release of p-nitroaniline was monitored at 410 nm using a
microplate reader. A blank solution was prepared by using buffer
instead of sample solution. Quercetin was employed as a positive
control. The calculations were performed as follows:

Ellnh (% ) = (C - S)/Cx100%

where C is the negative control and § is the sample.

2.6 Cell Culture

The normal human dermal fibroblast cell line (PCS-201-012) was
cultured in DMEM blended with 10% fetal bovine serum (FBS),
10 pg/mL streptomycin, and 10 units/mol penicillin. The cells
were cultured in 5% CO, and fully humidified at 37°C. All tested
compounds were dissolved at a final vehicle (DMSO)
concentration of not more than 0.5% (v/v). Cells cultured in
drug-free DMEM were used as controls, and cells treated with
DMSO alone were used as solvent controls. All extracts
(JM1-JM6) and the main components of the tested extracts
(9, 12, and 22) were analyzed at the following concentrations:
10, 25, 50, 100, 200, and 300 pg/mL.

2.6.1 Proliferation and Migration Assay

The in vitro wound healing activity of J. montana extracts and
isolated compounds was determined by a scratch assay, which is a
model of a wound in which monolayer skin cells, including
fibroblasts, react to the disruption of contact between cells and
stimulate proliferation and migration by modulating the
concentration of growth factors and cytokines at the edge
wounds (Liang et al., 2007). For this purpose, fibroblast cells
were seeded at a density of 2.5 x 105 in 6-well cell culture dishes
and incubated for 24 h at 37°C. After incubation, a linear scratch

was made with a universal sterile 200 pL pipette tip. Cells were
incubated with the tested extracts (JM1-JM6) and compounds (9,
12, and 22) at concentrations of 10, 25, 50, 100, 200 and 300 ug/
mL for 24 h at 37°C. Allantoin, a plant-derived commercialized
drug, was used as the positive control at a concentration of 50 pg/
mL to judge the rate of cell migration (Sarkhail et al., 2020). After
incubation, the migrated cells were washed twice with PBS and
observed under a phase contrast microscope. The progress of
migration, proliferation and closing of the wound before and after
treatment with the tested samples was monitored by imaging with
a phase contrast microscope (Nikon Eclipse Ti, Tokyo, Japan) at
x 100 magnification and NIS-Elements 3.0 imaging software
(Nikon Instruments Inc., Melville, NY, United States).

2.6.2 Biosynthesis of Collagen Type |

The effect of the tested extracts and fractions (JM1-JM6), as well
as their main compounds (9, 12, and 22) on collagen type I
biosynthesis was determined using a method of cytometric
staining of the surface anti-collagen type I according to the
manufacturer’s protocols. Fibroblasts were incubated for 24 h
at 37°C with the test samples at concentrations of 10, 25, 50, 100,
200, and 300 pg/mL. Allantoin (50 pg/mL) was used as a positive
control. After incubation, fibroblasts were washed with PBS,
trypsinized, resuspended in DMEM and centrifuged
(1,200 rpm, 10 min, 4°C). The supernatant was removed, and
the cells were washed with 2 mL of stain buffer. Then, the cells
were incubated for 30 min on ice with 100 pL of stain buffer and
1 puL of antibody. After complete incubation, 2 mL of stain buffer
was added. After consecutive centrifugation (1,200 rpm, 10 min,
4°C), the supernatant was removed, the cells were resuspended in
300 pL of buffer and then immediately subjected to analysis on a
flow cytometer (BD FACSCanto II flow cytometer, San Jose, CA,
United States) calibrated with BD Cytometer Setup and Tracking
beads (BD Biosciences, San Diego, CA, United States). The
median fluorescence intensity was calculated using FACSDiva
software (BD Biosciences Systems, San Jose, CA, United States)
and analyzed by FCS Express 7 software (DeNovo Software,
Pasadena, CA, United States).

2.6.3 Flow Cytometric Analysis of Inflammatory
Cytokines

The effect of the tested extracts and fractions (JM1-JM6) as well
as 9, 12, and 22 on cytokine (IL-1f, IL-6 IL-8, IL-10, IL-12p70
and TNF) secretion was determined using the Cytometric Bead
Array (CBA) Human Inflammatory Cytokine Kit according to
the manufacturer’s protocols. After 24 h of incubation with the
test samples at concentrations of 10, 25, 50, 100, 200, and 300 pg/
mL, fibroblast cells were washed with PBS, trypsinized,
resuspended in DMEM and centrifuged (1,200 rpm, 10 min,
4°C). The supernatant was then replaced with 50 uL of assay
diluent with the addition of 50 pL of assay beads and 50 pL of PE-
labeled antibodies (detection reagent) from the human
inflammatory cytokine kit. Incubation was performed for 3 h
at room temperature without daylight, after which the fibroblast
cells were washed and centrifuged (1,200 rpm, 5 min, 4°C). The
cell pellet was resuspended in 300 pL of wash buffer and then
immediately subjected to analysis by FCAP Array v3 software on
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TABLE 1 | Quantification of major compounds (compounds 9, 12 and 22) in J. montana extracts (JM1-JM3) and fractions (JM4—JM6) by HPLC-PDA.

Compounds JM1 JM2 JM3 JM4 JM5 JMé6
mg/g dry Extract/fraction

9° 10.30 + 0.03 6.57 + 0.03 BLQ nd BLQ 6.77 + 0.08

12 52.02 + 0.17 31.21 £ 0.07 11.10 + 0.08 40.21 +0.85 383.16 + 1.36 nd

22 5.78 + 0.11 7.82 £ 0.02 8.18 + 0.09 7213 + 3.86 nd nd

luteolin derivatives*® 83.66 + 0.28 53.81 £0.14 23.11 £ 0.02 53.51 =1 474.87 +1.86 20.76 + 0.13

9 — luteolin 7-O-sambubioside; 12 — luteolin 7-O-B-D-glucoside; 22 — luteolin.
“Excluding luteolin.

PExpressed as equivalent of luteolin 7-O-glucoside with standard deviation; BLQ, below the limit of qualification; nd, not detected.

a BD FACSCanto II flow cytometer (both from BD Biosciences
Systems, San Jose, CA, United States) calibrated with BD
Cytometer Setup and Tracking beads (BD Biosciences, San
Diego, CA, United States).

2.7 Statistical Analysis

All numerical data are expressed as the mean * standard
deviation (SD) from at least three independent repeats.
GraphPad Prisma eight software (GraphPad Software, San
Diego, CA, United States) was used for statistical analysis.
Statistical differences were assessed using one-way ANOVA
followed by Dunnett’s multiple comparisons test. Statistically
significant values were considered under the condition of p <
0.05. MS Excel 2019 software with the Data Analysis add-on was
used for statistical analysis and determination of linear regression
parameters. The parameters were obtained using ANOVA with a
confidence level of 95%.

3 RESULTS

3.1 Quantitative Analysis of Extracts
JM1-JM3 and Fractions JM4-JM6 by
HPLC-PDA

The main components of the aerial parts of J. montana were
successfully identified by LC-MS analysis in a previous report
(Juszczak et al., 2021). The extracts from J. montana were
quantified by HPLC-PDA by preparing the calibration curves
of the four reference substances. Table 1 presents the contents
of major components, luteolin 7-O-sambubioside (9), luteolin
7-O-glucoside (12), and luteolin (22), as well as their
derivatives in the extracts (JM1-JM3) and the fractions
(JM4-JM6). Each investigated extract has variations in
quantitative content with regard to the main compounds.
The phytochemical composition of JM1-JM6 is relatively
limited, however, the dominant compounds in the studied
extracts are present in significant amounts. The dominant
compounds present in JM4 are 22 (72.13 + 3.86 mg/g dry
fraction) and 12 (40.21 + 0.85 mg/g dry fraction), while JM5
contains a significant amount of 12 (383.16 + 1.36 mg/g dry
fraction), and other flavonoid derivatives. The high content of
dominant constituents in these fractions was the basis for the
attempt to isolation process of compounds 9, 12, and 22
(Juszczak et al., 2021).

TABLE 2 | Antiradical activity against DPPH radical (ICsg, pg/mL) of JM1-JM6
extracts and compounds (9, 12, and 22), FRAP values (mM Fe?* per mL).

Sample DPPH, ICs, (ng/mL)? FRAP (mM Fe?*eq/mL)°
JM1 45715 +5.2 34.33 + 0.99
JM2 276.60 + 3.8 46.53 + 0.87
JM3 261.18 + 4.2 41.31 + 0.99
JM4 72.69 £ 2.3 43.87 + 1.32
JM5 42.69 + 1.7 51.55 + 1.65
JM6 848.47 + 4.4 10.63 + 0.92
Compound 9 20.34 + 0.8 60.59 + 0.46
Compound 12 16.59 + 0.7 51.88 + 0.53
Compound 22 10.65 = 0.7 51.81 £ 0.78

“All data are represented as the mean ICs, values.
Ability to reduce the Fe** complex to ferrous Fe?*.

3.2 Antioxidant Activity of J. montana

Extracts and Isolated Compounds

The effects of J. montana extracts and isolated compounds on
antioxidant activity are given in Table 2. The analysis of
antioxidant potential by the DPPH and FRAP methods
confirmed that the highest activity for extracts and fractions
are connected with increasing polyphenolic compound content
(Sulaiman et al., 2013). Based on the results obtained, the tested
plant had high antioxidant activity in the presence of compounds
22 (DPPH: ICsg = 10.6 + 0.7 pg/mL, FRAP: 60.59 + 0.5 mM Fe**/
mL) and 12 (DPPH: ICs5, = 16.6 *+ 0.7 ug/mL, FRAP: 51.9 +
0.5 mM Fe?*/mL). As stated by the quantitative HPLC analysis,
the highest contents of 22 and 12 were prevalent in the JM4 and
JM5 fractions, which is consistent with their free radical-
scavenging potential, with ICs, values of 72.7 + 2.3 and 42.7 +
1.7 mM Fe**/mL and reducing powers of 43.87 + 1.32 and 51.55 +
1.65 mM Fe**/mL, respectively. Moreover, all tested compounds
(9, 12, and 22) possessed stronger antiradical potential in the
DPPH method than a positive control, Trolox (ICs, = 58.6 +
0.1 pg/mL).

3.3 Elastase Inhibition Activity of J. montana
Extracts

Inhibition of elastase activity for crude extracts from J. montana
was performed. The effect of their anti-elastase potential
expressed as ICsq values is summarized in Table 3. Among all
tested samples, only three (JM4, JM5, and 22) exhibited moderate
anti-elastase effects. Compound 22 (ICs, = 39.93 + 1.06 pg/mL)
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TABLE 3 | Elastase inhibitory activity of JM1-JM6 extracts; compounds 9, 12,
and 22; and quercetin expressed as ICsq (Hg/mL).

Sample ICs0 (Hg/mL)
JM1 na
JM2 na
JM3 na
JM4 359.03 + 1.65
JM5 385.03 + 1.87
JM6 na
Compound 9 na
Compound 12 na
Compound 22 39.93 + 1.06
Quercetin 22.36 + 0.86

na, not active; PC, positive control (quercetin).

showed the highest activity, followed by JM4 (ICso = 359.03 +
1.65 ug/mL) and JM5 (ICso = 385.03 ug/mL). On the other hand,
JM1-JM3, JM6, 9 and 12 showed no significant inhibitory
activity.

3.4 Scratch Wound Healing of Fibroblast
Cells by the Influence of J. montana
Extracts

To assess the in vitro wound healing effect of J. montana,
fibroblast migration concerning the closure of the uncovered
scratched area by the scratch assay was monitored. Data obtained
from an in vitro scratch model using fibroblast cells showed that
J. montana extracts and isolated compounds significantly
enhanced fibroblast cell migration toward an induced
temporary interruption at most of the tested concentrations to
varying extents compared with the migration of cells into the
wounded area incubated in medium free from tested samples 24 h
after wounding (Figure 1). Wound closure was stimulated in a
concentration range of 10-300 pug/mL, with the tested fractions,
extracts and compounds being less effective at higher
concentrations. For the JM1-JM3 extracts, JM5-JM6 fractions
and compounds 9 and 12, the cell migration into the injured area
was significantly increased up to a concentration of 100 pg/mL.
However, above this concentration, significantly less stimulation
of fibroblasts, as well as a reduction in cell adhesion and loss of
intercellular connections, was observed (data not shown). JM1
and 9 (50 pg/mL) proved to be most effective in the scratch test,
and cell migration to the wound area after 24 h of incubation was
comparable with the healing-promoting activity visualized for
allantoin (50 ug/mL). Both treatments returned cells to a
confluent or near confluent state within 24 h, comparable with
the untreated control cells. In contrast, a distinct trend was
observed for 22 and JM4, which were capable of stimulating
cells only at a low concentration (10 pg/mL). This observation
coincides with the higher cytotoxicity of these samples presented
in the previous report (Juszczak et al., 2021).

3.5 Collagen Type | Biosynthesis

In the further evaluation of the wound healing properties, we
examined the intracellular expression of the anti-collagen type I
antibody fluorescein conjugation specific for collagen type I
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under the influence of J. montana extracts and their main
compounds in fibroblast cells. The results are expressed as the
median fluorescence intensity (MFI) and are shown in Figure 2
and Supplementary Figure S1. Most of the tested extracts
showed limited capacity to affect collagen biosynthesis. After
treatment with JM3 at a concentration of 25 ug/mL, only a slight
increase in collagen content was observed in fibroblast cells (MFI:
2,417 +45.2 vs. 2,244 + 7.1 control). The observed effect was not
dose dependent. The pure isolated compounds showed higher
activity than the extracts. Compounds 9 and 12 at the highest
tested concentrations significantly increased the soluble collagen
content in fibroblast cells compared with untreated control cells.
The highest expression of collagen antigen was observed after
treatment with 9 at a concentration of 300 ug/mL (MFI: 1763 + 58
vs. 1,507 + 9.2 control). Slightly weaker expression was recorded
after incubation with 12, achieving a stimulatory effect on
collagen production at a concentration of 300 ug/mL (MFI:
1717 + 10.6 vs 1,507 + 9.2 control). Comparing the results
obtained for the reference sample, allantoin, it is clear that
most of the tested samples had higher activity than the
positive control. Moreover, allantoin at a concentration of
50 pg/mL  induced downregulation of collagen antigen
expression in fibroblast cells (MFIL: 1,494 + 2.8 vs. 1822 + 62.2
control).

3.6 Effect of J. montana Extracts on

Cytokine Secretion

To assess the immune status of human fibroblast cells in response
to J. montana extracts and their major compounds, the levels of
representative cytokines in cellular supernatants were examined
by flow cytometry. All tested samples showed a complex effect on
cytokine secretion that depended on the cytokine considered as
well as the concentration of the samples tested. As shown in
Figures 3, 5, the expression levels of interleukin 1p (IL-1pB) and
IL-8 gradually decreased for some extracts and compounds. The
highest decrease in the secretion of the labeled pro-inflammatory
cytokine IL-1p occurred for all tested concentrations of the JM4
fraction (10-300 pg/mL) and 22. After incubation with 50 pg/mL
of JM4, a decrease in IL-1p to 0.5 + 0.4 pg/mL vs 13.4 + 5.6 pg/mL
control, and under the influence of 100 pg/mL of 22 1.7 + 1.1 pg/
mL vs 134 + 56pg/mL control. At the same time, at
concentrations of 200-300 pg/mL of 22, a strong reduction in
IL-1B expression below the sensitivity of the method was
observed. Furthermore, at higher concentrations (100-300 pg/
mL), the JM2 extract and JM5 and JM6 fractions showed a
significant reduction in IL-1p release. In the case of the
proinflammatory IL-8, a decrease in its expression was most
pronounced after treatment with JM2, JM4, JM5, and 22. The
JM4 fraction and 22 (300 pg/mL) appeared again to be the most
significant inhibitors of proinflammatory cytokine expression
(154 + 102.8 pg/mL vs 8,396.8 + 2,771.1 pg/mL control and
60.8 + 8pg/mL vs 8,396.8 + 2,771.1 pg/mL, respectively).
Based on the quantitative analysis results, the anti-
inflammatory activity of JM4 may be due to the high content
of 22 (Table 1). Nevertheless, the other extracts mentioned above
showed anti-inflammatory activity in a dose-dependent manner.
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(magnification x 100) (scale bar 250 pum).

FIGURE 1 | Representative image of the in vitro scratch migration assay in fibroblast cells immediately after the wounding (t0), untreated (control) or treated with
allantoin (50 pg/mL), extracts JM1-JM6 (50 pg/mL), or compounds 9, 12 (25 pg/mL) or 22 (10 pg/mL) after 24 h incubation evaluated by phase contrast microscopy

Moreover, extracts such as JM1, JM3, JM6, and compounds 9
and 12 resulted in reduced IL-8 levels in the higher ranges of
tested concentrations (100-300 pg/mL). However, there was a
significant increase in the aforementioned proinflammatory
cytokine levels after treatment with lower concentrations of 9
(10-100 pg/mL). The highest increase in IL-6 secretion occurred
for JM1 (100 pug/mL), JM2 (100 pg/mL), JM3 (100 pg/mL), JM5
(10 pg/mL), JM6 (50 pg/mL), 9 and 12 (100 pg/mL) (Figure 4).
However, at higher concentrations (300 pg/mL) of the tested
samples, there was a drastic decrease in the level of this
cytokine. JM4 and 22 induced a dose-dependent decrease in
IL-6 expression levels below that of the untreated control.
Compared with the results obtained for the reference sample,
allantoin, a decrease in IL-8 expression and upregulation of IL-6
can be observed, but the effect was weaker than for the most active

samples tested. However, a significant effect of allantoin on the
stimulation of proinflammatory IL-1P levels was observed.
Cytokine values lower than the detection limit (IL-10, IL-
12p70, and TNF) were considered undetectable and are not
shown. The most pronounced effects were observed for the
most highly expressed cytokines.

4 DISCUSSION

Repair of disrupted skin structure is a complex process leading to
the restoration of tissue function in a series of overlapping phases
(Soib et al., 2020). Changes at each stage of normal wound healing
can result in a delay or inability to repair the disrupted structure
(Stintar et al,, 2012). In the case of diseases such as obesity and
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FIGURE 2 | Effect of J. montana extracts (JM1-JM6) and their main compounds (9, 12, and 22) (10-300 pg/mL) and allantoin (50 pg/mL) on the collagen type |
content in fibroblast cells. Data are expressed as the percentage of the median fluorescence intensity compared with the control. Data are presented as the median
fluorescence intensity (MFI) from three independent experiments (n = 3) performed in duplicate. *p < 0.05 versus the control group, **p < 0.01 versus the control group,
***p < 0.001 versus the control group, ***p < 0.0001 versus the control group.

diabetes, the incidences of which are increasing rapidly, patients
are at a high risk of developing chronic wounds due to the delay,
impairment and uncoordinated healing process (Muniandy et al.,
2018). Moreover, impaired repair processes, such as skin and
underlying tissue injuries, are encountered in cardiovascular
diseases and disorders during cancer therapy (Martinengo
et al, 2019). Therefore, to restore the regularity of the wound
healing process, the use of substances capable of accelerating the
restoration of the physical barrier, as well as protection against
unfavorable factors causing wound pathology, may be necessary.
The role of certain medicinal plants and phytoconstituents in the
wound healing process may represent an attractive approach to
their therapeutic properties (Marume et al., 2017; Ustuner et al.,
2019). Moreover, the World Health Organization (WHO) defines
recommendations for the use of medicinal plant treatment due to
their safety and efficacy (World Health Organization, 2013).
Previous reports identify J. montana as a raw material rich in

polyphenolic substances, mainly flavonoids (Juszczak et al.,
2021), which are well known for their significant antioxidant
properties. Hence, the potential of extracts and fractions from
J. montana in stimulating wound healing, as well as various
biological activities, such as antioxidant and anti-inflammatory
properties, was investigated.

The need to measure antioxidant potential is well-reported;
such measurements are conducted for significant comparison of
food or cosmeceutical products for delivery of quality
determination for regulatory cases and health-promoting
issues. Overproduction of reactive oxygen species (ROS)
caused by skin damage can induce apoptotic changes, damage
living tissues, delay or completely stop the healing process due to
damage to cell membranes and destruction of proteins, lipids and
ECM elements (Ustuner et al., 2019). In the current work, the
antioxidant properties of . montana and its main components
were established using two different chemical methods, including
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FIGURE 3| Effects of the J. montana extracts JM1-JM6 and their main components (9, 12, and 22) (10-300 pg/mL) and allantoin (50 pg/mL) on IL-1p production
inhibition. Mean values from three independent experiments (n = 3) performed in duplicate are presented. *p < 0.05 versus the control group, **p < 0.01 versus the control
group, ***p < 0.001 versus the control group, ****p < 0.0001 versus the control group. BSR, below the standard range (values lower than the detection limit).

the DPPH free radical scavenging and FRAP assay. In the DPPH
assay, 9 (luteolin 7-O-sambubioside), 12 (luteolin 7-O-glucoside),
22 (luteolin) and the fractions with their highest content
(Table 1), JM4 and JMS5, exhibited the strongest ability to
scavenge the radicals. Similar findings were revealed in the
FRAP method. The best reducing abilities were found in JMS5,
followed by JM4, while the lowest activity was observed in JM6 in
both the FRAP and DPPH assays. In accordance with the assays
performed, the best antioxidant abilities were found in JM4, JM5
and compounds 9, 12, and 22. The observations could clearly be
explained by the higher concentration of the total phenolic
compounds in the fractions and extracts. These conclusions
are supported by previously reported studies and available
literature data (Mainka et al., 2021).

Fibroblasts, alongside keratinocytes, are the predominant cells
in the wound closure mechanism and constitute a major target in
the commercial design of therapeutic preparations (Ustuner et al.,
2019). Their proliferation and migration to the wound site play a

key role during the re-epithelialization process of restoring skin
integrity, generating new granulation dermis and new collagen
structures to support other cells (Bainbridge, 2013). The strength
of both of these proliferation phase mechanisms has been
assessed using the preferred wound healing model of the
in vitro scratch test, a useful method for mimicking cell
migration during wound closure in vivo (Liang et al., 2007).
The present study shows that J. montana extracts and their major
metabolites can promote wound closure and granulation tissue
formation by inducing fibroblast cell migration in the scratch
assay, a critical step in the proliferation phase, and they
simultaneously lack cytotoxic effects as established in a
previous study (Juszczak et al,, 2021). Furthermore, among the
tested samples, 9 and JM1 most strongly stimulated fibroblast
growth and migration (Figure 1). A similar stimulating effect was
observed for the JM5 fraction and its main compound, 12,
probably determining its effects of action (Table 1). The
stimulation of fibroblast migration has been repeatedly linked
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FIGURE 4 | Effects of the J. montana extracts JM1-JM6 and their main components (9, 12, and 22) (10-300 pg/mL) and allantoin (50 pg/mL) on the release of IL-
6. Mean values from three independent experiments (n = 3) performed in duplicate are presented. *p < 0.05 versus the control group, **p < 0.01 versus the control group,
***p < 0.001 versus the control group, ****p < 0.0001 versus the control group.

with antioxidant properties (Comino-Sanz et al., 2021); however,
only the JM5 fraction and compounds 9 and 12 partially support
the initial hypothesis. Interestingly, fraction JM4 and its main
component probably responsible for its action, 22 (Table 1),
show toxicity at the higher concentrations tested despite their
high antioxidant properties (Juszczak et al, 2021) as well as
moderate fibroblast migration to the wound at lower
concentrations. The activity of the Lavandula stoechas extract
containing luteolin derivatives (54.49 + 5.02 mg/L), demonstrated
by Addis and coauthors, exhibited slight stimulation of the
migration and proliferation of fibroblast activity that decreased
with increasing incubation time and tested concentration (Addis
et al,, 2020). On the other hand, Bayrami and coauthors reported
a lack of toxicity of luteolin, which was more effective than
Tragopogon graminifolius extract rich in this flavone, on
stimulating cell proliferation in the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay and
migration in the scratch assay. Moreover, luteolin-induced cell

accumulation in the S-phase of the cell cycle was demonstrated,
confirming its role in cell proliferation (Bayrami et al., 2018).
However, the authors tested luteolin at a concentration of 0.1 pg/
mL, which was many times lower than the concentration used in
the present study. At the same time, the luteolin-rich fraction
from T. graminifolius was tested at a concentration of 50 ug/mL,
which can be assumed to be in agreement with our reports on the
stimulating effect of JM4 at lower concentrations. Chen et al.
(2021) demonstrated that systemic administration of luteolin
promotes re-epithelialization of wounds with a well-organized
arrangement of fibroblasts. Furthermore, the activity of
Calendula officinalis extracts, of which luteolin and their
derivatives are among the flavonoid components, was reported
to stimulate fibroblasts to overgrow the wound (Fronza et al,
2009; Srivastava et al., 2010; Wedler et al., 2014). Nevertheless,
according to our data, at higher concentrations, the JM4 fraction
and 22 confer antiproliferative and cytotoxic effects. In both
cases, it is probably caused by the high concentration of 22
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(Table 1). Moreover, our data about the activity of another
predominant constituent, 12, are in good agreement with
those confirmed by the findings of Ustner and coauthors on a
Thymus sipyleus extract with a significant cynaroside content
(0.46 = 0.01 mg/100 mg extract). The authors simultaneously
showed stimulation of proliferation under the influence of the
mentioned extracts, as determined by the MTT assay (Ustuner
et al., 2019). On the other hand, Karatoprak and coauthors
proved that the butanol fraction from Alchemilla mollis with a
high content of luteolin 7-O-glucoside (23.04 + 0.22 mg/g extract)
has at the same time a strong antioxidant potential and toxic
activity on 1929 fibroblast cells in the sulforhodamine B (SRB)
assay. The authors suggest antioxidant as well as toxic effects of
luteolin 7-O-glucoside (Karatoprak et al, 2017). However,
according to Juszczak et al. (2021) and coauthors, this
derivative did not show strong cytotoxicity against dermal
fibroblast cells and additionally stimulated their migration in
the scratch assay (Figure 1).

According to previously performed LC-MS analysis,
J. montana extracts are present rich in polyphenolic
compounds (Juszczak et al., 2021), which have been repeatedly
proven to modulate processes closely related to wound healing. In
addition to their antioxidant properties, which are associated with
repair processes, p-coumaric acid as well as apigenin are able to
stimulate migration and differentiation of fibroblasts in an
in vitro and in vivo models. Moreover, the anti-inflammatory
potential of apigenin through inhibition of TNF-a, IL-6 and IL-1p
has been demonstrated (Carvalho et al, 2021; Melguizo-
Rodriguez et al, 2021). However, taking into account the
complex plant matrix and various phytochemical compositions
as well as the fact that the major compounds which are luteolin
and its derivatives, present in significant amounts, it cannot be
unequivocally stated that other compounds determined in the
tested extracts displayed influence on the observed biological
effect of J. montana extracts or fractions.

From a clinical perspective, the deposition in the wound of
collagen produced by fibroblasts, the main protein of the ECM,
may be the most important phase of healing and ultimately
contributes to the strengthening of the matrix (Lodhi and
Singhai, 2013; Tracy et al, 2016). The effect of flavonoid
compounds on the stimulation of collagen synthesis in skin
fibroblast cultures has already been reported (Ibrahim et al,
2018; Shedoeva et al,, 2019). Hence, the effect of J. montana
extracts on the content of collagen type I in an in vitro model of
human skin fibroblasts was investigated. However, the observed
activity of stimulating collagen type I synthesis for most of the
tested samples was limited. The highest activity was observed for
compounds 9 and 12, while, as already mentioned, they did not
show the ability to reduce cell viability. In addition, the JM3
extract slightly increased the content of soluble collagen in the
supernatant at a dose of 25 ug/mL. However, it was not a dose-
dependent effect; therefore, it is difficult to state which
component is responsible for its activity, 12, 9 or the synergy
of the actions of both tested luteolin derivatives (Table 1).
Previous reports confirm the hypothesized activity attributed
to luteolin glucoside, the presence of which has been reported
in extracts from T. sipyleus, to alter hydroxyproline levels used as

a biomarker for collagen content determinations (Ustuner et al,
2019). However, the effect of stimulating collagen synthesis
decreased with increasing concentrations of the administered
T. sipyleus extract, unlike the results shown in the present study
(12 and JMS5 activity). This fact can be explained by the presence
of a second unidentified dominant compound in the mentioned
extracts from T. siplyeus. Increased content of cross-linked
collagen in wounds was also observed by hydroxyproline
determination in an in vivo model of diabetic mice after
topical administration of Martynia annua and Tephrosia
purpurea extracts containing luteolin and was confirmed by
histopathological studies. This confirms that flavonoids can
lead to the stimulation of collagen synthesis and probably
participate in the formation of cross-links as collagen matures
(Lodhi et al,, 2016). However, our study showed a decrease in
collagen content in fibroblast cells after the lowest dose (10 pg/
mL) of 22 (luteolin).

Impairment of wound healing leads, inter alia, to the
overproduction of MMPs and, consequently, to the
degradation of the ECM, such as collagen or elastin, and
the inhibition of skin re-epithelialization (Wu et al., 2016;
Chen et al,, 2021). Under physiological conditions, elastin
fibers, which contribute to the maintenance of skin
elasticity and flexibility, intertwine with the rigid collagen
fibers of the ECM. In addition to its important structural
role, elastin also has a beneficial effect on wound healing
and regeneration (Tracy et al, 2016). In this study, two
extracts (JM4 and JM5) and one compound (22) were most
active elastase inhibitors. However, JM1-JM3, JM6, and
compounds 9 and 12 were not active on elastase. When all
results were evaluated together, the obtained enzyme
inhibitory results may be linked to the chemical
composition of the tested extracts and the chemical
structure of the compounds. The contradictory results were
also observed in the literature, and these phenomena could be
explained by the complex nature and possible interactions of
phytochemicals in JM1-JMé (Table 1), as well as
O-glycosylation at position C7 of the A-ring of the luteolin
structure in 9 and 12 (Jakimiuk et al., 2021). Following that,
the noticed enzyme inhibitory abilities of JM4 and JM5 could
be related to the presence of 22.

The mechanism of chronic wound healing, in addition to the
overproduction of MMPs, is also associated with the activation of
the prolonged immune response. Inflammation is part of the
normal wound healing process; however, in the absence of
effective decontamination, this condition can be prolonged
with elevated levels of proinflammatory cytokines such as
TNF-a and its dependent IL-6 and chemokine IL-8 as well as
cytokine IL-1B, impeding the healing itself by limiting
proliferation, skin cell differentiation and collagen deposition
at the wound site (Ibrahim et al., 2018; Sarkhail et al., 2020). TNF-
a and IL-1p levels are elevated in chronic wounds and have a
similar response inhibiting ECM synthesis while synergistically
increasing MMP production (Barrientos et al., 2008). The
modulation of inflammation of the wound healing process
may occur through the reduction of pro-inflammatory
mediators IL-6 and IL-8 induced by TNF-a secreted from
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FIGURE 5 | Effects of the J. montana extracts JM1-JM6 and their main components (9, 12, and 22) (10-300 pg/mL) and allantoin (50 pg/mL) on IL-8 production
inhibition. Mean values from three independent experiments (n = 3) performed in duplicate are presented. *p < 0.05 versus the control group, **p < 0.01 versus the control
group, ***p < 0.001 versus the control group, ***p < 0.0001 versus the control group.

activated fibroblasts and thus may represent an effective
therapeutic approach for the regulation of wound healing
progression (Bainbridge, 2013; Sarkhail et al., 2020). Therefore,
J. montana extracts and pure isolated compounds were evaluated
to determine whether they have any effect on the production of
several inflammatory cytokines. Our findings suggest that
fractions from J. montana have varying degrees of in vitro
anti-inflammatory effects on human skin fibroblasts by
modulating the levels of IL-1pB, IL-6 and IL-8 (Figures 3-5).
Furthermore, the inhibition of inflammatory mediator levels was
not due to an overall cytotoxic effect, as described in a previous
study (Juszczak et al., 2021), except for high concentrations of 22
and the luteolin-rich fraction JM4 with antiproliferative and
cytotoxic potential, which may be related to the activation of
caspases (Juszczak et al, 2021). Many well-known anti-
inflammatory molecules may inhibit the activity of the
enzymes belonging to caspase-family. For example, numerous
non-steroidal anti-inflammatory drugs (NSAIDs), such as

propionic acid derivatives (tenbufen, indoprofen, and
iaprofenic acid), acetic acid derivatives (ketorolac, felbinac and
tolmetin), as well as others such as ebselen and flunixin are potent
multi-caspase inhibitors. Furthermore, it seems that the
inhibition occurs at physiologically relevant concentrations
in vitro and in vivo, as well as that it is cyclooxygenase-
independent (Smith et al,, 2017). In vitro and docking studies
show that other anti-inflammatory drugs, such as colchicine, and
the corticosteroid drugs, dexamethasone and
methylprednisolone, also supress the caspase-1 activity (Ben-
Chetrit, 2018; Caruso et al., 2022). Numerous natural phenols
such as anthranoids (chrysophanol) (Kim et al., 2010), and
flavonoids (icariin and taxifolin) (Zu et al., 2019; Zhan et al.,
2021) may also influence caspase activity. Thus, the study of small
molecules as caspase inhibitors represents a developing area of
research on new anti-inflammatory drugs. Previous studies have
reported the anti-inflammatory effects of luteolin and its
derivatives (Lopez-Lazaro, 2009; Aziz et al., 2018). Karatoprak
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and coauthors suggested that the inhibitory effect of A. mollis
extracts on TNF-a secretion, which in addition to initiating and
propagating inflammation upregulates the already mentioned
pro-inflammatory cytokines, is linked to the presence of
luteolin 7-O-glucoside (Karatoprak et al,, 2017). Furthermore,
Ustuner and coauthors also attributed the anti-inflammatory
effect of the T. sipyleus extracts to the presence of luteolin-7-
O-glucoside (Ustuner et al, 2019). In an in silico study, the
transcription factors Src, MAPK pathway and SOCS3 were
found to be the main targets of the anti-inflammatory effect of
luteolin 7-O-glucoside (Aziz et al., 2018). Wedler and coauthors
suggested that a luteolin derivative probably responsible for the
action of Phyllostachys edulis extract exerts moderate anti-
inflammatory activity by inhibiting TNF-a-induced production
of the proinflammatory cytokine IL-6 and the chemokine IL-8 in
an in vitro model of HaCaT cells (Wedler et al., 2014). Moreover,
our data on the anti-inflammatory activity of 22 and the JM4
fraction are in good agreement with data from in vitro and in vivo
studies during which inhibition of TNF-a and IL-6 secretion was
observed (Yang et al.,, 2018) and from clinical studies reporting
that luteolin has excellent therapeutic activity against
inflammation-related disorders (Ustuner et al., 2019).

In conclusion, extracts from the aerial parts of J. montana have
been shown to have high antioxidant activity, promote viability
and accelerate the migration of fibroblasts. These mechanisms
focus on multiple phases of the dynamic wound healing process,
making them, along with the described anti-inflammatory, anti-
elastase and stimulating collagen synthesis activities, the main
factors in wound healing. Hence, the aboveground parts of
J. montana, rich in flavonoid compounds, may be potentially
useful for topical therapeutic application to stimulate the wound
healing process.
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1 Plant material

The aboveground parts of J. montana were collected from plants occurring in their natural habitat within
the area of Puszcza Knyszynska (N53°15°20.9”; E23°25°41.5”) in the region of Suprasl (Podlasie Province,
Poland) within the period of June—August 2017 and 2018. Samples of the collected plant material were identified
based on the scientific botanical literature, available the Royal Botanic Gardens database
(https://powo.science.kew.org/) and its morphological features by one of the authors (M.T.) (Rutkowski, 2006).
A plant voucher specimen (JM-15029) has been deposited in the Herbarium of the Department of
Pharmacognosy at the Medical University of Biatystok, Poland.

2 Chemicals

2,2-diphenyl-1-picrylhydrazyl (DPPH) (CAS1898-66-4), methanol (MeOH) (CAS67-56-1), trolox
(CAS53188-07-1), Ferric Reducing Antioxidant Power Assay Kit (MAK369), Tris buffer (CAS77-86-1),
elastase from porcine pancreas type I (PPE) (CAS39445-21-1), quercetin (CAS 849061-97-8), dimethyl
sulfoxide (DMSO) (CAS67-68-5), allantoin (CAS97-59-6), formic acid (HCOOH) (CAS64-18-6) were
purchased from Sigma Aldrich Co. (St. Louis, MO, USA). N-Succ-Ala-Ala-Ala-p-nitroanilide (AAAPVN)
(CAS52299-14-6) was purchased from Serva Electrophoresis (Heidelberg, Germany). The normal human
dermal fibroblast cell line (PCS-201-012) was purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA). Dulbecco’s minimal essential medium (DMEM), fetal bovine serum (FBS), phosphate-
buffered saline (PBS), trypsin EDTA, glutamine, penicillin, and streptomycin were acquired from Corning
(Corning, NY, USA). Stain Buffer was acquired from BD Pharmingen (San Diego, CA, USA). Anti-Collagen
Type I (RABBIT) antibody fluorescein conjugated was purchased from the Rockland Immunochemicals, Inc.
(Pottstown, PA, USA). Cytometric Bead Array (CBA) Human Inflammatory Cytokines Kit was obtained from
BD Biosciences (San Jose, CA, USA). Luteolin (CAS491703) and luteolin 7-O-glucoside (CAS5373115) used
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as standards for quantification analysis were purchased from Chemat (Gdansk, Poland). Acetonitrile (MeCN)
(CAS75-05-08) was purchased from Fisher Chemical (Thermo Fisher Scientific, Leicestershire, UK). Water
(UPW) type 1 (18.2 MQxcm resistivities at 25°C ) was obtained using a deionizer POLWATER DL3-100
(Labopol, Krakow, Poland).

3 HPLC-PDA condition

To establish the quantitative content of the main compounds of JM1-JM6, HPLC-PDA analysis was
performed on a 1260 Infinity chromatography system (Agilent Technologies, Santa Clara, CA, USA). The
analysis was performed using a Kinetex XB-C18 column (150 x 2.1 mm, 1.7 um; Phenomenex, Torrance, CA,
USA) secured by pre-column and thermostated at 25°C. Compounds were eluted at flow rate 0.1 mL/min with
UPW and MeCN acidified with HCOOH (0.1%) in 3 steps of a linear gradient (22 min - 28% B, 35 min - 75%
B, 45 min - 95% B) after 1.5 min of initial conditions (5% B). The analysis was completed with a 3 min cleaning
of the column (95% B), and a 6 min equilibration before next injection. Chromatogram UV were recorded at
348 nm wavelengths matching the value of the maximum absorption of the selected standards.

3.1 Preparation of calibration curves

Exactly weighed standard substances were dissolved, filtered through a 0.2 um PVDF syringe filter to
give a final concentration of 1 mg/ml (m/v). In the next step, stock solutions were used to create a mixture of
patterns. The working range of the curves from 6 concentration levels was then obtained by the multiple dilution
method with the mobile phase. Then, were immediately used to determine the standard curve.

3.2 Preparation of samples solution

Accurately weighed samples were dissolved, then centrifuged and filtered through a 0.2 pm PVDF syringe
filter into a volumetric flask to give a final 5 mg/mL and 2 mg/mL concentration of extracts and fractions,
respectively.

4 Method Validation

4.1.1 Selectivity

Three solutions were made for tested extracts to exclude the occurrence of co-elution. Analysis with the
use of a PDA detector at three selected wavelengths was used. The analysis of the obtained UV chromatograms
made it possible to exclude the possibility of elution of the compounds at the same time.

4.1.2 Linearity

Standard solutions at six concentration levels were analyzed in triplicate. Calibration curves were
generated using linear regression on the plots of peak area of each standard versus injected content to the column.
Linear regression parameters for the standard curve were determined using ANOVA. Statistical significance has
been confirmed. Calculations were made using MS Excel 2019 with a Data Analysis add-on.

4.1.3 Limits of Detection (LOD) and Quantification (LOQ)

In accordance with the International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH) recommendations the detection limit and limit of quantification based
on the standard deviation (o) of the response and the slope (S). Repeating for ICH, we assumed LOD = 3.30/S
and LOQ = 100/S. The parameters are summarized in Supplementary Table S1.
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Supplementary Table S1. Regression data, the limit of detection (LOD) and limit of quantification (LOQ), accuracy and
precision obtained during HPLC—PDA method validation.

Parameter luteolin 7-0-glucoside (12) luteolin (22)
Linear range [pg/mL] 25-1000 5-500
R? (N=6) 0.9999 0.9999
Regression equation * y =22851x+106.69 y =36173x-34.602
LOD [pg/mL] 19.4 4.6
LOQ [pg/mL] 59 14
Accuracy [%] 101.09+3.23 101.23+£2.93
Intraday precision (%CV) (N=6) 0.58 0.93
Interday precision (%CV) (N=9) 0.88 1.26

* the value for y corresponds to the peak area and x to the concentration, respectively

COUNT.

FITC-A

Supplementary Figure S2. Expression of Collagen Type 1 antibody in fibroblast cells after 24 h incubation
with J. montana extracts (JM1-JM6) and their main compounds (9, 12, 22) (10-300 pg/mL) analysis by FCS Express 7
software (DeNovo Software, Pasadena, CA, USA). Representative histograms were derived from flow cytometric analysis
of 10.000 cells and show control cells (black line), (A) JM1-treated cells (red line), JM2-treated cells (blue line) and JM3-
treated cells (light green line), (B) JM4-treated cells (pink line) and JM5-treated cells (light blue line), (C) JM6-treated
cells (brown line) and 22-treated cells (orange line), (D) 12-treated cells (purple line) and 9-treated cells (dark green line)
and (E) cells treated with positive control allantoin (gray line).
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Abstract: Luteolin is a flavonoid often found in various medicinal plants that exhibits multiple
biological effects such as antioxidant, anti-inflammatory and immunomodulatory activity.
Commercially available medicinal plants and their preparations containing luteolin are often used
in the treatment of hypertension, inflammatory diseases, and even cancer. However, to establish the
quality of such preparations, appropriate analytical methods should be used. Therefore, the present
paper provides the first comprehensive review of the current analytical methods that were
developed and validated for the quantitative determination of luteolin and its C- and O-derivatives
including orientin, isoorientin, luteolin 7-O-glucoside and others. It provides a systematic overview
of chromatographic analytical techniques including thin layer chromatography (TLC), high
performance thin layer chromatography (HPTLC), liquid chromatography (LC), high performance
liquid chromatography (HPLC), gas chromatography (GC) and counter-current chromatography
(CCQ), as well as the conditions used in the determination of luteolin and its derivatives in plant
material.

Keywords: luteolin; hyphenated techniques; chromatography

1. Introduction

Luteolin (Figure 1) is a yellow dye commonly found in fresh plants. It is a flavonoid of the
flavone type that is distributed widely throughout the plant kingdom. Similar to other derivatives of
2-phenylbenzo-y-pyrone, its basic skeleton has a characteristic Cs-C3-Cs system, containing two
benzene rings and a bridge with a C2-C3 double carbon bond and an attached oxygen atom [1-4].
Structure-activity studies have demonstrated that the pharmacological effects of luteolin and other
flavonoids are strongly related to the presence of hydroxyl groups at the C5, C7, C3' and C4' carbons
as well as to the presence of the double bond in the C2-C3 position [3,5]. The presence of the -OH
group at position C3' distinguishes luteolin from apigenin, and the lack of this group at the C3 carbon
is an element that places luteolin in the flavone group [6].

Luteolin exhibits multiple biological effects such as antioxidant, anti-inflammatory and
immunomodulatory activity. Plants rich in luteolin are often used in traditional medicine for
treatment of various diseases such as hypertension, inflammatory disorders, and even cancer [7].

Because luteolin bears four hydroxyl groups (at the C5, C7, C3' and C4' positions), many
derivatives of luteolin can be created. Various types of functional groups and/or sugar molecules can
be attached to those positions, creating a huge number of different but structurally similar molecules.
The most common are methyl derivatives, as well as C- and -O-glycosides [8,9].
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Figure 1. Chemical structure of luteolin.

Orientin, an 8-C-glucoside derivative of luteolin, displays an array of health-related biological
properties, such as antioxidant, anti-ageing, antiviral, antibacterial, anti-inflammatory,
vasodilatation, cardioprotective, radiation protective, neuroprotective, antidepressant-like, anti-
adipogenesis, and antinociceptive effects. It may be found in different medicinal plants such as
Ocimum sanctum (holy basil), Phyllostachys nigra (bamboo leaves), Passiflora sp. (passion flower),
Linum usitatissimum (flax), Euterpe oleracea (Acai palm) and many others [10]. Another luteolin
derivative, isoorientin (luteolin-6-C-glucoside) acts as an antioxidant, photoprotective [11], skin
lightening [12], hepatoprotective [13] and anti-inflammatory agent [14]. O-glucosides of luteolin also
display biological activities. For example, luteolin 7-O-glucoside alleviates skin lesions in murine
models of atopic dermatitis [15] and protects cells against apoptosis induced by
hypoxia/reoxygenation [16].

An increasing number of herbal preparations on the market contain luteolin and its derivatives,
either as single-ingredient products or in mixtures with other phytochemicals, e.g., in form of
medicinal plants extracts. To establish the quality of such products, it is important to use appropriate
analytical methods. However, there is a lack of quality reviews of the available methods for
quantification of luteolin derivatives, and the information on their comparison is lacking. Therefore,
the aim of this article is to systematize knowledge and information in the field of chromatographic
analytical techniques used for quantification of luteolin and its derivatives. The presented review is
the first description of this type and provides a systematic overview of chromatographic analytical
techniques including thin layer chromatography (TLC), high performance thin layer
chromatography (HPTLC), liquid chromatography (LC), high performance liquid chromatography
(HPLC), gas chromatography (GC) and counter-current chromatography (CCC), as well as the
conditions used to assess luteolin and its derivatives.

2. Chromatographic Techniques for the Analysis of Luteolin Derivatives

Chromatography occupies a leading position among other instrumental methods in the analysis
of chemical compounds. As a physicochemical method of separation and analysis of mixtures of
chemical compounds, it allows detection and identification as well as quantitative determination of
the test substance with high accuracy. The coupling of chromatography with other methods of
analysis contributes to a more accurate detection and expansion of analytical capabilities, especially
for complex mixtures of organic compounds [2,17,18].

Chromatographic techniques are based on the interaction of the mixture components with the
mobile and stationary phases of the chromatographic system. This results in the division of the
mixture components between the two phases. In addition, the interaction of the mobile and stationary
phases is also important in the separation process [17,18]. According to the aggregation state of the
mobile phase, chromatographic techniques are divided into gas, liquid and supercritical
chromatography. Another criterion for classification of chromatographic techniques is the type of
stationary phase. If the stationary phase is a liquid, the chromatography technique is referred to as
partition chromatography. In the case of a solid, the technique is referred to as adsorption
chromatography. Another example of the classification of chromatographic methods is their division
depending on the chromatographic processing method. This classification allows distinguishing
column chromatography and planar techniques, which include TLC and paper chromatography
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[17,19]. Many different chromatographic techniques are used in the analysis of luteolin derivatives.
These include TLC, HPTLC, LC, HPLC, GC and CCC [19].

2.1. Thin Layer Chromatography in the Analysis of Luteolin Derivatives

Thin layer chromatography (TLC) is a rather simple but relatively popular method used in the
analysis of flavonoids since 1960 [20]. It is a variation of LC that is carried out on a plane and is
therefore referred to as planar chromatography. Despite the dynamic development of other
chromatography techniques, TLC has not lost its importance in phytochemical analysis [18]. Its
values are still recognized as is the basic tool in the qualitative analysis of natural products, and as
such, it is still recommended by most modern Pharmacopoeias. In addition, the TLC technique is
currently being improved, and the scope of its application is widening, while the results are becoming
comparable to those obtained by GC or HPLC [20-22]. The stages of chromatographic analysis consist
of placing the sample on the stationary phase and developing the chromatogram, followed by its
visualization. In the final step, qualitative and/or quantitative determinations of the tested
components are made [18,22,23]. General guidelines for flavonoid separation on TLC plates are
presented in Table 1.

The main advantage of TLC is that it is a relatively simple and inexpensive technique that allows
for rapid qualitative and quantitative analysis of the tested compounds. Samples analyzed with this
method usually do not require pre-treatment, such as purification or concentration. In addition,
several dozens of samples can be analyzed simultaneously on one plate. A large amount of the
diluted sample can be applied to the stationary phase because the solvent evaporates during the
application to the plate. Furthermore, due to the evaporation of the solvent phase after the
development of the chromatogram, the detection method does not depend on the type of mobile
phase used for separation. In TLC, it is possible not only to compare the analyzed components with
the standards, but also to differentiate between substances bearing specific functional groups using
the appropriate reagents for detection [18].

Thin layer chromatography and column chromatography (CC) are interchangeable techniques
that may be combined, which significantly reduces costs and analysis time [22]. To achieve this, the
same adsorbents are ideally used for both TLC and CC [18,22,24]. Nevertheless, other solvent systems
may also be used. Elution in CC may be carried out in one mobile phase, or its composition may be
changed during chromatography (mobile phase gradient), thereby increasing the elution force. In
this case, the TLC mobile phase should be changed accordingly [18,24].

Table 1. Recommended combinations of solvents / adsorbents for identification. of different flavonoid
types by thin layer chromatography (TLC).

Adsorbent type / Mobile phase

Flavonoid type

Cellulose Polyamide Silica gel
Polar flavonoid BuOH:ACOH:H:0
(3:1:1 v/v/v)? MeOH:AcOH:H20 P o
ag‘?’lzor;z:'g' CHCl5:AcOH:H:0 (18:1:1 v/olv) ToEpilial(docsminio)
v (30:15:2 v/v/v)®
Non-polar flavonoid CHClxMEOH

aglycones, e.g. 10-30% AcOH -

methylated flavones jrst stk

BuOH:AcOH:H:0 EtOAc:Py:H20:MeOH

(3:1:1 v/vlv)? HzO.M:OI-LI\;I!;Z(I)(.methyI (80:20:10:5 v/v/v/v)
BuOH:AcOH:H:O acety ckfone (especially flavone C-

(13:3:3:1 v/v/v/v) :

(4:1:5 v/v/v) glycosides)
Abbreviations: AcOH, acetic acid; BuOH, butanol; CHCI3, chloroform; EtOAc, ethyl acetate; FA,
formic acid; MeOH, methanol; MEK, methyl ethyl ketone; Py, pyridine; To, toluene. * The mobile
phase is thoroughly mixed in the separating funnel and the upper phase is used. ® The mobile phase
is thoroughly mixed in the separating funnel and the excess water is discarded.

Flavonoid glycosides
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The type and quality of the stationary phase greatly affect the separation of mixture components.
Thus, the selection of an appropriate adsorbent is very important. However, most TLC analyses are
carried out in a normal phase system where hydrophilic (polar) adsorbents are used [18,23,24].
Reversed phase systems with lipophilic (non-polar) stationary phases are common and have little
significance in the analysis of flavonoids [20]. Currently, the most commonly used stationary phase
for the analysis of flavonoids is silica gel [20]. However, the use polyamide coated chromatography
plates, in both normal and reversed phase systems, is not uncommon [24].

Detection of flavonoids on TLC plates is most often conducted under ultraviolet (UV) light at
wavelengths of 254 or 366 nm. Luteolin derivatives also display fluorescence, which can be enhanced
using the appropriate derivatization reagents, e.g., with the so-called NP/PEG reagent. The most
frequent procedure consists of spraying the plate with 1% methanolic diphenylboric acid-fB-
ethylamino ester (natural product reagents, NP), followed by 5% ethanolic polyethylene glycol 4000
(PEG) solution [20]. A densitometer may also be used for the qualitative analysis of the substance.
The analysis is performed by comparing the retardation factor (Rf) and absorption spectrum of the
test substance and the standard. Analytes can also be identified by extracting the separated
substances from the plate. Then, the analysis is carried out using Fourier transform infrared mass
spectrometry (MS), UV spectrometry, Raman spectrometry or other techniques [23]. Even though
TLC separation of luteolin derivatives (Table 2) can be performed in different types of stationary
phases such as a polyamide phase [26,28], it is most frequently performed on silica gel plates that are
often coated with a fluorescent indicator [27,29] (F2: plates) for preliminary detection. Such an
approach has been used in case of analysis of luteolin 3'-O-glucoside, luteolin 6,8-C-dihexoside and
luteolin 7-O-rutinoside in Phlomis sp. [27]. However, subsequent analysis with NP/PEG is the
standard procedure for TLC analysis of luteolin [26-29], and it is almost always performed regardless
of additional types of detection such as detection of flavonoids in Ligustrum vulgare with aniline
phthalate [26]. Typically, the mobile phase for luteolin derivative separation consists of a mixture of
aprotic organic solvents such as ethyl acetate (EtOAc) [26,28] or acetone (Ace) [29] and Hz0 with a
significant amount of formic (FA) and/or acetic acid (AcOH) to avoid tailing of the separated zones
[26-29].

Thin layer chromatography is often used as a complementary method to other chromatographic
techniques. For example, analysis of the butanol (BuOH) fraction of the methanol (MeOH) extract
from the leaves of the common privet (Ligustrum vulgare) conducted by Mucaji et al. [26] allowed
isolation of two luteolin derivatives from the plant. TLC was carried out, among other techniques, on
polyamide plates, and the optimal mobile phase was found. TLC was used for analysis of individual
fractions obtained in column chromatography with or without acid hydrolysis of compounds. MS
detection and nuclear magnetic resonance (NMR) spectra were also used [26]. Furthermore, TLC was
used together with high performance liquid chromatography combined with mass spectrometry and
pulsed amperometric detection (HPLC-PAD-MS) for analysis of luteolin and other phenolic
compounds in Leontopodium alpinum. In addition to NP/PEG, UV, infrared (IR) and NMR analyses
were used for identification of these compounds [29].

Compared to other chromatographic techniques, HPTLC results in reduced time and costs of
analysis and provides much greater efficiency of separation. It is suitable even for the analysis of
crude extracts similar to TLC, and a relatively small amount of solvent is used to analyze several
samples, making this method environmentally friendly [60]. In the analysis of luteolin derivatives
(Table 3), HPTLC silica gel 60 is almost exclusively used as the stationary phase [45,47,49,51], while
HPTLC NHz plates are rarely used, e.g., for separation of flavonoids in some Lamiaceae species such
as Mentha piperita [53] and Thymus sp. [55]. In addition to NP/PEG (e.g., [52,57]), other detection
systems may be employed for visualization of luteolin derivatives, such as bis-diazotized
sulfanilamide [53] or aqueous solutions of Al** ions for flavonoids in M. piperita [53], honey [49] or
Thymus sp. [55]. Similar to TLC, mixtures of organic solvents, H2O, and FA are most often used as the
mobile phase [44,45,47-49,51,52].

High performance thin layer chromatography may also be used as a complimentary method to
other chromatographic techniques. Chelyn et al. [44] used the HPTLC technique in the analysis of the
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ethanol (EtOH) extract of Clinacanthus nutans leaves. The analysis revealed the presence of, among
others, luteolin 8-C-glucoside (orientin) and luteolin 6-C-glucoside (isoorientin) in the raw material.
Their detection was conducted by comparing Recoefficients using derivatization reagents and 366 nm
UV light. In this work, the characteristic fluorescent bands after derivatization provided important
clues for the identification of the major flavone present in the samples, while high performance liquid
chromatography combined with ultraviolet spectrometry or a diode array detector (HPLC-UV/DAD)
technique was employed for the simultaneous detection and quantification of these compounds [44].

2.2. High Performance Liquid Chromatography in the Analysis of Luteolin Derivatives

Among the many chromatographic methods, adsorptive chromatography, in which the mobile
phase is liquid and the stationary phase is solid, is of the greatest practical importance. For example,
this method has a much wider application than GC because it allows the analysis of substances in the
form of liquids and soluble solids. Furthermore, it is also suitable for analysis of thermolabile
substances because it is usually performed at low temperatures, and such samples are not degraded
[61]. Due to the long analysis time, high mobile phase consumption and low efficiency, traditional
CC is currently used mainly for preparative purposes. However, improved methods, such as HPLC
and especially liquid chromatography combined with mass spectrometry (LC-MS), are increasingly
used for analysis of natural compounds including luteolin derivatives [62].

High performance liquid chromatography has been performed since 1960. It is a dynamically
developing method with a wide range of uses and has been proven to be very useful in phytochemical
analysis. The principle of operation consists of pumping the mobile phase from the tank (or tanks)
through the stationary phase-filled column. Eluents are previously filtered and degassed. Some
systems are additionally equipped with thermostats that regulate the temperature of the column. If
the chromatographic system is properly selected and applied, then the individual components are
separated and detected. Strengthened signals are transmitted to the computer, where the obtained
data are registered and properly processed [19]. The separation is based on competition of the
molecules of the eluent and the substance being analyzed for the space on the adsorbent surface in
the column [63,64].

When choosing a column, one should be guided by the size of the sample, time of analysis and
expected effect of the separation. Although columns with different diameters are available, those with
a diameter of 4.6 mm are by far the most common. However, due to better detection of the
components separated in smaller diameter columns, these columns are increasingly being used for
separation and analysis [19,63,65]. In addition, improved separation can be achieved using a column
filled with smaller particles. In addition to 5 um particles, which are most common, particles of 3 um
in diameter or even smaller can be used. For example (Table 4), this approach was chosen when
separating luteolin 2"-O-feruloylhexosyl-6-C-hexoside and luteolin 6-C-glucoside from Arenaria
montana [66,67] and isoorientin in Achillea millefolium [68,69], as well as separating luteolin 6-C-
hexosyl-8-C-pentoside, luteolin 2”-O-deoxyhexosyl-6-C-glucoside and luteolin 6-C-glucoside in
Cymbopogon citratus [70,71]. Particles less than 2 pm in diameter were used for ultra-performance
liquid chromatography (UPLC) analysis of luteolin derivatives and other flavonoids in Lactuca sativa
[72,73] and date palm (Phoenix dactylifera) [74].

Stationary phases with different polarity may be used in HPLC. In the normal phase system,
polar column fillings are used, and most often the filling is silica gel. However, silica gel can adsorb
water, which leads to the loss of the original separating properties of the column and thus to impaired
reproducibility of the obtained results [19,65]. Therefore, the gel is often modified with the aim of
enabling better separation of mixture components. This is performed mainly by bonding alkyl chains
(or alkyl chains bearing other functional groups) to functional groups on the gel surface. Silica gels
optimized in this way are referred to as the associated phase [2,65]. In the so-called reversed phase
(RP) system, non-polar associated phases are used. Such systems are especially useful in the analysis
of insoluble or poorly water-soluble compounds, as well as in the analysis of polar compounds,
provided that a mobile phase with high water content is used. Typically, an octadecylsilane (ODS)
phase, composed of 18 carbon atoms (RP-18), is employed. Such fillers can have different properties
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depending on the silica gel type and/or production method [19,65]. According to the available
literature, the analysis of luteolin derivatives (Table 4) was performed exclusively with RP systems,
and the RP-18 system was the most frequently used system, as exemplified in the separation of six
luteolin derivatives in Securigera securidaca [75] or as many as ten derivatives in Capsicum annuum
[76]. Stationary phases composed of 8 carbon atoms (RP-8) were rarely used. Examples include the
separation of flavonoids in Coriandrum sativum [77] and Achillea millefolium [68,69].

The selection of an appropriate mobile phase is extremely important for chromatographic
separation. The type of analyte, mixture composition, stationary phase and detector used should be
taken into account. Mixtures of up to three components are most commonly used. In the reverse
system, mixtures of MeOH/H20 or acetonitrile (ACN)/H20 are routinely used. As the amount of
organic solvent increases, the retention time for non-polar substances decreases, while the addition
of H20 extends their retention times. As a rule of thumb, systems containing ACN/H:O eluents are
more efficient than those containing MeOH/H20 [19]. In the normal phase system, however, the base
solvent is a non-polar eluent, and its polarity is appropriately modified by the addition of another
solvent of higher polarity, e.g., chloroform (CHCI) [65]. According to the available literature,
virtually all mobile phases used for analysis of luteolin derivatives consisted either of ACN/H:0, e.g.,
[26,66,67,78] or, less often, MeOH/H20 mixtures [72,79-81]. Additionally, a modifier such as FA, e.g.,
[79,82-84], AcOH, e.g., [44,78,85-87], or trifluoroacetic acid (TFA) [88] was added to avoid peak
tailing [89]. Analyses performed without acidic modifiers are rare [90].

In the chromatography process, the elution can be carried out in two ways. The first method is
isocratic elution, which involves running with the same composition of mobile phase during the
analysis. This means that a constant elution force is maintained throughout the entire separation
period. In this case, even a slight change in the composition of the mobile phase may affect the results
of the analysis. Isocratic elution is only rarely used for analysis of flavonoids. In the case of luteolin
derivatives, this method was used only for analysis of luteolin 7-rhamnosyl- (1-6)-galactoside in
Filago germanica [91], luteolin 7-rhamnosyl(1-6)galactoside in Galactites elegans [90], and various
luteolin derivatives in Apium graveolens [80]. If the composition of the eluent changes during the
division of the mixture, then the gradient elution can be described. The gradient can be linear or
specifically programmed. With a change in the composition of the eluent, its elution force increases.
For this reason, this method is used particularly for the separation of mixtures composed of
substances of different polarity [2,64]. The vast majority of papers describing the separation of
luteolin derivatives in plant mixtures use a gradient approach. Examples include the separation of
luteolin 8-C-glucoside, luteolin 6-C-glucoside, luteolin 4’-O-glucoside and luteolin 7-O-glucoside
from Chrysanthemum trifurcatum [92], thirteen luteolin derivatives from Cymbopogon citratus [70,71]
and many others.

By far, the most common method for detection of luteolin derivatives is using diode array
detectors (DADs) (also called photodiode array detectors, PDA), which were used in as many as 46
instances (e.g., for the analysis of luteolin derivatives and other flavonoids in Cymbopogon citratus
[79], Dianthus versicolor [88], Clinacanthus nutans [44], Thymus alternans and others [93]). More often
than not, however, DADs were combined with other detectors for additional structure determination
or confirmation, with or without prior isolation. Examples of DADs combined with other detection
methods for analysis of luteolin derivatives in plants include the use of tandem mass spectrometry
(MS/MS) and NMR for Ligustrum vulgare [26], diode array detectors combined with electrospray
ionization and mass spectrometry (DAD-ESI-MS) for Phoenix dactylifera [94] and Nerium indicum [95],
electrospray ionization combined with tandem mass spectrometry (ESI-MS/MS) for Achillea moschata
[96], electrospray ionization combined with time of flight mass spectrometry (ESI-TOF-MS) and
electrospray ionization combined with ion trap and tandem mass spectrometry (ESI-IT-MS/MS) for
Aloysia citrodora and many others.

101



SHULISAD VINISND)

2. 0¢
“WNIDQIvg Wi -dex
lort] ’ .m% o> . o n “unw/Tu 'T :3yex Mop (@) NOV (V) OTH:VA %€E'0 9D ouay |
winayjashd snphovuy -O-ava vl g:owmoa uoEduT
‘wnud031024q wnipadsy Torsumy kR apisoon|8-/ urjoayn’]
. 8
leot] 40j02stp 0a0iy S ‘U U g°Q -d1el moyy (8) HOAW:VA %1°0 (V) OFHVA %1°0 1D plo8 pisxadAy
i o1 :dwmjoa uonafur
[sotl s { i e_E:EUMMME Moy (8) NOV (V) OPH:Vd %S0 8D A apisoon|3-g urjoajn’y
‘vijofudfissoS vydoju| ‘bz 'ava ol o s § j
Do 9€ ‘UL W [ 13381 MO[j (@) (2/2) NDV:VAL
DU AU wu ¢ sl JepA apisoon|8-9 urjoayn
e il WRRE M 0 :2umjoa uondafuy %8€0°0 (V) OFHVAL %50°0 kil PITRERE
wu ()gg Do €T UIW/ U [ 9381 MO ;
[901] vso8nd vs0y ‘N-isa #H o1 satmmoa uopehn (@) NOV (V) O°H 1) g araydsenyn
, wu (Z€ ‘08T T/ W g°() 3l MO[) )
[sot] winpnotuaof ayw)su8y ava #1r oz :swmoa uondoRs () NOV (V) HOOV %2 #1D GH A1aroasiq
(ot [io 3arjo SIW/SIN Do 5T (8) NOV:V JUaAJ0S %0 .
‘vavdoana vajO -1s34-avdad ‘unww g°() [@er Moy (V) OTH:VA %l
- Do €€ 38
[cot] WIOfHU] WNLSUNU0AIN ‘unw/ T g :ajes Mopy (@) NOV (V) OTH:Vd %S0 ad
-4OL-21du g
A oz :Pumpoa uorpalur
[zotl SHLLOJHO SNA0Y240D) wu 08T ‘AN . (9) OTH:VAL %€0°0 (V) HOPW $1D 800 urpoajng
i i oz :3wmoa uonpalur . :
wu Oge Do €T UIW/|w g°() :3e1 MOJy S . )
[tor] VIUSUIPUOD VIMOULIA ave 1 0g :aumioa uomefuy (a) NOV (V) 0% Hd OFH:Vd $1D-gS Xeqioz
(@) OFHHOPY
suaosapn vz, UTW/ W §°() ‘2181 MO 1) 1s1ad A
loot] 4 vjpaad SN /1w g0 I %50 (V) (@2 1:5T'T) NOV:HOW D siaddH sao
[66] SaPI0A0IV SHIDYUT wu $€z ‘AN UTw/TW §°Q) :3jes Mojy (d) OFH: VAL %S00 (V) NOV S1D) Xajaury
wnjofiionu o 3 U/ U ()] :)ex mo[J tas 1ves) 5 . "
[86] PO 0 ‘AN el o v aj2 17:86) OFHVd %T0 D500
wu Ui/ () | 8jer Moy 5 i
6] Aouoy v #11l 0z :3umjoa uorpafuy () HOMW (V) OFH:Vd %T0 Sao
. uwmjod/aseyd
Jou sapads pazdjeuy uondAA(] suoyIpuo) aseyd afiqopy R AANEALIDP urjodIN’]

"saAfjeALIap urjoain] jo sisAteue ay ur Aydesdojewony pmbiy sduewoyad enn/AydesSojewonp pinbip souewnoyiad ySiy F ajqeL

§€ Jo 11

1€£ ‘6 "610T sapnoajouorg

102



uru/u ¢

apisouerAdoon3-[(Auofewr
-,9)-(z1) [4souemjorde]-£ uroan-y

[08] suajoaew.8 wnidy SIN/SIN-AOLO @Bl MO[J SINXTUI DTJRID0ST (9) OTH:VA %170 (V) HOPIN:VA %1°0 81 snjg asdipy apisouerfdoon(8-z urjoain
i o1 :ownjoa uonoa(ur apisouerddoon3
-(z«<1) 14soueinjorde-/ urjoainy
apisojoeed
i S5 -[Asouureyi-/-j4soony8-9 urjoan|
[88] 40]0015420 SNUDL] , , o= (9) NDV (V) (87 Hd) uonnjos v i1, s1) Misenby aprsounni-Z-j4soon(8-9 urjoan|
0ve ‘ava/an MR TR QT B 000 apisope[ed-/-[AsoonS-9 urjoany
19)S9[ATRW-aPISOXA-[ASOXaY UT[0dIN]
, $1Y) apisoon(3-/-Axo1pAy-9 uroain
SR wuyee ‘ava 007 eraypsadng apruomon|3-([£jade-,,z)-,¢ uroan-|
[zs] i Do 0F “UTu/ U T :37eI MOTJ (2) NOV:VA %1 (V) OHVI %L apuomon|3-¢ ujoan’g

SNULIDUISOY

‘SIN-1010-1s3

$1D 00T XeIoury

apIsounnI-Z uroain|

urjoayn
wu o€ ‘08T 30 G€ G apisoon(3-9 urjoan|
[£999] DUDJUOUL VLIDUILY i ; o= (8) NOV (V) OTH:V %10 opIsoxay
SW-avd “urw/ur g°() 2381 MO[y €S qostraydg Sifsosauphoring. 7 GosnT
apisourqere-g-[£soon[8-9 urjoajn-
; ; g R [aele] aprsoon(3-/ urjoany
l6£] smjudo woSodoquiiy w08z ‘Ava UL/ TUI . :038L MOfY. (8) HOPIN (V) OTH:V %S o6 quosuayds SpISOUEU-/ TRoay
aprsoon(3-9 urjoan|
aprsoon[3-/ urjoan|
apisoon[3-¢ urjoain-|
y : , . 5 aprsoon[3-f urjoayn|
[82] vavdoina valO SIW-101O-Is3 D052 (@) NOV (V) OTH:HOV %S0 #12 TUMWRD) SR SO
apIsoon(3rp-p'/ uroam’
urjoain
AN ‘SIN/SIN
P P Do 0€ S apIsouwrely-/ uroayn-]
lozl 24v8|na unisnsy fuu pEE ‘062 R i S (@) Vi %0 (V) NOV $1D gax asdipg
¥Sz ‘0€T ‘ava apISOUnNI-/ uI0ajn]
wuinijofijpao SI/SIN-0LO Do ST “UIW/TW [ :d)e1 MOy i . 2
[e1] IS ek P A —— (a) NOV (V) OPH:Vd %1 1D gax asdmpg apisoon[3-£ urjoan'y
10 9AI[O
[t11] el SIN/SIN-1S3 o0 0€ (a) NDOV:V %S (V) OTHHO?V %S00 1D gax asdipg urjoan’]

“‘vavdo.na vaj0

8€ JO T1

qu0D "y 91qelL

€4 ‘6 “610T Sajnoajouiorg

103



SLY dpISouweYI-/-[ASOUWRI-g UI[0d}Nn|
Wi w@c D<L\>D PIPIYS bu@&&%m wﬁMmOuﬂmwuw urjoam-|
[ert] B wu wmw.oom UTw/TUI 7 :9)el MOy (9) NDV (V) OTH:VH %T 0 SRR sprsooni8
\mE.N_<m\>D pRYS Anjpwwig -/-[Asourqere-g-Axoyjaw-9 urjoayn-|
wiu aprsoon[3-, uroan-
[e8] vy Vsl ObE PUe 84T ‘LST (a) NOV (V) O'H'HO?V %t §1D Y Tunen apisoon|s- p-[4o[[e-,,z uroaimn
‘SIN-ISH utoan’g
SIISI N —— ap1soon3-/ urjoajn-|
[Fril appudtffo wnovxvay, 1S3-vad P .ON A (8 NOV (V) OPH:Vd %1 81 euny apIsounni-/ urjoajn’y
aprsoon[3ip urjoan-y
SIN-ISH
\ urui/ua () [ :a3ed Moy ¥ T o1 apIsounni-/Z uroajn-y
[s6] wmapul WNtaN Ea 51 mepwmnEsvEEh (@) NOV (V) OtH:VA %10 81 euny
00¥-00C ‘avd JpIsounnI-g uroan|
SIN/SIN-LIFISH
‘SIN-401-154 Ut/ Ju ¢Q a3l Moy i LT o
lerr] viopouj1o viddr oo e S0 1 (@) NDV (V) NDV:OH:Vd %1 s sng asdipg apoInon|3p-/ urjoain’y
‘SIA-AN ‘avad
EU
AAN 001 12ydsomyor] ap1soan[3-,¢ uroan’y
Al Do S (O) HOPIW uwmnjod
[6¢] wndpp wnipodojuoa ‘AN ‘unu/u ()7 :9jer Moy (4) NOV:HO?V %1L'0-Vd %6 0-HO %0€ pren3 ym ap1soons- p urjoan’y
SN i g :aum(oa uondafur (V) OPH'HONE %S T'HOYV %1°0°VA %60 -7 LIVIOIDI] ap1soon|3-£-Ax01pAy-9 uroan-y
‘avd Y08 apIsoon(3Ip- 3/ urjoain’
I 1e[o A819uhg apisoon(8-/ urjoan|
wu 0ge
. pue OL€ ‘042 01T unw/ Ui [ :3el Mojj p ap1sodN|S-/ urjoajny
vjoyasout vajuo 7 7 P 5 %L’ <H: %1’ 81D TuTwI
[96] / 1y ‘SIS Dl — (8) NOV:VA %1°0 (V) OFH:VA %10 2 0
-IS3-ava uroan’g
(91e3NS-9)[Asoxay-/ urjoainy
wu Opg Ui/ Jur g°() :93el Moyy appEoxay([Eeyme
[¥6l vaafifovp x1uaoyq T $14 g mumasoneshy (@) NOV (V) Vd %1 81D X9RuLy 9]14soxay-g)-£ urjoaqn-y

aprsoxay([Asouwreyi-g)-Z uroajn |
apisoxay([Asouureyji-g)-/ urjoain-

8€ JO €1

JU0D 'y AqeL

1€£ ‘6 “610T sajnaajouiolg

104



~muv.5.5tzmm wu 082 3o GE apisounni-/ urjoain|
locr'61t] xhpoooovg pue gge ‘04¢ P A (@) NOV (V) OH:VA %10 1D 2-8d0 €8 apruomon|3-/ uroang
‘unu/ T g P3el Moy
‘suaosajud sniuhy], ‘SIN-IsE-avd apruormon31p uroan|
b ooy SISIUELORNOL )\ g1 () OFEVA % el -
74 11hjoup x1uaolg SIN-VAd P s 4) NOV:Vd %10 (V) OPH:VA %10 €L SSH PIsoxay | [1 urjoayn’y
urjoan|
uruw/ur ¢°() :93ed Moyj 2 . o 1 apIsouwreyi-/ urjoajng
[98] Aauoyy SIW/SW-ava ¥l & sumoa venpsh (&) NOV (V) OTHHO?Y %10 #1 suonuAg umosi
ANN
el (a) NOV
[811] saproonAyd vixayy ‘SN uru/Jua g°() :93el Mojj i 817 TUILWDN) aprsoon(8-/-AxorpAy-9 urjoang
Yom (V) OFH:VA %170
00%-00T ‘SIA-AN
urw/u § :a3er MOopj ; ; ot i
ol B sepasl (9) NOV (V) OHH:VA %1 81D gax apisoueifdoon|g-  urjoainy
[e6] suvua3(v snuhy ] SIN PR AR ORI
uru/ui G| :ajel Mopj @ T ——— . apIsounni-/ urjoan|
1 QO :wnjoa uoralur NOV V) O'HVd %10 Y001 S-d¥'ld apisoueiddoon3-z urjosyn|
aprsouerfdoon(8-¢ urjoan|
aprsoon[3-g-[Asourqere-g urjoajn|
5 SIN uru/Ju f :a3er Moy 7 - apisoon(8-z urjoan|
[z11911] S1MpPa vo4uISY) B o . (@) NOV (V) OPH: VA %1 81D ddx apomqereg-AcomB:g uoent
uroan’y
wu 0£€ ‘08T Do € ¥ T-5A0 IpISadnfd-, o3
[22] WHQHYS WIIPUYLI0D) j g o (9) NOV (V) OTH:VA %10 apISOUnNI-/ Uoany
SW-ava “ur/Jur g°( :93e1 Moy €5 quostaydg SN AN o A
apisoon(3-,¢ uroajn’
aprsoon3- p-[Asoon[3-9 urjoainy
wu ()9¢€ ‘$67 apIsouweyi-,,z-[Asoon(3-9 urjoain-|
[sz] VOUpPLINOaS DIBLINIAG ‘AN e () O*H:VA %¢°0 (V) HON s1D gax asdipg ap1soon[3-9 urjoainy
‘unu/u g°() :3el Mojy
‘SIW/sSW-ava ap1soon|8-¢-jAuomon|3-z urjoaing
apisoon[3-/ urjoayn-|
uroan’y
Do 0F
wu (@) NDOV
Supinu SnyjuvovUl .\E._HC wI /() :9jel MO 7 Xajaurl QPISodN 3- urjoan
[#¥] | D oee'avalan /1w £0 /& ) IO %8 0 ddd xe1uny] prsoon|3-g uroan’

i o1 :wnjoa uonoafur

8€ JO vl

Ju0) 'y A1qeL

1€4 ‘6 “610T sajnaajouolg

105



[92]

wnnuuy ::a.E&cU

SN

urw/u Gz'() :dyel Mojj
1l ¢ :awnjoa uondeur

(@) NDV (V) OTH:HO?V %100

817 STUOIDUAG

apisoxay(jAuorew-,,9
-[4soxay-, F-[Asojuad-,,z)-/ urjoan|
apisoxay[jAsojuad(jLodeurs
=1,:8)-,C]-L uroam ]
apisoon(3-/ urjoayn-|
aprsoxay([Asojuad-,,z)-/ urjoam-|
apisoxay([Asoxay
-, p-14sojuad-, z)-, urjoaing
9PISOXaY-g uIjoan|
9PISOXaY-9 uT[oAN|
apIsoxay-g-[Asojuad-g uroain-
apisojuad-g-[Asoxay-9 urjoain|
SPISOXaYIp-g9 uroain|
utjoan’]

[cz1l

VaovUpALQUIALL VO]

SIN-ISA-VAd

Do ST
Ut/ Ju g :93er Mojj

(9) HOPN (V) OFTH:VA %1

a8pinred
prend 813 7-6A0
pm sy 2-5do

apISOXaYIp UI[0a}N]
dpIsounnI-g uroain’g
APISOX3Y-9 UI[0IN]
apIsoxay
-[&soxayAxoap-, x-([AoreniiAyjouw
-g-Ax01pAy-¢) urjoan|

[£8]

vLIDI SNII]

W 1/¢-G2€
‘SIN-4010-ava

UTW/ W G°() :dJe1 MO[J
I g :awnjoa uonpafur

(8) NOV (V) O H:HO?V %S0

810 sny g asdipy

apisoon(g-Z urjoam|
apisoon[3-g uroajn|
aprsoon(8-9 urjoan-|
aprsojuad-jAsoxay uroan|
urjoajn’|

[18]

sapro1apnd snuhiy],

SIN/SIN-ISE

wu
009 ‘00T ‘ava

Do 0F
funu/ur g el Mogj
I o1 :wmnjoA uonda(ur
Do GE ‘UTW/TUW [ :9)el MO
I pOT :wmoA uonoafur

(9) HOPN (V) OTH:VA %170

(9) HOPN (V) OtH:Vd %S

§10) eun’|

apruoINXay uroan|

aprsoon[3- urjoan|

[rz1l

snaanp |

sisuajuid snifyu]

SIN-ISH

U/ Ju §°() :93er Moy
I o1 :wmnjoA uonda(ur

(@) OTH:V %10 (V) NOV

$17) Xajaury]

9PISOXaY-9 UT[0dIN]
9PISOXAY] UI[od)N]
SpPISOUTINI UT[0d)N"]
ufjoam]

smoofut snydajsoajo)
voppa134ae S1jo1dhY g

ap1soon(3-9 urjoan-
apisoon(8-/ urjoan|

8€ Jo 61

Ju0D *p AqeL

€4 ‘6 “610T sanaajouiorg

106



[16]

vorwuLIag 03vj1] SIN

Do §C
‘uTw/ur () :23er MOjJ

(9) NOV:Vd %10 (V) OH:VA %10

s1)-gax asdipyg aprsopeed(9-T)[Asouureyi-/ uroajn-|

[oz1]

[9
crserl

snytidsan) “
‘snsourSnuvjopnasd °J,
‘puo4vq snuhy ],

siypuffo g SIN-IST-ava

188248 °§
‘suv8aja viajug

uru/ur zoQ :ajeld Moy

() NOV (V) OTH:VA %10

9pISouUnNI UT[0dIN]

apisoon(d urjoayny
apruomon[8 urjoan |
apIsoxay-[Auoreur urjoain’g
apruoindn3-/ uroayng
apisoon[3-/ urjoayn-|
apruornon(8-AxorpAy urjoan-|
aPISOXaY UI[0aN']

10 proo is1ad Ay

[ez]

[zl

SIN-10L1O-SINL

UIw/ U $7() 19381 MO[J
1 ¢ :awnjoa uondafur

() NOV:VA %1°0 (V) OTH:VA %10

apisoon31p urjoajn’y
apIsounnI-Z uroain|

ELSSH apruornon3-/ urjoayn-g

v013VS VIOV
wu 0z

‘SIN-1010

-Isa-ava

U/ W G°() :9)el MO[j
1 g :awnjoa uondafur

(9) HOPW:HO?YV %10
(V) O'H:HO?V %1°0

TYTTRET apisoon(g-z urjoan|

Lplenduep
81D HA4 O'1dN
Aymboy e pue
81D HA9 D'1dN

9pISOUNNI-/ UIodin]
9pISOXaY-[ASOuLe[I-/ Urjoajn|
apruomon3-/ uroain
utoain]

[#¢]

stpuffo viays
‘vyriadid viguayy
sypuffo vssipIN

wu 082 ‘AN

UIW/ W () 19381 MO[J
1 oz :owmnjoa uonoa(ur

(9) OTH: VA %S (V) NDV:Vd %S

dpISOuUnNI-/ Uroain |
apruomon3-/ uroain
aprsoon[3-z urjoayn|

817 dIseq-e1ag

[zl

wu gze

sodiwohyvyd siponv) FeiAReH

U/ U ()T 931 MO[J
g :awumpoa uonoafur

(9) VENDOV:OHHNIV
(V) VANDV:OtH*HNAY

apIsounni-Z urjoajn|
aprsoon(3-/ urjoayn|
urjoain’y

$1)-gS Xeqioz

[ezt]

wiu 08e-0ce

vijofiupiny snijrD) ‘SNIST-AVa

Do ST

(@) NDOV
(V) OTH:VA %01

apIsounnI-Z urjoajn|
aprsoon[3-g urjoain-|
ap1soan[31p-g’9 uroain]
uroanT

810 Te3s 1aydsomn g

apisoxay[jAuorew-,,9
-14sojuad(jAodeurs-, G)-,,z]-£ urjoam|
apIsoxay
(1Auorew-, 9-14sojuad-, z)-/£ urjoang

8€ JO 91

0D 'y A1qeL

L€ ‘6 “6L0T sajnaajoolg

107



[#8] Ja3 s13s048va7

SIN/SIN

UO Ow
‘utw/u () :93e1 Mojy

(@) NOV:V %80°0 (V) OTH:VA %S0°0

810 Xajaury|

I12WOSI
aprsoon3-/-14soon(3-9 urjoanr|
ISWOSI
apisoon|3-/-[Asoon|3-g urjoan|
aprsoon(31p-g‘9 urjoan’|

[8z1] S1]1npa vI0}issvy

SIN-VAd

urw/ U G 93l MOy
1 1°¢ :2wnjoa uondafur

() NOV:Vd %1°0 (V) OTH:VA %10

€L SSH

aprsoon(Sp-g’9 urjoain'y
APISOXaYAX0aP-g ur[oAN|
9pISOONY-9 UI[0N]
apisojuad-g-[AsoxayAxoap-9 urjoaing
aprsoon(8-g urjoan|
aprsoon(8-9 urjoan |

wngponfiy

—NOH :::tmz\«:tw\m\:\u

demqi0-sIN

D0 0€
furw/Jur g1 9jel Mojy
1l o1 :oumpoa uonoa(ur

(9) HOPN (V) OTH:VH % S00°0

x—u

aprsoon(3-9 urjoan|
aprsoon(8-£ urjoany
aprsoon(3-, urjoan
apisoon(8-g urjoan-|
uroaqn’]

[1£0£] sy uoSodoquuiiny

wu 0£€ ‘08¢
‘SW-ava

Do S€
‘unu/u g el Mogj

(9) NOV (V) OH:V %10

81D T-SAO €S

apisonsoxay-oyuad
-£x09p-9)-9-[As0Ax0ap-, 7 urjoan|
aprsojuad-g urjoan-|
aprsojuad-jAsoxayAxoap-,,z uroain-|
apisoon|8-/ urjoam|
apIsouuIeyI-/-UIjoajn
aprsojuad-g-[Asojuad-g urjoan-g
aprsoon(8-9 urjoan|
apisoon|8-9-[AsoxayAxoap-,,z urjoan|
apisojuad-g-[Asoxay-9 urjoain

[69'89] wmjofapiu vajy

wu 0Z¢ ‘08T
‘SIN-ISH-ava

Do G€
U/ ur Go() :93el Mojj

(@) NOV (V) O H:VA %1°0

82 ¢Sdo

apisoon(3-9 urjoajn|

[zz1'¢8] snuvory snjiydopy

wu 0v€ ‘08¢
‘SIN/SIN
-1s3-ava

wu ope ‘ava

Do ST
furw/Jur g°() el Mojy
1l g :2wnjoa uondafur

(@) NDV (V) OPH:VH %1

SOV 001 Xo3auny

dPISOXaY UI[oa)N
aprsoxay-([Asojuad) urjoain-y
apIsoxay-([Asouureyi-g)-9 uroan|
apisoon(8-/ urjoan|
ap1soon[31p-£-,¢ urjoaqn’y
utjoan’]

[oe6] suv8aja sajovuo)

ANN

UTW/ W ()°g ;)X MO[J

(e/2 8G:TH) OTH:HOPIN

SHHN—
sedepuog-1siD

apruormon(3- F urjoaing

8€ Jo /L1

0D 'y AqeL

1€£ ‘6 “610T sajnaajouiolg

108



unijofiiout

wu 9¢ pue
‘0€€ ‘082 ‘592
VINFIST-ava

urw/u g°() :9yer MO[y
i o[ :wmnjoA uonoa(ur

(d NOV:VA %10 (V) OH:VA %10

81D MU I-DINA

uroang
aprsoonjSiAuorewr urjoainy
apruomdn[3 urjoan-|
apisoon(3-g-0- urjoan
apisoon|3 urjoan|

wiu Gze $ST ‘0%
SIN-ISH-avd

Do S UIW/TW 6°() 9781 MO[y
Il gz :awmnjoa uonodafur

() (2/2 £:€) NOV:HON
(V) OTH:VAL %200

81D

apruomon3-0-/ urjoain-|

wu 0oe
AN

Do GE “UIW/TW '] 978 MO[j
il 1 :awnjoa uonafur

(9) ¢ Hd NOV:Vd (V) € Hd OTH:Vd

81D 3] Xo1aury|

aprsoon(3-, uroain|

wu 09g
‘SIN/SW-ava

Do 0F
furnu/ur go(Q d1er Moyy
il o1 :wnjoa uondafur

(9) (2/2/2 1:01:68) VI:OtH:NDV
(V) (/22 1:68:01) VA:OH:NDV

SAO [rsIauf

apisoonig-jAsojuad urjoainT
apruomon(3 uroayn|
aprsoon|8 uroan-y
urosn

wu 0Ge ‘0z€
‘SIN/SIN-1S3

urw/ur () :93el Mojy

(@) NOV (V) O H:VA %10

a8pinred
prens) Ajumndag
81D 1R[OJ YIIM 81D
1e[o ] eSaw eun|

9PISOXaY UIjodN|

urjoain-|

SIN/SIN

wu 0ce ‘AN

UTW/TW GZ'() :93eI MO[J
1l ¢ :awmnjoa uona(ur

(@) NOV (V) OH:VA %10

810 STUOIDUAG

apIsouwey

-((Aorewmnoo-d-, z)-z urjoan|
apisoon(8-9 urjoan|
aprsoon[3-/ urjoain-|

SIN/SIN
-1S3-vad

Do 0€

(9) NOV:VA %20 (V) OH:VA %0

810 snyJ asdipyg

apisoueiddoon|8-9 urjoan
aprsouerfdoon3
-(g<,)iAsoueifdoon(3
-[£0ay3e3-£5000[3-,,9]-9 urjOaIN

SN

1M 0z :Pwnoa uondafur

(9) NOV:V4 (V) OH: VA

81D 6'€-001 [1so’PnN

apisoon(S-9 urjoan|
utroany

apisoon[3(j43aderp-,,9)-g uroan’y
aprsoon|3
-9-[Asourqere(jASurifs-,,z)-/ uroan-|
apisoon3
-9-1Asoon3(£[Burifs-,,9)-z urjoan
dpISOUWeYI-/ Uoajn|
apisoon(8-z urjoan|
apisoon(8-g urjoan|
apisouteyi-/-[Asoon(3-g urjoayn-|

[zet] wnayuvsiigD
loet] vqpy viddr
[seT] D31NI2L VLDILLIIN
SISUDA11ISIYSD
[retl WNISUQIIA
lecr'zer]  vhofuw) vijaonjuaing
siyuuny °|
et ‘vypSativa
‘vjnund st
[og1] WUNQIISAY WNILL]
621l wnjiydos8Ay wnty
8€ JO 81

€4 ‘6 “610T Sajnoajouiorg

109



*Anawonpads ssewr yym paurquiod uondajap dumpworadure pasind/AN ‘SIN-AV /AN ‘Pe dnadeoronfyiy ‘yi1 ‘Anaworads ssewr
YIm paurquiod uondajep staworadure pasnd ‘GN-v A ‘Aiawondads ssew pue uoneziuor Aeidsondad yiim paurquiod uondajap duaworadwe pasmd ‘SIN-ISH
-vad ‘Anawomnpads ssewr wapue) pue uonezuor Aerdsonda[ yiim paurquiod uondajap draworadure pasmd ‘GN/SIN-IST-V A ‘uondajap dmpworadure pasnd
‘avd ‘pre suoydsoyd ‘v ‘Anpwondads ssewr wapue) ‘GA/SIA {[ouetauwr ‘HORIA ‘Anduwondads ssewr iy jo awm — ajodnipenb yim paurquod Anpawondads
Ayqow-uot ‘SIN-1010-SIAL ‘pioe druioy ‘v ‘Anpwonpads ssew 3yBiy jo awn — sjodnipenb ym paurquod uonezuor Aexdsondsd ‘SIN-JOLO-IST ‘Anawonoads
SSeW wWapue) YHIM paurquod uonezruor Aexdsonpse ‘SIN/SIN-ISH ‘Anowonpads ssewr ypm paurquod uonezruor Aeidsonpda ‘GN-ISH ‘Anpwonpads ssew
wapue) pue dex uor yym paurquiod uoneziuor Aeidsondsfd ‘SN/SIN-LI-ISH ‘Anawondads ssew JySiy jo awmn — ajodnipenb yym paurquiod 1010339p Aeire aporp
‘SIN-I0LD-AVJ ‘Anawondads ssewr wapue) Yiim paurquiod 10)093ap Aeiie apoIp ‘SIN/SIN-AV ‘Ajouwondads sseuw yjim paurquuod 103033ap Aeiie aporp ‘SIN-AVA
‘Anpwoxpads ssewr Jy8ify jo awm — ajodnipenb pue uoneziuor Aexdsordape Yim paurquuod 1030939p Aeire aporp ‘SIN-10LO-ISH-AVA ‘Anawonpads ssewr wapue)
pue uoneziuor Aexdso1da[d YIIM pauIquIod 10303)ap AeLie 3poIp ‘SIN/SIN-ISH-AV A ‘Andwondads ssew pue uoneziuor Aeidso1ida)d Yiim pauIquiod 10)09)9p Aeire
JpoIp ‘SIN-ISH-AV “1030939p AeLre apolIp ‘(v ‘Joueing ‘HOng ©jeuLioy wnuowwe +HNJV D[L3IU0ja0e ‘NDV ‘Poe djade ‘HOOV ‘DUuo0jade ‘@Y :SUOeIAdIqqy

[setl

wu Do ST
snoouuvd snwAy (/€ PUe 0SE ‘0Z€ ‘uTu/Tu () :23el MO[J

‘0sz ‘01z ‘ava 1 (g :2wnjoa uondafur

(9) (2/2 6:T) NDV:V 3u2A[0S apruoIndn[-0-£ uroain’

81 asdr
(V) OtH:Vd %€0°0 9 Emesrig

apruoIndN[dip-/ urjoajn’|

U0D 'y AqeL

8€ JO 61 1€ ‘6 ‘610T sa[naajouorg

110



Biomolecules 2019, 9, 731 20 of 38

For example, the HPLC-PAD-MS technique was used in the analysis of aerial flowering parts of
the Edelweiss alpine region (Leontopodium alpinum). This method allowed the basic separation of
almost all components of the L. alpinum extract prepared by exhaustive dichloromethane (DCM)
followed by MeOH extraction. In total, 14 compounds have been isolated from the extract, including
several luteolin derivatives. The authors used a gradient as the mobile phase as follows: H20:0.9%
FA:0.1% AcOH:1.5% BuOH (A) and ACN:30% MeOH:0.9% FA:0.1% AcOH (B) and MeOH (C). The
structure of the isolated components was additionally confirmed using NMR spectroscopy [29].

2.3. Liquid Chromatography in the Analysis of Luteolin Derivatives

LC combined with tandem mass spectrometry (LC-MS/MS) (Table 5) is especially useful in the
analysis of multicomponent mixtures, such as herbal extracts because it does not require a large
amount of the sample or previous separation. To further reduce the influence of other factors on the
analysis, more advanced techniques, involving the combination of more than one detection method,
e.g., LC combined with NMR and MS (LC-NMR-MS), are increasingly used [139].

Research on ethanol extract from Lophatherum gracile stems and leaves was performed using LC
coupled with MS/MS. Gradient elution was performed using 0.3% FA and MeOH. Analysis of the
species revealed the presence of, among others, luteolin 7-O-f-D-glucoside, and luteolin 6-C-
glucoside [140].

Another raw material containing luteolin and its derivatives is the cocoa seed (Theobroma cacao).
In the analysis of the H2O:MeOH extract, the following mobile phase was used: H20:0.1% FA and
ACN:0.1% FA. The elution was carried out in a linear gradient, whereas LC combined with
electrospray ionization and tandem mass spectrometry (LC-ESI-MS/MS) coupling allowed the
identification of the tested compounds [141].

Lin and Harnly performed a water-methanol analysis of the flower extract of Chrysanthemum
morifolium and distinguished many compounds, including numerous derivatives of luteolin. In this
case, the mobile phase was a mixture of 0.1% FA:H20 and 0.1% FA:ACN, in varying proportions. The
qualitative determination of the analyzed substances was based on a comparison of retention times
as well as mass and UV/Vis spectra [142].
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2.4. Gas Chromatography in the Analysis of Luteolin and Its Derivatives

Gas chromatography (GC) is a technique used to analyze volatile as well as non-volatile compounds
after their derivatization. GC is characterized by chromatographic distribution of either a gas mobile phase
on a solid adsorbent (gas-solid chromatography) or a liquid on an inert support (gas-liquid
chromatography). GC can be hyphenated with various detection techniques such as GC combined with
mass spectrometry (GC-MS), GC combined with tandem mass spectrometry (GC-MS/MS) or GC combined
with time of flight mass spectrometry (GC-TOF-MS), thus greatly increasing the versatility, sensitivity and
accuracy of the method [164,165]. The analyzed substances should be thermally stable, and their boiling (or
sublimation) temperature should not exceed 350-400°C. To achieve this, non-volatile substances are often
derivatived. Polar functional groups are transformed into their less polar counterparts, thus increasing the
volatility of the prepared compounds. The most common examples include substitution with a
trimethylsilyl (TM) group, organic radicals or compounds such as trimethylchlorosilane (TMCS),
hexamethyldisilazane (HMDS) or N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA). Such an approach
greatly increases the number of possible analytes [2,17]. For example, phenolic groups of flavonoids are
often transformed into their less polar trimethylsilyl counterparts allowing for rapid and effective
separation of complex mixtures [166].

In adsorption GC, a gas that is chemically inert to the stationary phase as well as the components being
analyzed is used as the mobile phase. Most often hydrogen, nitrogen or argon is used. Helium is being used
less often due to its higher cost than other gases and the implementation of the principles of chemical safety.
The mobile phase must be properly selected for compatibility with the detector used. However, the carrier
gas itself does not have a significant influence on the separation effects of the analyzed mixtures [17]. In the
process of separation, the method of application of the sample to the chromatography column is very
important. The sample should always have as small of a volume and the shortest dosing time as possible.
This ensures better separation and narrower bands [17,164].

Gas chromatography uses open-ended columns, i.e., capillary columns and packed columns. Open-
ended (OT-open tubular) columns are characterized by much higher efficiency than packed columns;
therefore, they are chosen much more often [164]. Capillary columns are particularly useful in the separation
of substances with significantly different boiling points. Ideally, the column should have a similar polarity
to the analyzed components. However, due to the higher efficiency and greater durability of stationary
phases with low polarity, so capillary columns are recommended for chromatographic analyses [17,164].

Another factor that influences the efficiency of the separation of the analyzed sample components, as
well as the time of analysis, is temperature. The separation temperature should be selected depending on
the stationary phase used and the boiling point of the analytes [17,164].

The analysis of luteolin derivatives has been carried out in accordance with the general procedure used
for analysis of other flavonoids (Table 6) [165]. MS was used for detection of volatile derivatives of luteolin,
while the use of a flame ionization detector (FID) was described only in two papers [167,168]. Most
commonly, helium was used as a carrier gas (e.g., [169-171]), but the use of nitrogen was also recorded
[167,168]. The derivatization of luteolin, which is necessary for chromatographic separation, was mostly
achieved with BSTFA/TCMS [170-172]. For the analysis of lipophilic luteolin derivatives, such as 7,3',4'-
trimethyl-luteolin in Arnica alpina, no derivatization was necessary [168].

2.5. Counter-Current Chromatography in the Analysis of Luteolin Derivatives

Counter-current chromatography (CCC) is a variation of liquid chromatography in which both the
stationary and mobile phases are liquid. The separation of the constituents of the mixture is carried out in
a system of immiscible liquids that are in equilibrium with each other. The method is simple and rapid,
offering the possibility of introducing the raw sample to the column without need for previous clean-up
[173]. Counter-current chromatography is mainly used for purification of natural compounds, while its use
as an analytical technique is far less common. In CCC, various dividing techniques can be used, thus
distinguishing centrifugal partition chromatography (CPC) and rapid- or high-speed CCC (HSCCC), often
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referred to as hydrodynamic chromatography [174,175]. High-speed CCC is particularly often encountered
in studies involving the separation of flavonoids [176]. Table 7 presents the conditions for the separation of
mixtures containing luteolin and its derivatives using rapid counter-current chromatography. Separation
of luteolin derivatives from mixtures of different phytochemicals is usually carried out with mixtures of
EtOAc with one of alcohol (BuOH, EtOH or AcOH) and H:0. Upon separation, structure determination by
NMR is often necessary [173,177]. However, instead of NMR, high resolution mass spectrometry (HRMS)
can also be employed for structure confirmation, as evidenced by the use of this technique for differentiation
of various luteolin derivatives in Lippia origanoides [178].
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3. Conclusions

The presented comparison of chromatographic methods currently used to determine luteolin
and its derivatives provides a systematic summary of the available knowledge. Without a doubt,
chromatographic analysis may be successfully employed as an efficient method for both qualitative
assessment (fingerprinting) and quantitative determination of luteolin derivatives. In tedious and
time-consuming determinations of multi-ingredient plant extracts, including those that contain the
most prevalent luteolin derivatives, combinations of large-scale chromatographic techniques with
serially aligned detection modalities such as LC-MS/MS or LC/NMR/MS were found to be
particularly useful. Such beneficial coupling of chromatography with other analytic techniques
expands analytical capabilities while additionally improving the accuracy, sensitivity, and precision
of assays. Despite the dominant position of LC in the analysis of natural compounds and the dynamic
development of novel chromatographic methods, the TLC/HPTLC has not lost its important place in
the phytochemical analysis of luteolin derivatives. The technique is relatively simple and inexpensive
while facilitating rapid qualitative and quantitative analysis of test compounds. In addition, it
facilitates large quantities of diluted samples being deposited in the stationary phase, allowing for a
wider choice of mobile phase carriers. The technique is subject to continuous improvements and its
range of applicability is expanding.

Effective chromatographic analysis in the determination of luteolin derivatives requires
appropriately selected chromatographic separation conditions. The appropriate choice of stationary
phase sorbent may significantly improve test conditions. Most TLC analyses of luteolin derivatives
are carried out in normal phase systems featuring a polar (hydrophilic) sorbent phase. In HPLC,
separation conditions can be chosen more arbitrarily as the technique allows for the use of stationary
phases of varying polarity which is particularly advantageous in the analysis of compounds that are
either insoluble or poorly soluble in water. In order to additionally improve the sensitivity of HPLC
analyses, one should focus on the column parameters responsible for appropriate separation. Quite
often, the fairly successful analyses are used as starting points for further modifications, including
the development of preparative-scale analyses.

Of all chromatographic techniques, GC is the least applicable in the analysis of plant extracts,
including those that contain luteolin derivatives. Despite its high sensitivity and efficiency when
coupled with various detection techniques (MS, MS/MS, TOF-MS), the chromatographic separation
process involves high temperatures and derivatization of analytes. Due to this important aspect, GC-
MS is less frequently used in the analysis of polyphenolic compounds.

The complexity of plant matrices is unquestionably a significant problem in the
chromatographic analysis of plant extracts. It has a negative impact on the efficacy of analyses and
prevents complete identification of all components of the plant extract. However, chromatography
remains the primary and most effective analytical technique available in the current state of the art
for the determination of compounds of natural origin.
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skin cancers. Moreover, over the past several decades, the
frequency of all skin cancers has increased much more
dynamically than that of almost any other type of cancer.
Among the available therapeutic options for skin cancers,
chemotherapy used immediately after the surgical inter-
vention has been an essential element. Unfortunately, the

main problem with conventional chemopreventive regi-

mens involves the lack of response to treatment and the
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associated side effects. Hence, there is a need for much
more effective anticancer drugs. Correspondingly, the
targeted alternatives have involved phytochemicals, which
are safer chemotherapeutic agents and exhibit competitive
anticancer activity with high therapeutic efficacy. Among
polyphenolic compounds, some flavonoids and their deri-
vatives, which are mostly found in medicinal plants, have
been demonstrated to influence the modulation of signal-
ing pathways at each stage of the carcinogenesis process,
which is also important in the context of skin cancers.
Hence, this review focuses on an exhaustive overview of
the therapeutic effects of luteolin and its derivatives in the
treatment and prevention of skin cancers. The bioavail-
ability and structure-activity relationships of luteolin deri-
vatives are also discussed. This review is the first such
complete account of all of the scientific reports concerning
this particular group of natural compounds that target a

specific area of neoplastic diseases.

KEYWORDS
luteolin, melanoma, phytotherapy, skin cancer

1 | INTRODUCTION

Cutaneous malignant melanoma (CMM) is the fastest growing cancer in the fair-skinned Caucasian population
and the most aggressive form of diagnosed skin cancer. Its incidence is less than 5% per year, which is relatively
low compared to its high mortality rate, which is the highest of all skin cancers. However, over the past several
decades, the incidence of CMM has increased much more rapidly than that of almost any other cancer.’
According to the GLOBOCAN 2020 database (https://gco.iarc.fr/today/home) published by the International
Agency for Research on Cancer (IARC), non-melanoma malignant skin cancers (NMSCs) are the most common
skin cancers, accounting for 30% of the cancer burden, with an estimated incidence of over 350,000 cases per
year only in Europe, making them the most common malignant neoplasms in white populations each year.
The term NMSC encompasses basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), which account for
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90% of the tumors of this type.”” The term is also used in reference to adnexal tumors, cutaneous lymphomas,

Merkel cell carcinoma, and other rare primary skin cancers. The incidence of NMSC (BCC and SCC) is 18- to
4-8

20-fold higher than that of malignant melanoma.

The reported dramatic increase in skin cancer incidence is mainly attributed to chronic ultraviolet (UV)
exposure and to skin type, which are the dominant risk factors. Additionally, personal factors such as age, sex, and
genetic background contribute to CMM susceptibility and are mainly attributed to the melanin content in skin
layers. Another important aspect is the inheritance of skin cancer susceptibility associated with low and high
penetrance genes described in the following sections.” The incidence of melanoma increases with age, as
evidenced by the data showing that the average age of diagnosis is approximately 60 years. The risk of occur-
rence is also closely related to sex. The incidence of melanoma in men is 1.5-fold greater than it is in women. The
relationship between incidence and age becomes very clear in people older than 75 years, when the incident
coefficient increases twofold. Additionally, geographic zone, common or atypical nevi, and chronic sun exposure,
especially in childhood, are suggested to be major environmental risk factors for melanoma.®?*° The relationship
is evident in the correlation between the risk of BCC and the “history” of UV ray overexposure, particularly
sunburn, especially in childhood. However, these factors do not translate into SCC, the risk of which is closely
related to long-term UV exposure.'" In contrast to that of melanoma, the incidence of NMSC has been proven to
be closely related to age. At an early age, people of either sex show a similar prevalence for acquiring either
NMSC. The situation changes for men older than 45 years, because NMSC affects this group of men 2- to 3-fold
more frequently than women.”*¢12-1%

Among the available therapeutic options for skin cancer, chemotherapy administered immediately after
surgical intervention has been an essential element of the available anticancer therapies for decades.
Unfortunately, the main problem with conventional chemopreventive regimens is the lack of response to
treatment. Hence, there is a need for much more effective anticancer drugs. Moreover, inherent side effects
are other problems with currently available chemotherapeutics. Therefore, alternatives based on phyto-
chemicals have been used because they are safer than traditional chemotherapeutic agents and exhibit
competitive anticancer activity with high therapeutic efficacy.'® Currently, of all cancer therapeutics ap-
proved by the U.S. Food and Drug Administration (FDA), as many as 40% are directly or indirectly related to
natural sources.’” Notably, cytostatic compounds including vincristine, vinblastine, vinorelbine, paclitaxel,
docetaxel, topotecan, irinotecan, and others are only some examples of the anticancer drugs and plant-
derived agents approved for clinical use.'® ?° The current state of knowledge supports evidence of the
beneficial effects of combination therapies consisting of conventional anticancer drugs and natural com-
pounds.?* Medicinal plants and their bioactive compounds have been successfully used for years as com-
plementary therapies. In addition, the research performed with multiple cancer cell lines and animal models
including skin cancer proves that these combinations can suppress many stages of development and pro-
gression of cancer cells by influencing a number of mechanisms, such as the cell cycle, and by inhibiting
angiogenesis and proliferation or activating proapoptotic and pro-survival proteins.”’? ?° Currently, various
formulations in the market contain compounds of natural origin for use in skin cancer or precancerous
conditions such as Birch Bark ointment, Curaderm®, or Cansema®.?® Among the groups of phytochemicals
studied thus far, flavonoids constitute a class of secondary plant metabolites showing potent anticancer
activity, particularly in the context of skin cancer, by modulating signaling pathways at each stage of carci-
nogenesis.*®?” However, in a search of literature published worldwide, only general reviews of the broadly
understood anticancer activity of flavonoids can be found. Contrary to similar manuscripts, our review
describes the therapeutic effects of luteolin®? and its derivatives in treating and preventing skin cancers, both
NMSCs and melanoma, which significantly distinguishes our review from others. The bioavailability and
structure-activity relationships (SARs) of luteolin and its derivatives are described, making this report the
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first comprehensive and complete account of all scientific reports concerning this particular group of natural
compounds targeting specific neoplastic diseases.

2 | METHODOLOGY/SEARCH STRATEGY

A comprehensive search analysis was performed to identify relevant scientific literature on the basis of an
appropriate search string entered in relevant subject databases. The electronic databases of SCOPUS, Google
Scholar, PubMed/MEDLINE, Web of Science (SCI-EXPANDED), Taylor & Francis Online, Wiley Online
Library, EBSCO Discovery Service (EDS), REAXYS Database, and Science Direct/ELSEVIER were extensively
searched in the preparation of this review. Clinical trial information was retrieved from the ClinicalTrials.gov
database. Chemical structures were confirmed with entries in the PubChem and REAXYS databases. Titles,
abstracts, and keywords (TITLE-ABS-KEY) contained in these databases were searched using the following
terms separately or in various combinations taking into account the requirements or limitations of the da-
tabases searched in the first screening step: “luteolin,” OR “luteolin derivatives,” OR “natural compounds,” OR
“flavonoids,” OR “melanoma,” OR “skin cancer,” OR “cutaneous melanoma,” OR “skin melanoma,” OR “non-
melanoma malignant skin cancers,” OR “basal cell carcinoma,” OR “squamous cell carcinoma,” OR “skin basal
cell carcinoma,” OR “skin squamous cell carcinoma,” OR “SCC,” OR “BCC,” OR “anticancer activity,” OR
“chemopreventive activity.” The search was restricted to studies written in the English language. Only articles
published between 1994 and 2021, which includes the first scientific report on the activity of the tested
group of compounds in the context of skin cancer therapy or prevention, were retained. The second
screening was based on full texts. Additional papers were identified from the review articles and reference
lists identified in the initial literature searches.

2.1 | Inclusion and exclusion criteria

Studies conducted on models of skin melanoma and other skin neoplasms treated with luteolin and/or its
derivatives and that included an evaluation of the preventive and/or antitumor effects of these natural
compounds were retained. The inclusion criteria of the published studies were (1) research model criteria
were adopted with in vitro and/or in vivo models and/or clinical trials of skin cancer treatments, (2) pre-
ventive and/or antitumor effects of pure compounds (luteolin and/or its derivatives) and/or plant extracts
rich in luteolin and/or its derivatives were administered to the adopted models, (3) the criteria for the
antitumor response were defined for each documented experiment (with an ICso value above the con-
centration of the tested compounds) affecting the proliferation of cancer cells, (4) the research was reported
in full, (5) the paper was published in the English language, and (6) the article was published after the first
scientific report on the activity of the tested group of compounds and/or plant extracts containing the tested
compounds on an adopted research model and before July 2021.

The exclusion criteria for the published articles were (1) studies on melanoma but not skin melanoma, (2)
studies on cancers such as squamous cell carcinoma, SCC or basal cell carcinoma, or BCC but not in skin, (3)
studies that reported preventive and/or antitumor activity of natural compounds on the adopted models but
not of luteolin or a luteolin derivative, (4) studies that reported preventive and/or antitumor activity of
flavonoids on the adopted models but not luteolin or a luteolin derivative, (5) studies that reported pre-
ventive and/or antitumor activity of synthetic drugs on the adopted models, (6) papers not published in the
English language, and (7) study results presented in the form of a letter to the editor, a commentary, a
preface, an abstract without full accompanying paper, a conference paper or a book review.
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3 | SKIN CANCERS

3.1 | Non-melanoma malignant skin cancers
3.1.1 | Basal cell carcinomas

BCC, the most common skin cancer, is characterized by low malignancy and limited local invasiveness.®*® However,
the term semi-malignant appears in the context of BCC, particular with respect to rare metastases, occasional
aggressive growth with tissue destruction, and involvement of lymph nodes.””*° BCC develops de novo from
cutaneous keratinocytes and is caused by UV-induced mutations in basal layer cells of the epidermis and its
appendages.

Most often, BCC is located in areas exposed to direct sunlight, such as facial skin, especially above the line
connecting the angle of the mouth with the opening of the external auditory canals, as well as the backs of the
hands; however, it can occur anywhere on the body. Early cases of BCC usually appear as a translucent or pearly
small papule, sometimes with visible telangiectasia. The BBC growth rate is slow, and its metastasis is sporadic.
BCC consists of the following subtypes, which are distinguished on the basis of physical characteristics and
histological findings: nodular, superficial, and morphea forms, accounting for 60%, 30%, and 5%-10% of cases,

respectively.”” &3

3.1.2 | Squamous cell carcinomas

SCC is caused by malignant neoplasia of epidermal keratinocytes with variable squamous differentiation, local
infiltration, and invasion into surrounding tissues.®?® In contrast to BCC, SCC can arise from precursor lesions,
including actinic keratoses (AKs) and SCC in situ, a condition called Bowen's disease, which is much more invasive
and metastatic than BCC, mainly spreading to lymph nodes. SCC metastasis is the result of a complex process
leading to the migration of cancer cells through the extracellular matrix (ECM), which is also degraded by proteases.
AKs progress to SCC in 1%-10% of cases, a percentage that increases with the number of lesions on the patient,
and the incidence of Bowen's disease derived from AKs is 3%-5%.

SCC lesions are most often located on sun-exposed skin areas, such as the back of the hands, ears, scalp, and
central part of the face, which results in photodamage of the skin. Only in rare cases, they develop elsewhere on
the body.? Characteristic SCC lesions are erythematous papules with well-limited edges. The first symptom of

malignancy is induration, which is common to all SCCs.”*>?

3.2 | Melanoma

The European Dermatology Forum (EDF) Society defines melanoma as the most malignant skin cancer arising from
pigmented nevi, mainly in atypical or unchanged skin, and tends toward early metastasis.'**** The melanocytes
located in the basal layer of the epidermis break away, causing uncontrolled malignant proliferation.

The clinicopathological classification of invasive melanoma is based on Clark and McGovern's proposal:
superficial, lentigo maligna, nodular, and acral lentiginous melanoma.”®> The most common type, accounting for
75% of all malignant melanomas, is superficial melanoma. A characteristic histological feature is the radial growth of
the plaque into deeper layers of tissue past the papillary dermis and the dermal layer via single-cell dispersion. The
most common localization of superficial melanoma is the surface of the back in men and the lower extremities in
women and manifest, where the lesions feature irregular borders and asymmetrical shapes. In addition, the lesions
have no characteristic color; melanoma can present as white, gray, blue, red, brown, and black.****’ Lentigo
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maligna melanoma is the second most common type. Most often, this form develops in areas exposed to direct

sunlight, showing itself as a small macule with an asymmetric shape with an irregular border. Its size and color
change as the tumor grows. Nodular melanoma constitutes 15%-30% of aggressive melanomas. It manifests as dark
polypoid or pedunculated nodules with a rather small surface area because it grows rapidly deep into the skin layers
and relatively slowly in width on the exposed layer. This growth pattern makes late diagnosis likely. The least
common melanoma is acral lentiginous melanoma, accounting for only 5% of cases. Acral lentiginous lesions most
often appear on the back of the hands, on the palmar side, and in subungual areas, where it appears as a change in
pigmentation in the nail plate to dark brown or black.”***? Despite the information obtained through the con-
tinuous development of clinical, histological, and biochemical methods, the course of melanoma remains very
unpredictable. Melanoma is an aggressive malignant neoplasm that, despite favorable survival rates upon detection
at an early stage, metastasizes beyond the primary site. In cases of metastases, the therapy options are quite limited
because of the resistance to treatment, and the prognosis for patients is bleak.' 4042

4 | CAUSATIVE FACTORS AND PATHOGENESIS OF SKIN CANCERS

The complex process of skin carcinogenesis resulting from the clonal spread of mutated cells begins with neoplasm
initiation and continues with the promotion and progression of neoplastic cells. In the irreversible stage of initiation,
genotoxic effects influence normal cells, and in the next stage, the proliferation of initiated cells is reversible, but
these cells ultimately progress through a subsequent stage of irreversible malignant transformation characterized
by specific karyotypic instability; id est, the distinct stages involve promotion and progression of the malignancy,
respectively.*® Cells that undergo malignant transformation during cancer progression are predisposed to angio-
genic responses and unlimited proliferation with the involvement of surrounding tissues and metastases, simulta-
neously triggering protective mechanisms against therapeutic proliferation-limiting pathways.***> This process is
induced via complicated interactions between genetic and environmental factors such as UV radiation, genetic
mutations, oncogene activation, malignancy suppressor gene deactivation, and DNA repair process disorder
(Figure 1).” In addition to UV radiation, many triggers are associated with skin cancers. Melanoma is defined
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FIGURE 1 Skin carcinogenesis. Schematic representation of three steps in the process of carcinogenesis
initiated by causative factors and a proposed mechanism of melanoma progression. Each stage of the depicted
process includes associated mutations in key genes, changes in the cells, and the reversibility of the process [Color
figure can be viewed at wileyonlinelibrary.com]
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as an immunogenic neoplasm, as evidenced by the high morbidity in people with treatment-induced im-
munosuppression or with acquired immunodeficiency syndrome (AIDS). Additionally, patients taking im-
munosuppressants are also at high risk for developing SCC. In the case of BCC, chronic exposure to arsenic or a
diagnosis of basal cell nevus syndrome (Gorlin syndrome) is a factor, and in the case of SCC, epidermolysis bullosa
syndromes, chronic inflammation caused by damage to the skin, and mechanical irritation such as burn scars are
factors. SCCs located within genital organs are often associated with the presence of the potentially oncogenic
B human papillomavirus (HPV). HPV impairs the DNA repair process, driving carcinogenesis.*>#¢~>*

The multifactorial pathogenesis of skin cancers in the greatest number of cases begins with UV radiation exposure,
resulting in a cascade of direct and indirect effects, such as DNA damage, gene mutations, immunosuppression, for-
mation of cyclobutane pyrimidine dimers, oxidative stress, and inflammation. Chronic inflammation is characteristic of
the pathogenesis of neoplasms, including skin cancers. Inflammation caused by exposure to UV radiation occurs through
several mechanisms. In one mechanism, the levels of reactive oxygen species (ROS); cytokines, such as tumor necrosis
factor a (TNF-a), interleukin 6 (IL-6), interleukin 1B (IL-1B), cyclooxygenase-2 (COX-2); and prostaglandin metabolites are
increased.” >* In another mechanism aryl hydrocarbon receptors (AhR) in keratinocytes and melanocytes are activated
after binding of polycyclic aromatic hydrocarbons and organic environmental pollutants, leading to AhR-mediated
induction of monooxygenases cytochrome P450 (CYP), CYP1A1 and CYP1A2, important enzymes in the metabolism of
xenobiotics and often results in excessive generation of ROS, causing oxidative stress, inflammation, and carcinogen-
esis.”” "’ Moreover, it has been shown that UV radiation exposure influences the course of all the above-mentioned
stages of skin carcinogenesis, although the exact mechanism of action in the promotion and progression stages is
unclear.”>*® UV rays degrade keratinocytes and melanocytes, causing malignant mutations, which are especially pre-
valent in fair skin, which has a low level of dark pigment (eumelanin) to block UV radiation. A correlation has been found
between the occurrence of melanoma and increased melanogenesis and overexpression of melanogenic enzymes such
as tyrosinase (TYR).>”“° Hence, blood TYR is measured as a marker in the diagnosis of melanoma.?>*? In addition to skin
complexion, the harmful mutational UV effect is exacerbated by ozone depletion, latitude, and other factors.”*“*¢* UVB
radiation is much more mutagenic than UVA radiation; it induces changes in adjacent pyrimidines, contributing to the
formation of mutagenic cyclopyrimidine dimers and pyrimidine-pyrimidine adducts. UVA changes DNA through
oxidative stress.”®>“® As mentioned, low- and high-risk genes are essential in the process of skin cancer formation. The
former includes the melanocortin-1-receptor (MC1R), which is closely related to the repair of UV-damaged DNA and
the adaptive pigmentation response by encoding the a-melanocyte-stimulating hormone (a-MSH) receptor critical for
melanin synthesis.®® Key elements in skin cancer and its clinical evaluation are apoptotic pathways such as the tumor
suppressors p53, tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), COX-2, nuclear factor kappa-
light-chain-enhancer of activated B (NF-kB), epidermal growth factor (EGF) receptor (EGFR), mitogen-activated protein
kinase (MAPK) pathways and the sonic hedgehog (SHH) signaling.®¢*%*¢”

A significant portion of NMSC cases, as many as 90% SCC and 50% BCC cases, present with mutation in the
p53 suppressor gene inherently involved in cell cycle regulation, apoptosis, and DNA repair through its effect on

genes such as p21, Fas, and damage specific DNA binding protein 2 (DDB2).%%¢?

p53 mutation is rarely found in
melanoma. UV ray-induced mutation results in the induction of NMSC through resistance to apoptosis and clonal
keratinocyte expression. Additionally, in SCC and melanoma, p53 has been observed to upregulate Fas/FasL
pathway component expression, inducing apoptosis after binding of the Fas receptor to the FasL under physio-
logical conditions. UV radiation exposure inhibits the expression of the death receptor characteristic in TRAIL, as
observed in AK and SCC.%“*7° Equally important in the pathogenesis of skin cancers, specific binding of EGFR,
belonging to the tyrosine kinase receptor (RTK) family, and involved in most cell signaling processes, such as
growth, proliferation, migration, differentiation and cell apoptosis, is changed in a manner measurable by im-
munohistochemistry. EGFR changes are detected in most cases of NMSC. Overexpression of EGFR in SCC cells
contributes to the acquisition of the aggressive phenotype. Activation of EGFR is mediated not only by EGF but also
by heparin binding and is a consequence of tumor growth factor (TGF) and amphiregulin activation. Active EGFR
forms complexes with signaling proteins including Shc, steroid receptor coactivator (Src), leading to activation of
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MAPK and the phosphoinositol-3-kinase (PI3K) pathways, ultimately leading to cell proliferation, apoptosis, tumor
63,71-74

development, cancer cell migration, and metastasis.

Other RTKs in NMSC are also associated with disruptions to the signaling of the complex NF-kB pathway
induced directly by free radicals, carcinogens, X-rays, and UV radiation or indirectly by binding of cytokines
to plasma membrane receptors under the influence of UV radiation.®® NF-kB controls many physiological
processes and cell proliferation by regulating the cell cycle, apoptosis, and inflammation. As a result of a
cascade of mechanisms, activated NF-kB is translocated to the nucleus, where it promotes the transcription
of apoptotic pro-inflammatory genes and genes targeting cytokine, including interferon, production
pathways.®%7°7¢

Activation of the NF-kB pathway, as well as the MAPK and PI3K pathways, may also be a consequence of the
overexpression of COX-2 induced by UVB radiation. COX-2 induces in this way inflammation, and cancer cell grows
by induction of IL-6 and catalyzation of the formation of Prostaglandin E2 (PGE2) that is known to bind and activate
its G protein-coupled receptors, prostaglandin E2 receptors (EPs) 1-4 (known as EP;, EP,, EP3, and EP,).
The relationship between premalignant lesions and NMSC development and COX-2 activity has been proven
repeatedly, and inhibition of the EP receptors pathways has the potential to prevent cutaneous SCCs’”; in addition,
COX-2 inhibitors have been used in the therapy of SCC and BCC.%*7 %% Additionally, the SHH signaling pathway,
consisting of transmembrane proteins Ptch1, Smo, and Shh, is important for sporadic and hereditary BCC. However,
it is not associated with SCC. Activation of SHH is an underlying mechanism of BCC triggered by point mutation-
induced inactivation of the Ptch1 component.®**

4.1 | The role of microbiome in skin cancers

The microbiome is another aspect correlated with skin cancer, changes to which may relate to mechanisms that
increase or decrease the risk of skin cancer. As already mentioned, tissue damage and chronic skin inflammation are
closely related to the occurrence of skin cancer. Modulation of inflammatory and immunological processes in the
skin occurs through diverse external microbiome environments. Disruption of the normal skin microflora occurs due
to environmental exposure, UV radiation, the influence of antibiotics as well as immunosuppressive drugs. Com-
mensal skin bacteria have been shown to reduce inflammation during wound healing by regulating the
inflammation-dependent toll-like receptors (TLRs) expressed in skin cells directly involved in neoplastic transfor-
mation (keratinocytes and melanocytes). Uncontrolled activation of TLRs is closely associated with chronic in-
flammation and increased likelihood of skin cancer. Hence, a strong correlation between a normal skin microbiome,
adequate TLR receptor signaling, and the process of carcinogenesis is noted.?* Additionally, some commensal HPVs
protect against UV-induced carcinogenesis. On the other hand, Staphylococcus aureus is strongly associated with
both AK and SCC, implicating the carcinogenic process by inducing the release of pro-inflammatory cytokines
(interleukin 1a (IL-1a), and interleukin 36 (IL-36)) in keratinocytes and thus promoting chronic inflammation.
Furthermore, other pro-inflammatory cytokine-dependent cytokines regulate the cutaneous colonization of these
microorganisms, maintaining the inflammatory loop and ultimately triggering tumor progression. In addition to
S. aureus, other bacteria such as S. epidermidis, Escherichia coli, and Pseudomonas aeruginosa modulate inflammatory
processes in keratinocytes that underlie oncogenesis. However, another strain, Malassezia reduces excessive co-
lonization of S. aureus while preventing SCC.®> Moreover, the gut microbiome, in addition to its well-documented
effects on gastrointestinal cancers, also influences dermatoses such as acne vulgaris, atopic dermatitis, psoriasis as
well as skin cancers by modulating immune function. The cutaneous immunomodulatory effects of Lactobacillus
paracasei have been documented.?"#*#* Although there are direct indications linking the skin microbiota and the
immune system, the role of the skin microflora both in direct skin carcinogenesis and in modulating the immune
system still needs to be clarified.
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FIGURE 2 The molecular pathways in skin cancers. Objects highlighted in blue color symbolize RAS/RAF/MEK/
ERK signaling cascade, also known as the mitogen-activated protein kinase (MAPK) pathway. The oncogenes
outlined in the green have been identified as the most common oncogenes with somatic mutations in skin cancer,
especially melanoma. Presented pathways and steps, connected by arrows showing interdependencies, represent
complex signaling pathways leading to cell proliferation or apoptosis [Color figure can be viewed at
wileyonlinelibrary.com]

5 | MOLECULAR PATHOGENETIC PATHWAYS IN THE GENESIS
OF SKIN CANCER ESPECIALLY MELANOMA

5.1 | The mitogen-activated protein kinase pathway

Currently, many molecular pathways that accompany the transformation of normal melanocytes into benign or
melanoma cells, as well as the progression and malignancy of melanomas, are known. Compared to many other
human cancers, melanoma is more closely associated with somatic alterations.®” The most common somatic mu-
tations involve oncogenes neuroblastoma rat sarcoma viral (RAS) viral oncogene homolog (NRAS), v-raf murine
sarcoma viral oncogene homolog B (BRAF), and neurofibromin type 1 (NF1) and suppressor genes phosphatase and
tensin homolog (PTEN), p53 and others. These mutations affect cellular processes such as cell proliferation, growth
and metabolism, apoptosis, and the cell cycle. The genomic changes induce impairments to the activation of
fundamental signaling pathways, namely, the PI3K pathway and the RAS/rapidly accelerated fibrosarcoma (RAF)/
mitogen-activated protein kinase (MEK)/extracellular-regulated kinase (ERK) signaling cascade, also known as the
MAPK pathway (Figure 2). Mutations in the MAPK protein kinase pathway are the most frequently observed, and
they have been found in 75%-90% of melanoma cases. The primary mutations affect BRAF (in 60%-80% of cases)
and NRAS (in 15%-30% of cases), which are in the same pathway, although they are infrequently mutated at the

same time.®¢ %7
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The intracellular MAPK pathway transmits extracellular signals to the nucleus, thereby regulating
proliferation, differentiation, and apoptosis. In addition, it is the central platform for the development of
melanoma and may enable its initiation or propagation. The mechanism underlying dysregulated signaling
involves somatic BRAF mutations, a proto-oncogene encoding a serine-threonine protein kinase in the MAPK
pro-growth signaling pathway. These mutations induce genomic instability, enhance cell replicative potential
and angiogenesis, inhibit apoptosis, and drive uncontrolled cell proliferation, which plays an important role in
the development of melanoma.**®® Typically, BRAF mutants are results of missense mutations, particularly
an amino acid substitution at valine 600, such as V600E, V600K, and V600D, leading to abrogated encoded
valine and increased glutamic acid, lysine, aspartic acid, and arginine residues, respectively.?®”°”* The BRAF
protein has three domains, with two regulatory and one catalytic, involved in the phosphorylation of MEK
and adenosine triphosphate (ATP) binding through a hydrophobic interaction with the “glycine-rich” loop and
the activation segment of the catalytic domain in MEK. BRAF mutations generate the replacement of
hydrophobic valine with polar and hydrophilic glutamic acid, BRAFV600E. This abnormal domain inversion
results in a constitutively active conformation with very high kinase activity, driving melanoma

86,92

progression. BRAF mutations are observed not only in cases of metastatic melanomas but also in more

than one-half of benign nevi. They are crucial elements not only in the formation of melanocytic neoplasm
but also in cancer progression.®%7% 7%

The second source of molecular changes related to the activation of the RAS-RAF-mitogen in the MAPK
pathway is the NRAS oncogene, which is associated with guanosine triphosphate (GTP) binding and reg-
ulation of the cellular response to soluble growth factors. NRAS mutations are reported in 15%-30% of
melanoma cases, most of which are missense changes in codons 12/13 or 60/61, leading to prolonged NRAS
signaling along with activated MAPK and PI3K pathways.**#°%88? As in the case of BRAF mutations, NRAS
mutations are observed in patients with metastatic melanomas but also with benign nevi. Both of the
described mutations in the MAPK pathway are associated with uncontrolled proliferation and metastatic
development of primary melanoma, but these mutants may be used as targets for the development of anti-
melanoma drugs.?%7%76.77

The least common MAPK mutations include those correlated with suppressor gene NF1. The NF1 protein
inhibits RAS signaling by inactivating RAS-GTP to RAS-guanosine diphosphate (RAS-GDP). Ultimately, the
NF1 mutation leads to increased activity of NRAS and hence activated MAPK and PI3K pathways. Moreover,
the integral cellular component tyrosine-protein kinase Kit (c-KIT) receptor, belonging to the previously
mentioned RTK family, is also involved in these pathways due to multiple docking sites for proteins such as

74,98

PI3K, leading to the activation of MAPK signaling pathway. c-KIT receptor activation leads to the pro-

liferation and migration of melanoma cells or melanocytes, contributing to melanogenesis and the formation

Of tumors.72_74_86.88,99,100

5.2 | The PI3K pathway

A distinct phosphoinositol-3-kinase (PI3K) pathway is involved in melanoma cell proliferation and metastasis.
Overactivation of the PI3K pathway may be an indirect result of NRAS mutation, as described above, or loss of
PTEN function. The PI3K pathway plays a role in inhibiting apoptosis, and in melanoma cells, its increased activity is
associated with acquired resistance in melanoma treated with BRAF inhibitors.'°**° Under physiological condi-
tions, PTEN, a suppressor gene, is closely related to the progression of the cell cycle. Additionally, as a protein
subject to dephosphorylation and able to regulate cell-to-cell adhesion, PTEN deactivates the PI3K pathway and
suppresses MAPK signaling. Detectable changes in the PISK pathway and in PTEN expression are results of

chromosomal deletions, missense point mutations, epigenetic mechanisms, or microRNA action.**#¢88:10%
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5.3 | Oncogenes CDK4 and CDKN2A

Oncogene cyclin-dependent kinase 4 (CDK4) and the cyclin-dependent kinase inhibitor 2A (CDKN2A), which
encodes p16INK4A, which is expressed in a cyclin-dependent kinase-dependent manner, are not only involved in
the development of in situ melanoma (familial melanoma) but are also correlated with other malignancies, such as
breast and pancreatic cancer.®>?71°419° Both CDK4 and CDKN2A participate in the regulation of the cell cycle and
regulate the transition of tumor cells from the G1 to S phase and thus can cause uncontrolled proliferation
(Figure 2). Cyclin D1 activates the proto-oncogene CDK4, while p16INK4a has the opposite effect by inhibiting
abnormal melanoma cell division.*>#*#%1% |n addition, mutations in a tumor suppressor gene cyclin-dependent
kinase inhibitor 2B (CDKN2B) in benign melanocytic nevi can lead to melanoma development.***%”

6 | AVAILABLE THERAPY FOR SKIN CANCERS

As stated by the EDF Society, the mainstay of NMSC treatment is surgery followed by the histological examination
of tumor margins, which is required to ensure treatment success and complete removal of the NMSC lesion.® %%
For radical excision intervention, the size, and depth of the infiltrating neoplastic lesion should be taken into
consideration.” In the case of high-risk tumors, in addition to surgical excision, Mohs micrographic surgery and
radiotherapy are performed.®® Mohs micrographic surgery is a highly efficient procedure for complete resection of
both primary and recurrent BCC and SCC lesions, enabling the identification and complete removal of the tumor.
Radiation therapy is used as complementary and palliative therapy in NMSC, but its effectiveness is limited by the
inability to introduce it into the therapeutic management of recurrent BCC.® Ablative techniques such as elec-
trodesiccation, curettage, and cryotherapy are also recommended for low-risk NMSC.%® Electrodesiccation with
curettage is a frequent therapeutic method characterized by high effectiveness but limited to use in poorly defined
BCC and SCC tumors posing increased risk and presenting with a recurrent nature.” Therefore, in the case of SCC
with an increased risk of metastases, surgical excision or Mohs surgery, not electrodesiccation or curettage, is
recommended.” Liquid nitrogen cryotherapy involving cold-induced NMSC destruction and precise CO, laser
ablation are effective methods for the treatment of low-risk SCC and BCC. However, tumor removal using a CO,
laser is a rarely used method.® For all of the abovementioned methods, it is suggested that chemotherapy and/or
immunotherapy be used as supplementary treatment or monotherapy.®>*°? Topical therapy with 5% imiquimod is
acceptable for application in BCC and Bowen's disease when used with 5-fluorouracil for regulating key cell
receptors.””

Primary melanomas detected in the early stages may respond effectively to local therapy involving surgical
excision of the neoplastic skin lesion, with a 92% overall survival rate, with marginal cases depending on the
pathological staging of the melanoma on the basis of Breslow classification.”***®*** Additionally, sentinel lymph
node dissection and radical removal of surrounding lymph nodes are recommended.””***** The use of these
methods of treatment at an early stage ensures a high survival rate. However, the prognosis becomes less en-
couraging with nodal involvement or metastasis, declining to only a 10% chance of 5-year survival. In the treatment
of inoperable melanoma in the advanced stage of this disease, radiotherapy has also been ineffective.” % In
recent years, the therapeutic options for metastatic melanoma have significantly expanded and include

chemotherapy, immunotherapy, and targeted therapy.”>*%%*%°

6.1 | Chemotherapy

In the treatment of metastatic melanoma, chemotherapy has been the "standard" for more than 40 years, targeting
the pathological pathways of apoptosis or their absence in cancer cells. Monotherapy of melanoma with
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FIGURE 3 Chemical structures of clinical chemotherapeutics used in skin cancer treatment: dacarbazine (A),
vindesine (B), vinblastine (C), carboplatin (D), fotemustine (E), lomustine (F), taxane (G), and carmustine (H)

dacarbazine (DTIC) is mainly a palliative therapy. DTIC is converted to the active alkylating metabolite 3-methyl-
[triazen-1-yl]-imidazole-4-carboxamide. Although DTIC, the first chemotherapeutic treatment approved by the

FDA for metastatic melanoma,**®

is the most effective of all available methods of chemotherapy, it is largely
ineffective, often inducing no therapeutic response. As a result, DTIC is recommended for use in combination
therapy with other cytostatics: vindesine, vinblastine, cisplatin, carboplatin, taxane, carboplatin, or nitrosoureas,
such as carmustine, lomustine, or fotemustine. These chemotherapeutic agents exhibit little effect when used as a
single chemotherapeutic agent, with the exception of nitrosourea, whose activity is comparable to that of DTIC.
However, combination therapy produces a slightly better response but with significant side effects. Currently,
chemotherapy is considered a treatment of last resort for patients with resistance to more effective therapies
(immunotherapies and targeted therapies) or in countries where access to new more-effective drugs is lim-
ited® 43198114 (Figure 3).

6.2 | Immunotherapy

Immunological treatment, which is one of the basic systemic therapies, is based on the manipulation of targeted
immune system responses to melanoma cells. Upon immunostimulation of interleukin 2 (IL-2) through receptors
composed of IL-2Ra, IL-2RB, and IL-2Ry subunits, proliferation and the function of T lymphocytes and natural killer
cells are activated; these cells search for melanoma cells expressing a major histocompatibility complex (MHC)
molecule absent in all but melanoma cells and then lysing them, inhibiting tumor growth and immune check-
points.®®*** Despite its effectiveness, IL-2 therapy is associated with numerous undesirable side effects. In-
flammatory reactions, nausea, diarrhea, and capillary leak syndrome are observed in 16%-17% of patients receiving
an intravenous infusion of IL-2.%**” Interferon-a (IFN-a) administered after surgical excision as an adjunct therapy
in patients with metastatic melanoma to inhibit the proliferation of residual melanoma cells continuously stimulates
the activity of lymphocytes such as CD4" and the secretion of interferon- y (IFN-y) and IL-2, leading to a long-term
immune response.’'® Unfortunately, patients in greatly advanced stages of melanoma show a low response to this
therapy and, similar to IL-2 therapy, IFN-a induces cytotoxicity, especially during long-term treatment. IFN-a and
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IL-2 constitute the main immunotherapies used with melanoma patients. The response rate to these treatments

increases after biochemotherapy administration because of the combination of both immunotherapeutic agents and
cytotoxic chemotherapeutic agents, such as DTIC, which is the third element of this therapy.®®*** A breakthrough
in the development of novel immunotherapies has led to a therapy based on suppressing the immune response to
the tumor microenvironment. Monoclonal antibodies, such as ipilimumab, nivolumab, and pembrolizumab, against
the programmed death-1 (PD-1)/programmed death ligand-1 (PD-L1) inhibitory pathway that exists in the immune
system to prevent the immune cells destroy normal host cells (autoimmunity), resulting in modulation of T lym-
phocyte activity and consequently to the immune-mediated tumor destruction and thus improving the overall
survival time, even for people with advanced melanoma.”®**¢ In summary, IL-2 immunostimulation, tumor-
blockades of T cell proliferation, and immune checkpoints are major targets of the immune response in melanoma

immunotherapy.”®108:119:120

6.3 | Targeted therapy

According to The European Interdisciplinary Guideline developed by the EDF society, targeted therapy takes
advantage of the frequent mutations in MAPK pathway genes in melanoma patients by introducing highly selective
BRAFV600 inhibitors, such as vemurafenib and dabrafenib.>”*'°® Despite previous results of clinical trials con-
firming high efficacy of vemurafenib and dabrafenib treatment, improved survival, and high tolerance, a large
proportion of the patients developed resistance to treatment with BRAF inhibitors, which in turn caused re-
activation of the MAPK pathway. Hence, regimens of combination therapies that include MEK inhibitors important

d.2 8695119121 The effectiveness of

in the MAPK cascade, such as cobimetinib and trametinib, are being explore
targeting this therapeutic route has been confirmed in preclinical studies proving increased apoptosis and delayed
onset of treatment resistance.”'?" The combination of BRAF inhibitors and MEK inhibitors administered to mel-
anoma patients with an activating BRAFV600E mutation resulted in a significant improvement in survival and
responses.’®'?? Despite the success of novel therapies based on MAPK pathway inhibitors, a number of un-
desirable effects have also been revealed. Notably, therapies that include vemurafenib and dabrafenib can lead to
SCC.>#%%8 |n cases of some melanomas with an activating type Ill transmembrane receptor tyrosine kinase (KIT)
mutation, a different targeted therapy may be an alternative approach. However, KIT therapy with imatinib is

considered controversial and is still undergoing improvements.*¢*

7 | BIOACTIVITY OF LUTEOLIN AND ITS DERIVATIVES ON SKIN
CANCER

The antitumor activity of flavonoids, in general, has been extensively described and documented thus

74,80,1

far 23-128 Therefore, we present in detail our findings on the modulation of oncogenic skin cancer pathways

by luteolin and its derivatives. Luteolin, a natural flavonoid commonly found in many plant raw materials, exhibits
multiple biological effects, including anti-inflammatory, antioxidant, antiallergic, and anticancer properties. There-
fore, it seems to be a promising source with preventive and therapeutic potential for the treatment of various

2258.129-134 Moreover, because luteolin increases the therapeutic response of

45,135,136

cancers, including skin cancers.
cancer cells, luteolin can be used as a complementary therapy.

The antitumor activity of luteolin has been found as a result of inhibited induction of apoptosis, disruption of
the cell cycle, inhibition of cell proliferation and/or migration, and/or angiogenesis associated with increased
invasiveness and tumor development. Notably, the proliferation and development of neoplastic cells in vitro are
45,123,134,137-145

inhibited through a number of different pathways and the expression of many diverse genes.
Furthermore, another important aspect is the ability of luteolin to multidimensionally regulate epigenetics layers in
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the case of cancers, affecting the apoptotic effect. This occurs via inhibition of DNA methylation and trimethylation
in histone H3 at lysine 27 (H3K27me3), activation of nuclear factor 2 associated erythroid 2 (Nrf2) demethylation,
as well as inhibition of DNA methyltransferases (DNMTs), enhancer of zeste homolog 2 (EZH2), p53 and expression
of key genes in cell cycle.?**#¢**7 |n addition to reducing methylation of the Nrf2 promoter region, binding of
(ten-eleven translocation-1) TET1 to the Nrf2 promoter and formation of a complex between p53 and Nrf2, are
determined as the subsequent molecular mechanism underlying such proapoptotic activity of luteolin.**® Luteolin
induced both intracellular and extracellular apoptosis of C32 human amelanotic melanoma cells, which was con-
firmed by its effect on mitochondrial potential and the activity of caspase-3, caspase-8, caspase-9, and caspase-10
while stimulating autophagy.'“” It was also reported to downregulate the PI3K/protein kinase B (AKT) axis through
downregulation of oncogenes fibroblast growth factor 10 (FGF10) and fibronectin 1 (FN1), and matrix metallo-
proteinases (MMPs) MMP-2 and MMP-9, and upregulation of tissue inhibitors of MMPs (TIMPs) TIMP-1 and
TIMP-2, thereby inhibiting migration, inducing apoptosis, disrupting cell integrity and reducing the invasive po-
tential of A375 human malignant melanoma cells. Furthermore, its inhibitory effect was also reported in an in vivo
model.*°"**® However, in vivo, the tumor showed adaptation and acquired resistance to luteolin treatment.
Changes in A375 cells under the influence of luteolin, particularly FGF10 and FN1 genes, strongly influenced the
expression of kinase suppressor of RAS 2 (KSR2), suggesting inhibition of the RAS pathway and downregulation of a
number of components involved in ECM modifications (intercellular adhesion molecule-1 (ICAM1), laminin subunit
alpha 1 (LAMA1), integrin alpha 2b (ITGA2B), and FN1) and proteinases such as a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTSs) ADAMTS1 and ADAMTS18, MMP-1, MMP-10, cathepsins (CTS) CTSG,
CTSK, and CTSV). Luteolin exerts a significant influence on the proliferation and invasion of melanoma cells by
disrupting the ECM pathway by suppressing, for instance, MMP-1, MMP-2, or MMP-10 expression in other human
malignant melanoma lines (SK-MEL-2, SK-MEL-28, and WM3211 cells), regardless of whether or not BRAF was
mutated. In the case of the WM3211 cell line (wild-type for NRAS and BRAF), luteolin induced the rather rare
downregulation of KIT expression, which was crucial for inhibiting the growth of these cells.'* Moreover, strong
cytotoxicity and proapoptotic activity induced in these cells through arrest to the cell cycle and an accumulated
number of these cells in the GO/G1 phase were demonstrated.’® It has been documented that luteolin can inhibit
cell proliferation through cell cycle arrest in the G1 phase as a result of the inhibition of CDK2 activity, enhanced
expression of CDKN1A, and regulation of CDK inhibitors in A375 and C32 cells.**?*°?

Luteolin can have both anti- or pro-oxidant activity, which is at least partly determined by the cellular milieu. In
malignant cells, which often contain already an increased oxidative stress level because of their upregulated
metabolism, luteolin induces apoptosis by endoplasmic reticulum (ER) stress via increasing ROS levels. However, in
healthy cells, luteolin shows antioxidative effects are described.'”* The relationship between cell proliferation,
apoptosis, and the induction of luteolin-induced ROS levels, expression of ER stress, and CCAAT/enhancer-binding
protein-homologous protein (CHOP) protein has been demonstrated in A2058 human metastatic melanoma
cells.’®® On the other hand, Schomberg and co-authors examining four different melanoma lines, SK-MEL-2,
SK-MEL-28, A375, and WM3211 cells, led to diametrically opposed conclusions. They hypothesized that it was not
the increase in luteolin-induced ROS production that directly caused the inhibition of cell growth but it was
probably the synergism of simultaneous modifying effects on multiple pathways, including aforementioned path-
ways associated with the ECM, the oncogenic signaling pathway, and immune response pathways.*" Interestingly,
according to the results of studies comparing the effects of luteolin on two different melanoma lines, the SK-MEL-1
human metastatic melanoma cell line shows greater resistance to treatment than the B16F10 mouse primary
melanoma cell line; however, the differences are insignificant, and it would be appropriate to further investigate the
resistance of cells according to their origin."***>”

Luteolin inhibited the invasive epithelial-mesenchymal transition (EMT) process, which induces morphological
changes in melanoma cells and is involved in melanoma progression.”*®**? This effect is a result of the reduced
expression of MMP-9, reversed cadherin switching (downregulated N-cadherin and upregulated E-cadherin) in
human epidermoid carcinoma and melanoma cells (A431-11l, A431, A375, and B16F10 cells),**°~*“® and reduced
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151 contributing to the reduction in the invasive abilities of

expression of the E-cadherin gene in WM3211 cells,
these cells, as well as inhibited tumor growth and progression. Moreover, integrin B3 (ITGB3) inhibition, changes in
EMT signaling, and suppressed metastasis caused by luteolin treatment were also observed in an in vivo C57BL/6
mouse model established with B16F10 cells.*>>*¢* The S100A7 protein may mediate EMT activation, leading to the
emergence of additional neoplastic lesions. Luteolin decreased the signaling of Src/focal adhesion kinase (FAK),
Src/signal transducer and activator of transcription 3 (STAT3), and S100A7 protein, thereby reducing the migratory
abilities of A431-Ill cells.'®* ¢ High invasiveness is a particular feature of A431-lll cells that overexpress MMP-9
that is not evident in primary A431 cells. The effect of luteolin on MMP-9 may result from inhibition of
Akt phosphorylation, while inhibition of N-cadherin expression may result in inhibition of the expression of the
MAPK-ERK pathway.'®® It has been observed that luteolin induces apoptosis by regulating B-cell lymphoma 2
(Bcl-2) and Bcl-2-associated X (Bax) proteins in B16F10 cells,®” inhibiting the secretion of MMP-2 and MMP-9 and
changing the phosphorylation level of components of the EGFR signaling pathway in A431 cells, and the metastatic
potential of these cells may be realized upon EGFR inhibition.*®? Luteolin also exerts a strong chemopreventive
effect against melanoma by targeting protein kinase Ce (PKCe) and Src. It has been proven that treatment of the JB6
P+ mouse melanoma cell line that this flavone leads to suppressed expression of PKCe and Src kinase and inhibition
of the UVB-induced activity of COX-2, activator protein-1 (AP-1) and NF-kB.'"?

The process of melanogenesis can be described in two ways. Melanogenesis is a physiological mechanism
conferring protection against the harmful effects of UV radiation. Hence, it prevents the malignant transformation
causing skin cancer.'® On the other hand, excessive melanogenesis, melanin deposition, and the related potential
cytotoxic risk are associated with melanogenesis and, hence, melanoma.*®*”*’® Hence, melanogenesis can be
considered a target for therapy aimed at the elimination of malignant melanocytes and, at the same time, a target
for chemopreventive action.?%¢*

It has been documented that luteolin inhibits melanogenesis in B16F10 cells but not by reducing the level of
TYR protein, as might be expected because luteolin exerts the opposite effect in the absence and presence of
a-MSH. The antimelanogenic activity is attributed to the ability of luteolin to inhibit the catalytic activity of TYR and
the expression of exogenous human TYR regulated through a pathway-dependent cyclic adenosine monophosphate
(cAMP)."7*172 However, in HMV-Il human vaginal melanoma cells, the antimelanogenic effect was based on the
opposing mechanism: Luteolin promoted melanin production by stimulating the activity of intracellular TYR.'”*
Yamauchi et al. compared the proliferation of B16F10 cells and the extent of melanogenesis inhibition under the
influence of luteolin and concluded that luteolin exhibits inhibitory activity only on extracellular melanogenesis and
not on intracellular melanogenesis, as previously expected.’’*”® Melanogenesis is related to the microphthalmia-
associated transcription factor (MITF) a transcription factor of melanogenic enzymes, that is influenced by c-Jun
N-terminal kinase (JNK), which together with p53 activates the apoptotic pathway; hence, the inhibition of B16F10
cell melanogenesis confirms the previously described proapoptotic effect of luteolin.'”**””

The ability to inhibit the melanogenesis of melanoma precursor cells has also been documented in the case of
luteolin derivatives. The inhibitory potential of eight luteolin derivatives on extracellular melanogenesis and B16F10
cell proliferation was compared, with the results demonstrating the dependence of the antitumor effect on the
length of the hydrocarbon 7-O- substitution. Hence, luteolin showed the lowest activity of the compounds tested,
followed by 7-O-methylluteolin, 7-O-ethylluteolin, 7-O-propylluteolin, 7-O-butylluteolin, 7-O-pentylluteolin, and
7-O-hexylluteolin, which showed the highest activity. However, the bulkiness of the substituent at position 7 did
not have a significant effect on the inhibition of the compared process; that is, 7-O-(1-methyl)propylluteolin
and 7-O-methylcyclohexylluteolin showed activity similar to that of 7-O-ethylluteolin, 7-O-propylluteolin,
7-O-butylluteolin, and 7-O-pentylluteolin.'’* Another notable derivative in the context of melanogenesis inhibi-
tion is luteolin 7-sulfate, which simultaneously inhibited the synthesis of new TYR proteins and the catalytic activity
of existing TYR proteins in B16F10 cells. The inhibition of TYR gene expression was related to the signaling pathway
mediated by cAMP response element-binding protein (CREB) and MITF, which in this case, may explain the
antimelanogenic activity of luteolin 7-sulfate; its antimelanogenic action is several dozen folds greater than that of
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the known melanogenesis inhibitor arbutin and higher than the activity of luteolin itself."”**”? The results of the

antitumor effects of luteolin and its derivatives are summarized in Table 1.

7.1 | Chemoprevention action

Skin cancer prevention is based on several schemes based on primary and secondary prevention. According to the
National Cancer Institute, both schemes are based on public education: The primary prevention effort is based on
the principles of photoprotection and the effects of increased exposure to sunlight, and secondary effort for skin
cancer prevention is based on screening precancerous lesions for early diagnosis and detection.”®'7% 7%
Chemopreventive agents for melanoma are used not only to prevent the occurrence of neoplastic lesions but also
to inhibit their development and promote remission. However, because of the complexity of the transformation of
melanocytes under the influence of UV radiation and the poor patient response to chemopreventive agents in
clinical trials, chemoprevention of melanoma is a purely perfunctory scheme.?®17¢1%7

A large body of evidence suggests that luteolin, due to its antioxidant and anti-inflammatory properties, may
also play an important role in the reduction of skin cancer progression and photocarcinogenesis and thus has a
significant impact on the prevention of skin cancer. As described in the previous sections, oxidative stress is
inextricably linked to the processes of tumor formation. Luteolin, due to its structure of 3-OH, 4'-OH, and the
double bond between carbons C2-C3 and a carbonyl group on C4, removes ROS through its own oxidation, which
has been confirmed by studies on cell-free systems.'”®'?? Moreover, it blocks ROS-producing oxidases, which are
components in the lipoxygenase reaction involving the chelation of transition metal ions, and protects endogenous
antioxidants, thus enhancing their action.’° These antioxidant abilities distinguish the ability of luteolin and its
derivatives to protect against ROS-induced activation of MAPK, NF-kB, and COX-2, as well as damage to lipids,
DNA, and proteins, as confirmed not only through studies of cell-free systems but also in vitro and in vivo
experiments,*>7*72201-203 thus preventing the development of cancer.'**?%*29> Moreover, the ability to induce
the apoptosis of neoplastic cells, including melanoma cells, has been attributed to the pro-oxidative property of this
flavone.’”® However, as previously mentioned, Schomberg et al.,"*" examining five lines of cutaneous melanoma,
came to the opposite conclusion, suggesting that the induction of ROS is a negligible side effect of luteolin
treatment of melanoma while confirming its proapoptotic effect.’>* ROS-related apoptosis is most likely due to
cytotoxicity-related suppression of the NF-kB pathway and activation of JNK, and this activation relationship has
been confirmed in lung cancer; however, in melanoma, this relationship is based only on speculation.**7#2%¢
Indeed, the antioxidant activity may be correlated with NF-kB, as confirmed with studies of the JB6 P+ melanoma
cell line showing the potential of luteolin to suppress UVB radiation-induced NF-kB, COX-2, and AP-1 expression,
mainly by targeting PKCe and Src.'*?

Additionally, luteolin has been shown to directly inhibit PKCe/Src activity and prevent UVB-induced DNA
damage in keratinocyte cells. There is evidence for the preventive potential of luteolin in skin cancers associated
with, inter alia skin photodamage as well as Nrf2 activity, closely related to oxidative stress. Luteolin suppresses the
expression of COX-2, AP-1, and NF-kB, regulates antioxidant enzymes, and prevents ROS accumulation and
activation of MAKP and NF-kB signaling pathways.?®” The antioxidant activity of luteolin is a partial contribution to
its anti-inflammatory effect, which is also related to the prevention of the carcinogenesis process due to the
convergence of chronic inflammation and cancer.*>*¢ This luteolin effect is mediated by cells such as neutrophils
and lymphocytes; TNF-a and IL-6 release-related inhibition; and signaling pathways involving these factors as
previously described. Luteolin also blocks the production of the aforementioned cytokines due to the inhibition of
NF-kB and kinases involved in the MAPK signaling pathways and activation of inhibitory-kB kinase (IKK).?%%-?¢
Furthermore, luteolin was found to inhibit UVB radiation-induced MMP-1 expression in the human keratinocyte
cell line HaCaT, as well as UVB radiation-induced activation of AP-1, a well-known transcription factor mediating
inflammation and proliferation, as well as the MMP-1 promoter, c-Fos and c-Jun, which make up the AP-1
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complex.””7%?** The photoprotective effect of luteolin on keratinocytes was also demonstrated by Verschooten
and co-authors, proving an increase in the resistance of normal cells to UVB radiation-induced apoptosis, with

212

an adverse effect on malignant keratinocytes. In an in vivo model, the anti-inflammatory effect of luteolin

7-0O-glucoside was demonstrated by inhibiting the synthesis of COX-2, IL-1B, and TNF-a, which are closely related

to inflammation upon exposure to UVB radiation.?**?'*

7.2 | The structure-activity relationship of luteolin derivatives

SAR analysis offers the possibility to isolate the chemical groups and structures critical for induced biological
response and to correlate structural features to their activity. Unfortunately, due to the use of different cell lines,
different analysis conditions, and measurement methods, it is not possible to carry out SAR analysis on the basis of
documented ICsq values obtained through heterogeneous techniques and the many accidents. Reports on the
growth inhibitory effects against different skin cancer cell lines have not always been the same, indicating differ-
ences in the sensitivity of melanoma cells to the tested compounds. Despite these difficulties, a correlation be-
tween the position, number, and nature of substituents in the structure of luteolin and its derivatives and their
antiproliferative activity has been identified.

The high antiproliferative activity of luteolin was first identified with the presence of a C2-C3 double bond in
the C ring, the presence of hydroxyl groups at C5 and C7 in the A ring, and a catechol group containing two
adjacent phenolic OH groups (3',4’-di-OH). Moreover, it has been shown that the C ring with an oxo group function
at position C4 contributes to the high activity of compounds in this class. All the described structural elements
determine and are required for high anticancer activity,'#%142156:157.162215 Hgwever, certain kinds of structural
modifications improve or eliminate this activity. Special attention has been directed to the number and
O-methylation, and O-glycosylation status of the free hydroxyl groups at the C7 position in the A ring.

During the comparison of the cytotoxic and/or antiproliferative activity of flavonoids, it was documented that,
in addition to the saturation of the C2-C3 bond, the presence of a methyl group in the structure of these com-
pounds significantly enhances their effect. In particular, the 7-O-methoxyl group on the A ring of luteolin is
associated with this effect. Moreover, the length of the linear hydrocarbon substituent at the C7 position of the
A ring has a directly proportional effect on the antiproliferative activity (Figure 4). Additionally, it has been
hypothesized that a group of these substituents attached to luteolin may stimulate the activation of JNK, which is
strongly involved in melanogenesis, in addition to apoptosis, as confirmed by Yamauchi et al.”* However, the mass
of the substituent at position C7 has no significant effect on the inhibitory effect of the compound on proliferation

The methylation of 7-OH possess
antiproliferative effect, and
increasing the length of linear
hydrocarbon substituent of the
A ring increases the anticancer
activity. 7-O-glycosidation may
further potentiate this effect.

Ri

OH o) Essential moiety for
— antiproliferative
activity.

FIGURE 4 Chemical groups responsible for luteolin derivatives activity (SAR)
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or melanogenesis.’”*'”® The location of the O-methyl substituent is substantial. The attachment of a methyl group
at C3’ reduces the antiproliferative activity compared to the occupation of the C7 position, which confirms that
3'-OH moiety in the structure of luteolin plays a vital role in determining high anticancer activity. The analogous
situation with the participation of the O-methylation of 4'-OH results in a deepening of the abolition of the
discussed antitumor activity. Moreover, simultaneous attachment of methyl groups at positions 5 and 7 of
the A ring and at position 4’ of the B ring significantly attenuates the antiproliferative effect, suggesting that the
introduction of a higher number of methoxyl groups in the B ring (C4') and A ring (C5) leads to decreased antitumor
activity. Hence, the O-methylation of 7-OH seems to be crucial, and increasing the length of the linear hydrocarbon
substituent in the A ring increases the activity. Although the 7-O-methoxy group in the A ring of luteolin
shows satisfactory activity, the attachment of other functional groups at C7, such as a sulfo group, abolishes the
antiproliferative effect.

As previously mentioned, the presence of hydroxyl groups at C7 in the A ring significantly affects the
antiproliferative activity of luteolin. O-glycosylation at this position may further potentiate this effect.'*?%®
However, C-glycosylation at the Cé position significantly reduces cytotoxicity induced in melanoma cells with
concomitant inhibited melanogenesis, as observed for luteolin 6-C-glucoside (isoorientin) in the B16F10 cell
line.****”° Moreover, not only C-glycosylation of 6-OH result in a lack of antiproliferative activity, as observed for
ugonins J, K, and L.*%”

The lack of -OH substitution on C3 in the structure of luteolin creates the possibility of competitive binding of
luteolin to the ATP-binding site important to the activity of kinases (including PKCe, EGFR, and FAK), which may
play an essential role in skin tumors, and more specifically, in the case of luteolin treatment, inhibiting kinase
action.'?®

The influence of substituents in the B ring is not sufficiently understood. It has been suggested that the 3'-OH
moiety in the structure of luteolin, which, among other actions, determines the high anticancer activity of the
compound, probably influences cell cycle arrest to a critical level.>*> However, in the case of modification to the
structure of luteolin, we have data only in the case of O-methyl group introduction, instead of 4'-OH, with
simultaneous attachment of 5,7-di-OH. The antiproliferative activity of 4',5,7-trimethoxyluteolin is not significant,
but it is not possible to state clearly what aspect of the structure determines this activity.

8 | ROLE OF LUTEOLIN AND ITS DERIVATIVE-RICH EXTRACTS IN SKIN
CANCER TREATMENTS

It has been reported that the hydroalcoholic extract of Rosmarinus officinalis, of which luteolin is one of the main
compounds present at 0.2%, has an antiproliferative effect through cytotoxic and cytostatic mechanisms resulting
in the induction of apoptosis and cell cycle arrest of A375 cells. The accumulation of apoptotic cells in the sub-GO
phase and arrest in the GO/G1 and G2/M phases was observed, which is consistent with the action of known
anticancer substances.** A similar effect of Jasione montana diethyl ether extract in the C32 cell line has been
described, and the main component critical for the activity was presumed to be luteolin, which was confirmed by
studies on the activity of this compound alone.**? Studies on both J. montana or Phyllodium elegans extracts in the
C32 and A375 lines, respectively, proved the apoptotic potential of the extracts on the reduction mitochondria
membrane potential as well as the increase of caspase-3 and caspase-9 activation.”*® It has been established that
the antioxidant activity of natural compounds is not correlated with their antiproliferative activity in cancer cell
lines; their pro-oxidative properties are critical for their effects.”’” However, Cattaneo and co-authors found that
the pro-oxidative effect of rosemary extract does not directly mediate its cytotoxic activity. The inhibition of the
expression of proteins crucial for maintaining cellular homeostases, such as protein disulfide-isomerase A3 (PDIA3),
glucosidase Il alpha subunit (GANAB), PCB1, and PCB2, causing ER stress, was identified as the molecular me-
chanism underlying the induced cytotoxicity. Although luteolin is one of the main components of this extract, it did
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not directly influence the antiproliferative activity but probably had a synergistic effect in the multicomponent
activity.'**

The effects of Petroselinum crispum and Matricaria chamomilla extracts, which are abundant in polyphenols and
flavonoids, including luteolin and its 7-O-glucoside, were tested in A375 cells. Despite the negligible
antiproliferative activity and minor effect on the cell cycle distribution, P. crispum extract showed proapoptotic
potential by increasing the expression of caspase-3, which is the executioner caspase in the process of apoptosis
and DNA damage,”*®?'? and caspase-2, as confirmed by staining with Annexin V-PIl. The M. chamomilla extract,
containing 8% of the content of luteolin and its derivative, was found to have slightly weaker activity. However,
these dominant compounds in both extracts were apigenin and its glycosidic forms, with a predominance of
apigenin glucoside in the M. chamomilla extract. The content of luteolin and its derivative was only 5% of the
polyphenol content in the P. crispum extract.”?° However, in the case of the J. montana extract, the effect on
caspase-3 activation as well as on caspase-8, caspase-9, and caspase-10 is attributed to luteolin, the predominant
component in the extract."*” The aqueous extract of Olea europaea leaves also was found to be proapoptotic in
B16F10 cells, with its effect mediated via ERK1/2 and p53 activating pathways. However, Majumder and co-
authors suggested that the underlying mechanism of ERK1/2 receptor interference is most likely triggered by
oleuropein, which is one of the main components of this extract, not luteolin. However, due to the wide range of
plant matrices, it can be assumed that this effect may be caused by multicomponent synergism in this fraction.?®

In the B16F10 line, an apoptosis-stimulating effect was also shown by the hydromethanolic extract of
Biophytum sensitivum, participating in the regulation of Bcl-2 and p53 genes and catalyzing the expression of the
aforementioned caspase-3. In addition, Guruvayoorappan and co-authors reported that an extract rich in flavonoids
is characterized by an antimetastatic nature and the inhibition of pro-inflammatory cytokines that play a significant
role in chemoprevention, such as TNF-a, IL-1B, IL-6, and granulocyte-macrophage colony-stimulating factor
(GM-CSF).??* In addition, it has been proven that the extract of B. sensitivum as well as Daphne gnidium reduces the
invasion and mobility of B16F10 cells in models of C57BL/6 and Balb/C mice in vivo.'”* Furthermore, it activates
the expression of the tissue metalloproteinase inhibitors TIMP-1 and TIMP-2 and subsequently limiting the
expression of MMP-2 and MMP-9. Changes in pro-inflammatory cytokines had been tested in an in vitro model,***
as well as ERK1/2 and signal transducer and activator of transcription-1 (STAT1) pathway expression, and prolyl
hydroxylase, lysyl oxidase, nucleoside diphosphate kinase (NDPK), and vascular endothelial growth factor (VEGF)
levels. It can be assumed that a number of flavonoids, including luteolin 7-methyl ester and isoorientin, are critical
for the antimetastatic and anti-malignant activity in neoplastic cells.????23

It has been suggested that the biological activity of the water extract of Gentiana veitchiorum flowers is caused
by isoorientin, a main flavonoid constituting 0.4% of this extract. Due to the presence of this derivative, the extract
significantly suppresses the melanin content of B16F10 cells by inhibiting the mRNA expression of TYR, transient
receptor potential (TRP), and dopachrome tautomerase (DCT), as well as inhibiting MITF transcription and CREB
phosphorylation. Additionally, it is suspected that the activity of isoorientin causes the arrest of the intracellular
cAMP pathway.'”° A similar outcome has been observed with Phyllospadix iwatensis extract, except that luteolin
7-sulfate was critical for its antimelanogenic activity.'”” Moreover, high activity of TYR inhibition and
melanogenesis, correlating with the high content of luteolin and its derivatives, is observed in the case of Aspho-
delus microcarpus extracts.”>* The results of the antitumor effects of species-rich in luteolin and its derivatives are
summarized in Table 2.

9 | LIMITATIONS AND CHALLENGES

When comparing the ICsq values of luteolin and its derivatives on the viability of cells in the same line, the method
used, and incubation time, significant discrepancies between the extreme values can be observed. Therefore, the
authors of this review analyzed the conditions of the experiments performed and the criteria of the methods used
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for determining the ICsq values for the compounds shown in Table 1. For example, the difference between ICsq
values in the range of 5.2-32.9 pg/ml in studies describing the activity of luteolin in the A375 cell line after 24-h
incubation seems to be related to the use of different methods for assessing cell viability. The sulforhodamine B

(SRB) assay used by Said et al. (ICso = 5.2 pg/ml) is widely used to test cytotoxicity in cell-based studies but is not
based on measurement of metabolic activity, in contrast to the 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT) assay used by George et al. (IC5o = 32.9 pg/ml), in which XTT was metabolically
reduced by the enzyme mitochondrial dehydrogenase in living cells to the water-soluble product formazan. In both
of these cases, the same type of medium (DMEM) was used, which differed from that used in other studies with the
same cell line, such as the studies performed by Yao and co-authors as well as Cattaneo and co-authors, who used
RPMI medium. The results of the studies by Yao and co-authors and by Cattaneo and co-authors were evaluated by
another tetrazolium salt, substitute for XTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay performed under the same analysis conditions and showed very similar ICso values of 10.4 and 9.7 pg/ml,
respectively. Hence, the choice of not only the method to determine activity level but also of the culture medium
seems to be important. Moreover, in many cases, it has been observed that the incubation time plays a critical role
in determining the ICsq value, as shown in the results from luteolin treatment of, for example, C32 cells (Table 1).
Notably, cell proliferation involves many biochemical processes, many of which depend on each other, and the
studied natural compounds can influence the processes at different stages or in different ways. Moreover, the
proven antiproliferative potential of luteolin definitively varies according to the diversity and complexity of the gene
expressed in different cell lines. Therefore, certain mutations in different in vitro cell models can render a cell line
resistant to the action of this flavone, as perfectly illustrated by the differences in the B16F10 and A375 cell lines
shown in Table 1. It can be assumed that the differences between these extreme results are due to the use of
different solvents with the test compound or the use of different cell media enriched with various substances. In
these cases, it is difficult to standardize and compare ICsq values reflecting a proliferation-depressing effect, as
additional factors appear to influence the outcomes. In addition, cell lines should not be passaged too many times or
cultured for too long, and the test substances, despite their high purity, are subject to degradation, especially when
dissolved in solvent and stored under unsuitable conditions.

In vitro and in vivo, luteolin and its derivatives exhibit a diverse antitumor response depending on the model
adopted. Although encouraging results render luteolin and its derivatives as potential anticancer agents for the
treatment of skin cancer, the effects of these natural compounds in therapeutic intervention are quite complex due
to the genetically related mechanisms underlying their activity. Therefore, the molecular mechanisms in each cell
need to be understood, and the selectivity, efficacy, pharmacological and toxicological properties of luteolin and its
derivatives need to be analyzed, which will be crucial in translating them from laboratory studies to clinical trials.
Extensive clinical studies are needed to determine whether luteolin, as well as its derivatives, can act in a manner
similar to that described in various in vitro and in vivo models. Currently, only 16 studies are listed in the
ClinicalTrials.gov database (http://www.clinicaltrials.gov), of which none is addressing the use of luteolin in skin
cancer. However, clinical trials of luteolin intervention for tongue SCC can be found, offering potential hope for
topical application in skin cancer as well. Considering the low bioavailability of natural compounds in general and of
luteolin and its derivatives in particular and because oral administration is challenging, topical administration seems
to be an alternative.”>® Due to its lipophilicity, luteolin is able to penetrate deep into human skin. This effect has
been confirmed with in vivo studies demonstrating its ability not only to absorb into the skin surface but also to
penetrate deeper skin layers, thus providing potential for use in topical therapy of skin cancer.’****? However,
there is still a need to develop a suitable formulation. The hope is for new pharmaceutical systems that provide, in
addition to higher drug solubility, increased biochemical stability, and bioavailability, as well as controlled release of
the drug in the target tissue. Particularly noteworthy are nanosystems such as liposomes, polymerosomes, den-
drimers, nanotubes, quantum dots, nano micelles, nanogels, polymer nanoparticles, nanospheres, magnetic nano-
particles, solid lipid nanoparticles, nanostructured lipid carriers, which provide impressive advances in skin cancer
therapy by efficiently transporting the therapeutic agent through the stratum corneum and delivering it to deeper
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skin layers. They have been proven to have high skin penetration, controlled reaching to the specific tumor site,
bioavailability, and their efficacy and specificity. Moreover, recent research is focused on developing new proper
nanotechnology-based forms of skin cancer therapy.”*“~?*? Additionally, the therapeutic efficacy of nanoparticles
like liposomes has also been confirmed for other cancers as potential drug delivery systems also approved for
clinical use.**°~**? However, a prerequisite for a therapeutic effect are realistic conditions with effective con-
centrations at the target site, for which quantitative studies are necessary. Although the dermal penetration of
luteolin offers hope for its use in topical therapy, further scientific study on luteolin and its derivatives is still needed
to obtain a clear description of its dermal penetration, dosing strategies, development of a suitable pharmaceutical
formulation, prolongation of topical drug release, stability, and optimal dose. In addition, it is crucial to determine
the full safety and bioavailability of these compounds in patient studies because, despite their relative safety and

use in children with autism,*****

cases of exacerbated chemical colitis in mice have been reported after oral
administration.”**

The anticancer efficacy of luteolin and its derivatives supports further research aimed at the development of
new treatment options for skin cancer. Further work is needed to evaluate their use in preclinical and clinical studies

to obtain a clear picture of the effects of these natural compounds from a biochemical point of view.
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