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Abstract

Melanoma exhibits a high fatality rate, and its characteristic of rapid proliferation is progressively increasing. Collagenase
inhibitors are pivotal in influencing the invasion of cancer cells in melanoma. The objective of this research is to explore the
therapeutic impact of specific Cirsium species on melanoma. A bioactivity-guided fractionation was carried out to identify
the effective compound using collagenase inhibitory efficacy. The most potent compound underwent additional examina-
tion through in silico methods, and the presence of this compound, along with several phenolic compounds, in the most
effective Cirsium species was identified using LC-MS/MS analysis. The cytotoxic effect on SK-Mel cells was assessed
using the in vitro MTT technique. The bioactivity-guided fractionation study led to the identification of CTR-E1 from
Cirsium trachylepis’s root (CTR), and its structure was determined as 1,5-dicaffeoylquinic acid. In silico analysis revealed
that 1,5-dicaffeoylquinic acid exhibited significant potency with a maximum binding affinity of —8.19 kcal/mol, as well
as hydrogen bonds and hydrophobic interactions. 1,5-dicaffeoylquinic acid, fumaric acid, pyrogallol, and epicatechin were
detected and quantified in CTR by LC-MS/MS analysis. CTR was found to be effective on SK-Mel cells. Further clinical
and toxicological studies, as well as additional in vitro and in vivo studies, are necessary to support the therapeutic efficacy
of CTR and 1,5-dicaffeoylquinic acid.
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Introduction Experimental
Melanoma, a malignancy of melanocytes, has been known  Materials

for its deadly effect and rapidly rising expansion compared
with other cancer types (Popescu et al. 2022; AlQathama
et al. 2015). It was estimated that melanoma accounts for
1.7% of all cancer types, with 325,000 new cases in 2020.
According to the scientists’ estimates, by 2040, there will
be more than 500,000 new instances of melanoma each
year and about 100,000 fatalities from the disease globally
(Arnold et al. 2022; Saginala et al. 2021).

Nowadays, natural sources have become popular because
of their therapeutic potential for melanoma through support-
ing caspase activity, reducing angiogenesis, and inhibiting
tumor-promoting proteins like matrix metalloproteinases
(MMPs) (Chinembiri et al. 2014). Collagenases belonging
to the MMP family can degrade the collagenous extracel-
lular matrix. The growth and metastasis of cancer cells have
been proven to be significantly influenced by collagenases
(Ala-aho and Kihiri 2005; Brown 1997; Zhang et al. 2004).
Collagenase inhibitors have a crucial role in the treatment of
melanoma since the invasion and metastasis of melanoma
require the proteolytic activity of collagenase (Lida and
McCarthy 2007; Napoli et al. 2020; Hofmann et al. 2005).
Interstitial collagenase, MMP-1, is one of the MMPs that
assists melanoma invasion through the disintegration of
dermal collagen type 1. Besides, MMP-1 promotes activa-
tion of the G-protein coupled receptor Protease Activated
Receptor-1 (PAR-1), thus leading to melanoma progression
via activation of signal transduction pathways (Blackburn
et al. 2009).

Cirsium genus is represented by 69 species (81 taxa)
in Turkey (Duman et al. 2017; Dirmenci et al. 2020). Cir-
sium genus has been used as an anticancer, anxiolytic, anti-
inflammatory, antihypertensive, hemostatic, and diuretic
agent traditionally (Llorent-Martinez et al. 2020; Yesilada
et al. 1995). Cirsium genus includes phenylpropanoid gly-
cosides, flavonoids, triterpenes, phenolic acids, and healthy
fatty acids (Inafuku et al. 2013; Kozyra et al. 2013).

The present study aims to perform bio-activity-guided
fractionation studies on six endemic Cirsium species for Tur-
key guidance with in vitro collagenase inhibition, to uncover
the most effective compound, and then to investigate the
therapeutic potential of the most effective species for skin
cancer by in vitro cell line and in silico techniques.
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Chemicals and reagents

Normal phase (Silica gel 60, Cas No: 7631-86-9, Merck),
octadecyl phase (C18) (LiChroprep® RP-18, Cas No:
108688-10-4, Merck), thin layer chromatography plate (TLC
Silica gel 60 F254, Merck), Sephadex (Sephadex® LH-20,
Cas no: 17-0090-01, Sigma-Aldrich); CH;0H, EtOAc, and
CHCI; purchased from Sigma-Aldrich (St. Louis, USA)
were used for bio-activity guided fractionation studies. For
in vitro cell line studies, human melanoma (SK-Mel) cell
line and human fibroblast (NHDF) cells were purchased
from ATCC and Sigma-Aldrich respectively, Gentamicin
(Cas No: 1405-41-0, Sigma-Aldrich), fungizone (Cas No:
1397-89-3, Sigma-Aldrich), L-glutamine (Cas No: 56-85-
9, Sigma-Aldrich), trypsin/EDTA (Cas No: 9002-07-7,
Sigma-Aldrich); fetal bovine serum (FBS, SKU: F2442,
Sigma-Aldrich), Eagle’s minimum essential medium (alfa-
MEM, SKU: M4655, Sigma-Aldrich), RPMI 1640 medium
(Cat No: 21875-034, Thermo Fisher), 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT,
Cas No: 298-93-1, Sigma-Aldrich), dimethyl sulfoxide
(DMSO, Cat No: 67-68-5, Sigma-Aldrich) were used for
in vitro cytotoxic activity studies.

For collagenase inhibition studies, collagenase (Type I,
EC232-582-9), N-[3-(2-Furyl)acryloyl]-Leu-Gly-Pro-Ala
(FALGPA) (Cas No: 78832-65-2), Tris-HCI (Cas No: 1185-
53-1) and epigallocatechin gallate (EGCG) (Cas N0:989-51-
5) were purchased from Sigma-Aldrich (St. Louis, USA).

The compounds listed below were utilized as standards
in the LC-MS/MS analysis: 1,5-Dicaffeoylquinic acid
(%95, Chengdu Biopurify Phytochemicals), Chlorogenic
acid (90%, Sigma-Aldrich), (-)-Epicatechin (98%, Sigma-
Aldrich), Epigallocatechin gallate (95%, Sigma-Aldrich),
Fumaric acid (99%, Sigma-Aldrich), Gallic acid (97%,
Sigma-Aldrich), Kaempferol (96%, Sigma-Aldrich), Luteo-
lin (%98, Sigma-Aldrich), Luteolin-5-O-glu (95%, Appli-
Chem), Luteolin-7-O-glu (95%, AppliChem), Pelargonin
chloride (90%, Sigma-Aldrich), Pyrogallol (%90, Sigma-
Aldrich), Quercetin (95%, Sigma-Aldrich). HPLC-grade
methanol was purchased from Merck (Darmstadt, Germany).

Plant material

The aerial parts and roots of Cirsium aristatum DC. (CA),
Cirsium dirmilense R.M. Burton (CD), Cirsium elodes M.
Bieb. (CE), Cirsium pseudocreticum (P.H. Davis & Parris)
Yildiz, Dirmenci & Arabaci (CP), Cirsium sivasicum Yildiz,
Arabac1 & Dirmenci (CS), Cirsium trachylepis Boiss. (CT)
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were collected from Elazig (1125 m, 11.08.2017), Antalya
(1200 m, 18.08.2017), Canakkale (50-100 m, 05.09.2017),
Eskisehir (930 m, 15.09.2017), Sivas (1706 m, 05.08.2017),
Trabzon (1785 m, 11.08.2016), respectively. The voucher
specimens were deposited at the Herbarium of Faculty of
Education, Balikesir University (Balikesir, Turkey) and Fac-
ulty of Pharmacy, Ankara University with voucher numbers
“Dirmenci 4913 & Arabaci1”, “Dirmenci 49537, “Dirmenci
4935, “Dirmenci 4946, “Dirmenci 4824 & Arabaci” and
“AEF 271917, respectively. The species were identified by
Prof. Dr. Tuncay DIRMENCI, Prof. Dr. Turan ARABACI,
and Prof. Dr. Ufuk OZGEN.

Bio-activity-guided fractionation studies
with collagenase inhibition

Preparation of extract

Air-dried and finely powdered aerial parts and roots were
extracted with CH;OH three times, taking 8 h at room tem-
perature for each extraction. The combined extracts were
evaporated under reduced pressure at 40 °C to obtain crude
extracts. The crude methanol extracts of CA, CD, CE, CP,
CS, and CT were applied to bio-activity-guided fractiona-
tion studies guided by in vitro collagenase inhibition studies
(Sener et al. 2021). The methanol extract yield % of aerial
parts of CA (CAA), CD (CDA), CE (CEA), CP (CPA), CS
(CSA), and CT (CTA) were found as 5.25%, 6.32%, 5.85%,
4.78%, 4.95% and 6.56%, respectively. The methanol extract
yield% of roots of CA (CAR), CD (CDR), CE (CER), CP
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(CPR), CS (CSR), and CT (CTR) were evaluated as 6.13%,
7.25%, 5.25%, 5.95%, 6.25% and 7.35%, respectively.

Collagenase inhibition assay

Methanol extracts of all Cirsium species, also subfractions,
and other fractions of the most effective Cirsium genus
were investigated for collagenase inhibition with the modi-
fied method using FALGPA as substrate (Akkol et al. 2015;
Thring et al. 2009; Singh et al. 1996). All dry fractions were
dissolved into the buffer solution (0.2 M Tris—HCI buffer,
pH 7.8) in the different concentration ranges of 25-400 pg/
mL. In positive control, EGCG was dissolved in the range
of 6.25-100 pg/mL. The test procedure was designed as A,
B, C, and D wells, described as A, 25 uL enzyme solution
(0.8 units/mL), 50 uL substrate solution (2 mM FALGPA
in buffer solution); 50 uL buffer solution (0.1 M Tris—HCI
buffer, pH 8.0), B; 25 uL enzyme solution, 100 pL buffer
solution, C; 25 pL enzyme, 50 pL substrate solution, 25 pL.
sample solution, 25 pL buffer solution, D; 25 yL enzyme
solution, 25 pL sample solution, 75 pL buffer solution.
After that, the plates were incubated at room temperature
for 15 min. Following the incubation, the substrate solu-
tion was mixed into the corresponding well. The plates
were incubated for 15 min, again. The absorbances of the
reaction mixtures were specified spectrophotometrically at
340 nm using a spectrophotometer (SpetrostarNano BMG
LABTECH). Each sample was run three times to control
the repeatability of the assay. The percentage of collagenase
inhibitory effect was estimated with the specified equation:

1 25 pg/mL
— 50 pg/mL
B 100 pg/mL
Bl 200 pg/mL
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Fig. 1 The graph of percentage MMP-1 inhibition of effective sam-
ples (CAR-M: Methanol extract of C. aristatum root, CAA-M: Meth-
anol extract of C. aristatum aerial parts, CDR-M: Methanol extract of
C. dirmilense root, CDA-M: Methanol extract of C. dirmilense aerial
parts, CER-M: Methanol extract of C. elodes root, CEA-M: Metha-
nol extract of C. elodes aerial parts, CPR-M: Methanol extract of C.
pseudocreticum root, CPA-M: Methanol extract of C. pseudocreticum

aerial parts, CSR-M: Methanol extract of C. sivasicum root, CSA-
M: Methanol extract of C. sivasicum aerial parts, CTR-M: Methanol
extract of C. trachylepis root, CTA-M: Methanol extract of C. trachyl-
epis aerial parts, CTR-A: Aqueous subfraction of C. trachylepis root,
CTR-E: EtOAc subfraction of C. trachylepis root, Se: Sephadex, Fr:
Fraction)
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Collagenase Inhibition (%) = ((A —B) — (C — D))/(A —B) x 100

Afterward, a graph was used to estimate the values
of the half-maximal inhibitory concentration (ICs,) for
collagenase.

Bio-activity-guided fractionation studies for CT

CTR was determined for proceeding with bio-activity-
guided fractionation concerning collagenase inhibition stud-
ies (Fig. 1). To prepare subfractions, the methanol extract of
CT (25 g) was suspended in 300 mL of H,O: CH;OH (9:1).
It was partitioned against chloroform (CHCl;) (300 mL X 3)
and ethyl acetate (EtOAc) (300 mL X 3), respectively. The
chlorofrom EtOAc subfractions were evaporated at reduced
pressure at 40 °C, and were 12.00 g and 600 mg, respec-
tively. The aqueous phase was evaporated to give a resi-
due (11.00 g). Based on collagenase inhibition, the EtOAc
fraction was chosen to proceed with bio-activity-guided
fractionation studies. The EtOAc fraction was subjected
to a Sephadex column using isocratic elution with 100%
CH;O0H, and 19 fractions were obtained. Elutioned frac-
tions were subjected to thin layer chromatography (TLC)
with a solvent system of EtOAc:CH;OH:H,0 (v/v/v, 7:2:1).

Similar fractions were assembled. The combined 7 fractions
were evaluated for collagenase inhibition, and the most
active fraction was specified as 16—17 fractions (CTR-E1,
1,5-dicaffeoylquinic acid, 40 mg) compared with other com-
bined fractions (Fig. 2).

Isolation studies were continued on the chloroform and
remaining aqueous subfraction. Silica gel column chro-
matography was applied to the chloroform subfraction
of the roots, and gradient elution was performed in the
n-hexane:EtOAc (100:0-0:100) solvent system. A total of 54
subfractions were collected. Subfractions 28-29 were com-
bined according to TLC analysis (n-hexane:EtOAc (8:2))
and subjected to semi-preparative HPLC. For the semi-pre-
parative HPLC method, a semi-preparative HPLC column
(Zorbax® C18, 9.4 x250 mm, 5 pM particle size, Part No.
880952-202), a flow rate of 1.5 mL/min, an injection volume
of 100 uL with a diode array detector at 210 nm and 240 nm.
The gradient elution conditions 0-49.00 min —20% H,0,
80% MeCN; 49.01-59.00. min— 6% H,0, 94% MeCN;
59.01-60.00 min — 0% H,0, 100% MeCN were applied.

Upon examination of the HPLC chromatogram, it was
decided to collect fractions of the mixture at specific min-
utes (5-15 min; 15-30 min; 30-45 min; and 45-60 min)
(Supplementary material 1). After collection at specified
minutes, the fractions were subjected to 'H-NMR and

(ke |ctrm | [cram | [csrm | [csam | [cprm | [ cpam | [cerm | [cEam | | corM | [ cpam | | carm | [ caam
Extracts
ICoof MMP-1 | 39756+ | 78112+ 72563+ 80051 = 47477+ 62453+  70016= 92698+ 58759+ 70273+ 54676+  89.183 =
Inhibition (ug/mL)| 1.2023 | 23037 31126 13547 1.3056 1.8026 14733 1.3645 27025 22526 1.8523 23736
cTrRC || ctaa || csrE
12g 10g 600 mg
ICso of MMP-1 02276+ | 31442+
Inhibition (zg/mL) 2.3256 1.8596
Fr.12 Fr.3-6 || Fr.7-9 | Fr10-13 || Fr14-15 |[ Fr.16.17 || Fr 1819
63 mg 111 mg 72 mg 109 mg 56 mg 40 mg 74 mg
ICoof MMP-1  _ _ 81378+ 63846+ 58018+ | 21569+ | 103381
Inhibition (ug/mL) 22336 1.2540 1.3356 15678 | =2.7896

Fig.2 Shematic diagram of bio-activity guided fractionation studies
(CAR-M: Methanol extract of C. aristatum root, CAA-M: Methanol
extract of C. aristatum aerial parts, CDR-M: Methanol extract of C.
dirmilense root, CDA-M: Methanol extract of C. dirmilense aerial
parts, CER-M: Methanolic extract of C. elodes root, CEA-M: Metha-
nol extract of C. elodes aerial parts, CPR-M: Methanolic extract of C.
pseudocreticum root, CPA-M: Methanol extract of C. pseudocreticum

@ Springer

aerial parts, CSR-M: Methanol extract of C. sivasicum root, CSA-
M: Methanol extract of C. sivasicum aerial parts, CTR-M: Methanol
extract of C. trachylepis root, CTA-M: Methanol extract of C. trachyl-
epis aerial parts,, CTR-A: Aqueous subfraction of C. trachylepis root,
CTR-E: EtOAc subfraction of C. trachylepis root, Se: Sephadex, Fr:
Fraction)
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I3C-NMR spectroscopic analyses. It was determined that
the fraction collected at 5—15 min contained Lupeol, while
the other fractions were found to be in a mixed state. The
compound collected at 5—15 min, designated as CTR-C1,
was re-chromatographed using the HPLC method, and its
purity was also tested by the HPLC method (Supplementary
material 2).

An octadecyl phase (C18) column was applied to the
remaining water subfraction. Chromatographic analysis was
carried out using a gradient elution system (H,0:CH;OH
99:1 —0:100). The fractions obtained were subjected to
TLC analysis (EtOAc:CH;OH:H,O (7:2:1)), and fractions
35-40 were combined and applied to a Sephadex column.
The 7th subfraction out of the 12 subfractions obtained by
the Sephadex column with a 100% methanol elution sys-
tem was purified, and given the code CTR-A1 (tryptophan,
9.6 mg).

Structure elucidation of the isolated compounds

The structural elucidation of CTR-E1 was achieved through
the utilization of NMR data obtained from a Bruker Ascend
Instrument operating at 400 MHz ("H-NMR) and 100 MHz
('3C-NMR), alongside mass spectral analyses conducted
with a Waters Micromass® ZQ™ Mass Spectrometer. The
findings were ultimately checked by comparing the results
with previously published data. The compound CTR-E1 was
identified as 1,5-dicaffeoylquinic acid, while CTR-C1 was
determined to be lupeol, and CTR-A1 was recognized as
tryptophan.

LC-MS/MS analysis
Preparation of sample solution

0.75 mL of CTR-M (3 mg) and CTA-M (3 mg) were dis-
solved in EtOH:H,0 (60:40 v/v) and then were refluxed in
EtOH: H,O (60:50 v/v) for 1 h. Subsequently, 400 uL of this
solution was transferred into the volumetric vial. Then, 50
uL of curcumin (Internal Standard) was added and diluted
with 500 uL of mobile phase. 10 pL of the prepared sample
solution was injected into LC.

Instruments and chromatographic conditions

Qualitative and quantitative analysis of 13 secondary metab-
olites in extracts was performed by the developed LC-MS/
MS method (Giil¢in et al. 2020; Kiziltas et al. 2022; Seyhan
et al. 2019). LC-MS/MS analysis was conducted using a
Zivak® HPLC and Zivak® Tandem Gold Triple quadru-
pole mass spectrometry equipped with a Synergy Max C18
column (250X 2 mm i.d., 5 um particle size) and gradient
program with a two solvent system A: 0.1% formic acid in

deionized water; B: 0.1% formic acid in CH,OH at a con-
stant solvent flow rate of 0.25 mL/min with a diode array
detector at 280 nm, and the column temperature was set to 30
°C. The gradient program was as follows: 0—1.00 min 55%
A, 45% B; 1.01-20.00 min 0% A, 100% B; 20.01-25.00 min
55% A, 45% B.

Optimization of HPLC methods and LC-MS/MS procedure

The optimal mobile phase was identified as a gradient system
comprising acidified methanol and water. This mobile phase
proved effective for enhancing the ionization efficiency
and separation of the target compounds. The electrospray
ionization (ESI) source facilitated the effective ionization
of small, relatively polar antioxidants. In quantitative mass
spectrometry analyses, the ionization technique and colli-
sion energies are critical parameters. The triple quadrupole
mass spectrometry system is frequently employed due to its
ability to maintain stable fragmented ions. Consequently,
the decision was made to utilize this system. The ideal ESI
parameters were established as follows: 2.40 mTorr for CID
gas pressure, 5000.00 V for ESI needle voltage, 600.00 V for
ESI shield voltage, 300.00 °C for drying gas temperature,
50.00 °C for API housing temperature, 55 psi for nebulizer
gas pressure, and 40.00 psi for drying gas pressure.

Validation of experiments and uncertainty evaluation

The LC-MS/MS method validation parameters were used
as linearity, repeatability, the limit of detection (LOD), and
limit of quantification (LOQ) trials (Giilgin et al. 2020;
Kiziltas et al. 2022; Seyhan et al. 2019). The evaluation of
sources and quantification of uncertainty in the LC-MS/
MS method was conducted using the EURACHEM/CITAC
guide (EURACHEM/CITAC Guide CG 4 2012). The vali-
dation and uncertainty parameters for the 13 compounds
were presented in this study. The linearity of additional com-
pounds in the described method was established through
the examination of standard solutions. The ranges of lin-
earity for each compound are detailed in Table 1. The cor-
relation coefficients (r?) were determined to be equal to or
greater than 0.98. Additionally, the linear regression equa-
tions for the compounds under investigation are provided
in Table 1, where y represents the peak area and x denotes
the concentration. The limits of detection (LOD) and limits
of quantification (LOQ) for the LC-MS/MS methodolo-
gies applied to the compounds were established to range
from 0.5 to 50 mg/L. The LODs were defined as three times
the standard deviation, whereas the LOQs were set at ten
times the standard deviation. The intra-day repeatability was
expressed as recovery % which were derived from the peak
area measurements of three replicate analyses. The concen-
tration of each analyte within the linear range, as well as
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Table 1 Validation and

. Compounds Linear regression equation R? LOD/LOQ  Recovery (%)
uncertainty parameters
1 1,5-dicaffeoylquinic acid ~ y=0.013x — 0.002 0.9983  0.02/0.07 93.49
2 Chlorogenic acid y=0.300x — 0.039 0.9980  0.45/1.49 94.55
3 (-)-Epicatechin y=0.029x — 0.001 0.9963  0.02/0.06 96.38
4 Epigallocatechin gallate y=0.118x — 0.010 0.9957  0.10/0.32 95.21
5 Fumaric acid y=0.060x+0.020 0.9940  0.06/0.22 94.56
6 Gallic acid y=0.039x — 0.016 0.9985  0.54/1.79 92.77
7 Kaempferol y=0.002x +0.009 0.9937  0.02/0.08 94.55
8 Luteolin y=0.219x+0.035 0.9964  0.65/2.15 98.41
9 Luteolin-5-O-glucoside y=0.225x+0.037 0.9930  0.04/0.14 98.88
10 Luteolin-7-O-glucoside y=0.135x+0.019 0.9973  0.20/0.68 91.44
11 Pelargonin chloride y=0.189x+0.004 0.9928  0.17/0.57 95.55
12 Pyrogallol y=0.040x+0.015 0.9880  0.04/0.16 94.53
13 Quercetin y=0.120x+0.030 09911  0.31/1.03 98.86

the concentration associated with the reported method, was
derived from the calibration curve. The validation param-
eters and uncertainty parameters of other compounds have
been presented in Table 1.

In vitro cytotoxic activity on SK-Mel

The MTT assay was used to evaluate the cytotoxic activity
of SK-Mel and NHDF cells. The bio-activity-guided frac-
tionation studies’ most effective species, CT, was selected
to uncover cytotoxic activity against SK-Mel. The cytotoxic
effects of methanol extract and subfractions of CT were
tested (Badem et al. 2021). SK-Mel cells were maintained in
alpha-MEM containing 10% FBS, gentamicin, and ampho-
tericin, and incubated for 24 h at 37 °C and 5% CO, atmos-
phere. Toxic effects on normal human cells were tested using
NHDF cells. NHDF cells were cultured in alpha-MEM con-
taining 10% FBS, gentamicin, and amphotericin. Cisplatin
was used as a positive control and samples were added to
evaluate cytotoxic effects on related wells at different con-
centration ranges (0.09-200 pg/mL). Cells were incubated
at 37 °C and 5% CO, atmosphere for 48 h. MTT solution
(5 mg/mL) was added to each well. The cells were incu-
bated at 37 °C and 5% atmosphere for 2 h. Then, dimethyl
sulfoxide was added to dissolve the formazan crystals in
the wells and incubated for 30 min. The absorbances were
measured with an ELISA microplate reader at a wavelength
of 570-620 nm. The toxic effect of the samples on the cells
was found using the following formula:

cancer cells (SI=normal cell toxic effect/cancer cell toxic
effect) was determined by comparing the toxicity of the sam-
ples for HFC.

In silico analysis

Molecular docking is a computational method that predicts
the binding mode and affinity of a small molecule (ligand)
to a macromolecule (protein). It involves generating a 3D
model of both the ligand and protein and then predicting
their ideal orientation and interaction energy. By simulat-
ing the binding process, researchers can predict the likeli-
hood of a given ligand binding to a particular protein target
and can use this information to design new drugs or opti-
mize existing ones (Khan et al. 2016). The 3D structures
of the test compound CTR-E1 (CID6474640), as well as
the reference compound, EGCG were downloaded from the
PubChem Database (https://pubchem.ncbi.nlm.nih.gov/) for
molecular docking studies with the chosen enzyme (recep-
tors) (Kim et al. 2023). The RCSB Protein Database (https://
www.rcsb.org/pdb) was used to download the 3D structures
of the receptor collagenase (PDB ID 2Y6I) (Berman et al.
2000). CASTp (http://sts.bioe.uic.edu/castp/index.html?
2r7g) server was used to predict the active site of enzymes
(Tian et al. 2018). This particular crystal structure was
removed from water and ion molecules. Additionally, the
APBS-PDB2PQR tool (https://server.poissonboltzmann.
org/pdb2pqr) was used to structure the missing hydrogen
atoms and atomic charges (Jurrus et al. 2018). The BIOVIA

% Vitality = (The optical density of the sample)/(The optical density of the control) x 100

The ICs, values of samples were calculated using the
non-linear dose—response curve using the GraphPad soft-
ware program. The selective toxic effect of the samples on
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Discovery Studio 2020 Client application was used to con-
vert the 3D structures of these compounds to.pdb format
(Dassault 2020). The target proteins and ligands’ structures
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were prepared, and AutoDock 4.2 was used to perform
molecular docking with the Lamanckian genetic algorithm
(Morris et al. 2009). All molecules were analyzed through
molecular docking at the predicted active site of the model
enzyme. The docking data described the binding interaction
(hydrogen/hydrophobic) and affinity indicated by the dock-
ing score of the ligand on the target protein. The top model
for each receptor-ligand interaction as well as the binding
results table was kept for visualization. Once the docking
is complete, the binding results are analyzed, and the pro-
tein—ligand interactions are visualized using software such
as BIOVIA Discovery Studio Visualizer (Dassault 2020).
This allows for a more detailed understanding of the bind-
ing model and potential interactions that may be exploited
for drug design.

Results and discussion

Nowadays, skin cancer is a growing health challenge that
causes health problems and economic costs. Melanoma
which constitutes 1% of skin cancer, is the most metas-
tasizing skin cancer type and has a 15-20% five-year
survival rate (Khan et al. 2021). It was clinically dem-
onstrated that interstitial collagenase, MMP-1 enhances
the malignancy of melanoma cells. Therefore, intersti-
tial collagenase, MMP-1 inhibitors can be a beneficial
approach for the treatment of melanoma due to their abil-
ity to retard the metastasis of melanoma cells (Lida and
McCarthy 2007; Kerkela et al. 2003). Natural sources are
among the favorite sources for the pharmaceutical industry
to discover new drugs due to their obtainability and lower
side effects compared with synthetic drugs for melanoma
therapy (Chinembiri et al. 2014). Cirsium genus is rep-
resented by 68 species (80 taxa, 33 endemics) in Turkey
(Duman et al. 2017; Dirmenci et al. 2020).

Some Cirsium species have been reported to have ther-
apeutic potential for melanoma owing to the decreasing
effect of interstitial collagenase, and MMP-1 expression
(Nazaruk et al. 2014; Sim et al. 2007; Yoon et al. 2022).
This information led us to investigate the therapeutic effect
of other Cirsium species on melanoma through collagenase
inhibition.

Results of bio-activity guided fractionation studies
guidance with collagenase inhibition

In vitro collagenase inhibition studies on the aerial
parts and roots of six Cirsium species showed that
the most effective extract belonged to the roots of
CT (IC5y=39.756 +1.2023 pg/mL) (Fig. 1). There-
fore, bio-activity-guided fractionation studies were

maintained for the roots of CT. The most effective sub-
fraction from the roots of CT was observed as EtOAc
(IC50=31.442+1.8596 ug/mL) to continue the bio-activ-
ity guided isolation study. It was evaluated that CTR-E-Se
Fr-16-17 obtained from EtOAc subfraction by Sephadex
column had the highest collagenase inhibition (Fig. 2).

Bio-activity-guided fractionation studies led to the
purification of 1,5-dicaffeoylquinic acid called CTR-E1
obtained from the EtOAc subfraction of CT’s root (Fig. 3,
Supplementary Materials 3). Additional isolation studies
were also performed on other sub-fractions (CHCl; and
n-BuOH) of CTR. 2 different compounds (CTR-C1 and
CTR-B1) were obtained from these fractions (Supplemen-
tary Materials 4-10).

CTR-E1 indicated [M-H]" ion at m/z 515.09
(C,5H,,0,,). 'H-NMR (CD,0D, 400 MHz): & 7.59
(d, J=15.9 Hz, H-7', H-7"), 7.07 (s, H-2', H-2"), 6.97
(dd, J;,=2.2 Hz, J,=2.2 Hz, H-6', H-6"), 6.80 (d,
J=8.2 Hz, H-5', H-5"), 6.34 (d, /J=12.7 Hz, H-8'), 6.30
(d, J=12.7 Hz, H-8"), 5.42 (td, J;=9.2 Hz, J,=9.2 Hz,
J,=3.8 Hz, H-5), 4.28 (dd, J,=7.6 Hz, J,=3.7 Hz,
H-3), 3.77 (dd, J,=8.7 Hz, J,=3.3 Hz, H-4), 2.60 (m,
H-2b, H-6b), 2.36 (dd, J;,=14.8 Hz, J,=3.4 Hz, H-2a),
2.05 (dd, J,=13.4 Hz, J,=9.9 Hz, H-6a); *C—NMR
(CD;0D, 100 MHz): 6 175.0 (C7), 167.5 (C-9'), 148.2
(C-4"), 148.1 (C-4"), 145.7 (C-7"), 145.6 (C-7"), 145.4
(C-3"), 145.3 (C-3"), 126.5 (C-1"), 126.4 (C-1"), 121.6
(C-6', C-6"), 115.5 (C-5', C-5"), 114.5 (C-2'), 114.0
(C-2"), 113.8 (C-8'), 113.8 (C-8"), 81.0 (C-1), 72.2 (C-4),
70.2 (C-5), 68.7 (C-3), 36.2 (C-6), 34.8 (C-2). 'H-NMR
analysis of CTR-E1 verified signals for the moieties of
two caffeic acids and a quinic acid (Fig. 3). Three differ-
ent aromatic proton signals at 6.80-7.07 ppm indicated
the possible presence of 1,3,4-trisubstituted benzenes.
For the first caffeic acid moiety, two doublet signals at
7.59 and 6.34 ppm with the large 15.9 Hz splitting typical
for olefinic proton trans-configurations were attributed to
H-7' and H-8'. The previous doublet signals at 7.59 ppm,
overlapping and integrated for 2H, were assigned to H-7"
in addition to H-7'. Another doublet signal at 6.31 ppm
with a large splitting of 15.9 Hz belonged to H-8" of the
second caffeic acid moiety. The overlapping and integrated
2H singlet signal at 7.07 ppm was assigned to H-2' and
H-2". The signal of H-5 belonging to the caffeoyl moiety
was detected more downfield (5.42 ppm) than the signals
of H-3 (4.28 ppm) and H-4 (3.77 ppm) of the quinic acid
skeleton, suggesting that the second caffeoyl moiety was
bonded to the C-1 position of the quinic acid skeleton
(Tolonen et al. 2002). Overlapping signals observed at
2.60 ppm and integrated for 2H were also attributed to
aliphatic methylene protons of H-2b and H-6b. We attrib-
uted the two doublet signals at 2.36 and 2.05 ppm to the
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Fig.3 '"H-NMR spectrum A
(CD;0D, 400 MHz) A and

3C-NMR spectrum (CD,0D,

100 MHz) B of CTR-El
(1,5-dicaffeoylquinic acid)
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other methylene protons, H-2a and H-6a, respectively. The
structure of 1,5-dicaffeoylquinic acid for CTR-E1 was also
verified by analysis of '>*C-NMR data, MS analysis, and
comparison with literature data (Kim et al. 2005; Tolonen

@ Springer

et al. 2002; Etemadi-Tajbakhsh et al. 2020; Zheng et al.
2018).

CTR-C1 was displayed m/z: 425.51 [M-H]* (C5H500)
ion according to MS analysis. "H-NMR (CDCl;, 400 MHz):
8 4.70 (bs, H-29b), 4.60 (bs, H-29a), 3.21 (dd, J;,=11.2 Hz,
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J,=4.8 Hz, H-3), 2.40 (sextet, J,=10.9 Hz, J,=5.8 Hz,
H-19), 1.94 (m, H-21a), 0.67-1.69 (m, H-1, H-2, H-5, H-6,
H-7, H-9, H-11, H-12, H-13, H-15, H-16, H-18, H-22),
1.69 (s, H-30), 1.37 (m, H-21b), 1.04 (s, H-26), 0.98 (s,
H-23), 0.96 (s, H-27), 0.85 (s,H-25), 0.80 (s, H-28), 0.77 (s,
H-24); 3C-NMR (CDCl,, 100 MHz): & 151.0 (C-20), 109.4
(C-29), 79.0 (C-3), 55.3 (C-5), 50.4 (C-9), 48.2 (C-18), 48.0
(C-19), 43.0 (C-17), 42.8 (C-14), 40.1 (C-8), 40.0 (C-22),
38.9 (C-4), 38.7 (C-1), 38.0 (C-13), 37.1 (C-10), 35.6
(C-16), 34.3 (C-7), 29.7 (C-21), 28.0 (C-23), 27.4 (C-2),
27.4 (C-15), 25.1 (C-12), 20.9 (C-11), 19.3 (C-30), 18.3
(C-6), 18.0 (C-28), 16.1 (C-25), 16.0 (C-26), 15.4 (C-24),
14.6 (C-27). The sextet signal at 2.40 ppm corresponding to
19B-H is a defining feature of lupeol. The doublet of doublets
at 3.21 ppm was assigned to H-3. Two singlets at 4.60 ppm
and 4.70 ppm were attributed to olefinic protons of H-29a,
and H-29b. '3C NMR experiments revealed seven methyl
groups at 28.0 ppm, (C-23); 18.0 ppm, (C-28); 16.1 ppm,
(C-25); 16.0 ppm, (C-26); 15.4 ppm, (C24); 14.6 ppm,
(C-27); 19.3 ppm, (C-30). The signals belonging to the exo-
methylene group at 109.4 ppm (C-29) and 151.0 ppm (C-20)
were evidenced lupeol structure. The signal at 79.0 ppm was
attributed to C-3 which was bonded to a hydroxyl group.
The compound was confirmed as lupeol in comparison to
previous articles (Silva et al. 2017).

CTR-B1 was displayed m/z: 202.91 [M-H]* (C,,H,N,0,)
ion according to MS analysis. "H-NMR (CD,0D, 400 MHz):
0 7.72 (d, J=1.8 Hz, H-5), 7.38 (d, J=8.1 Hz, H-8), 7.21
(s, H-4), 7.13 (t, J=8.0 Hz, H-5), 7.06 (t, J=8.0 Hz,, H-6),
3.91 (m, H-10), 3.53 (dd, J=14.8, 4.0 Hz, H-11b), 3.17 (dd,
J=15.1,9.4 Hz, H-11a). *C-NMR (CD;0D, 100 MHz): &
173.0 (C-1), 137.0 (C-2), 127.1 (C-3), 123.5 (C-4), 121.3
(C-5), 118.7 (C-6), 117.9 (C-7), 111.0 (C-8), 108.1 (C-9),

55.3 (C-10), 27.0 (C-11). Tryptophan displays a distinctive
characteristic with peaks at 3.53 and 3.17 ppm, correspond-
ing to H-11a and 11-b respectively. The singlet peak for H-4
was detected at 7.21 ppm. A single methylene group was
pinpointed through '>*C NMR analysis at 27.0 ppm (C-11).
Another carbon signal at 55.3 ppm was linked to C-10. The
C-1 carbonyl signal was observed at 173.0 ppm. Further-
more, the other C signals were consistent with tryptophan
based on findings from previous literature studies (Huaxi
et al. 2020; Malta et al. 2009; Domingues et al. 2003).

Results of LC-MS/MS analysis

We detected and quantified a total of 13 secondary
metabolites in CTR-M and CTA-M based on LC-MS/
MS analysis. The available compounds in CTR-M were
1,5-dicaffeoylquinic acid (55.26 mg/g), epicatechin
(33.91 mg/g), fumaric acid (59.87 mg/g), and pyrogallol
(53.02 mg/kg). Chlorogenic acid (63.59 mg/g) and lute-
olin-7-O-glucoside (35.10 mg/g) were detected in CTA-
M. Comprehensive details regarding the experimental
parameters and the amounts of compounds in CTR-M and
CTR-A are presented in Table 2, Supplementary Materi-
als 11.

Although studies on the inhibitory effect of CTR-E1 on
collagenase have not been found, there are some studies
about the effect on collagenase for other dicaffeoyl quinic
acid derivatives. 3,5-dicaffeoyl quinic acid application on
UVA-irradiated HDFs has been proven to downregulate
interstitial collagenase, MMP-1 expression by blocking
the MAPK-cascade (Oh et al. 2020). 1,5-dicaffeoyl quinic
acid named as CTR-E1 has been shown to possess (61%)

Table2 LC-MS/MS parameters of selected compounds and the amounts of phenolic compounds in mg/g crude extracts

Compounds ESI mode Parent ion Daughter ion Collision CTR-M CTA-M

energy (V) (mg/g crude extract)

1 1,5-dicaffeoylquinic acid Neg 515.0 353.0 16 55.26+4.02 -

2 Chlorogenic acid Neg 353.0 191.0 14 - 63.59+8.98

3 Epicatechin Neg 289.0 245.0 14 33.91+2.69 -

4 Epigallocatechin gallate Neg 457.0 169.0 14 -

5 Fumaric acid Neg 115.0 71.0 8 59.87+5.55 -

6 Gallic acid Neg 168.6 124.0 13

7 Kaempferol Pos 287.0 152.3 30 - -

8 Luteolin Neg 285.0 132.0 34 -

9 Luteolin-5-O-Glucoside Neg 447.0 289.5 20 - -

10 Luteolin-7-O-Glucoside Neg 447.0 284.5 22 - 35.1+2.44

11 Pelargonin chloride Pos 595.0 271.0 30 - N

12 Pyrogallol Neg 125.0 80.0 16 53.02+6.52 -

13 Quercetin Neg 301.0 178.5 16 - -

— Not detected, Neg negative, Pos positive
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Table 3 ICs, values (ug/mL) and selectivity index calculated for
methanol extract and subfractions of CTR and cisplatin on SK-MEL
and NHDF cells (n=23)

Test compounds NHDF SK-MEL Selectiv-
ity index
CTR-M 122.8 129.4 0.95
CTR-C 123.8 134.7 0.92
CTR-A 178.3 133.3 1.34
CTR-E 129.3 1194 1.08
Cisplatin 52 322 1.61

CTR-M methanol extract of C. trachylepis root, CTR-C chloroform
subfraction of C. trachylepis root, CTR-A aqueous subfraction of C.
trachylepis root, CTR-E EtOAc subfraction of C. trachylepis root

anti-melanogenesis effect which is a greater rate than posi-
tive control arbutin (35%) (Ha and Park 2018).
Epicatechin has been proven to possess the therapeu-
tic effect on UV-induced human skin fibroblast cells by
enhancement of gene expression levels of Collagen I Alpha
1, fibroblast growth factor-2, and glutathione peroxidase-1,
while simultaneously leading to a reduction in the gene
expression of MMP-1 (Widowati et al. 2024). Fumaric
acid, and pyrogallol-detected compounds by LC-MS/MS
analysis have not been reported to have direct collagenase
inhibition effects in the available studies. Although each
of these compounds is known to be effective for some der-
malogical diseases like psoriasis, there is a lack of specific
research investigating their roles as collagenase inhibitors

Table 4 Molecular docking results of 1,5-dicaffeoylquinic acid and reference molecules against Collagenase G

Enzyme name PDB ID Compound name Binding Number of Residues interacting with the compound
energy (kcal/ H-bonds inter-
mol) actions
Collagenase G 2Y6I (Chain A) CTR-El - 8.19 987.87nM 4 Glu524, Glu498, Pro499, 11e497, Trp539,
Res: 3.25 A Gly494, Tyr496
*BEGCG - 6.98 7.59uM 7 His523, Glu524, Glu559, Tyr496, Leu49s,

Asp491, Gly493

“Reference compound, CTR-EI 1,5-dicaffeoylquinic acid, EGCG epigallocatechin gallate
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Fig.4 Collagenase-1,5-dicaffeoylquinic acid docking poses. a Three-dimension (3D) and b the two-dimension (2D) interaction analysis of col-

lagenase with 1,5-dicaffeoylquinic acid (CTR-E1)
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Fig.5 Collagenase-EGCG docking poses. a Three-dimension (3D) and b the two-dimension (2D) interaction analysis of collagenase with

EGCG

(Smith, 2017; Upadhyay et al. 2010). Further studies are
needed to explore their potential in this regard.

Results of in vitro cytotoxic activity studies
on SK-Mel

The anticancer effects of the methanol extract and sub-
fractions of the CT roots were evaluated on SK-Mel. The
CTR-M and CTR-E demonstrated significant efficacy in
exhibiting anticancer properties.

The highest anticancer effect was observed for the
EtOAc subfraction ((IC5,=119.4 +2.5023 ug/mL), SI:1.08)
(Table 3). It was proven that 25 pM of 1,5-dicaffeoylquinic
acid decreased the proliferation of B16F1 murine mela-
noma cells induced by melanocyte-stimulating hormone
(x-MSH) by 26% and 61%, respectively (Ha and Park 2018).
The potential anticancer effect of the EtOAc subfraction of
CT may be related to its collagenase inhibitory effect and
1,5-dicaffeoylquinic acid content.

The methanol extract of the species has also been
found to exhibit anticancer activity in melanoma cells
(IC59=129.4+3.3525 ug/mL), SI:0.95) (Table 3). Research
has not identified any studies specifically examining the
direct efficacy of fumaric acid in the treatment of mela-
noma. However, it has been established that the fumaric acid
ester dimethyl fumarate demonstrates effectiveness against

metastatic melanoma cells, primarily through its inhibitory
action on NF-kB (Loewe et al. 2006). It was proven that
chlorogenic acid inhibited the proliferation of melanoma
C32 cells by enhancing the expression of antioxidant mol-
ecules, including superoxide dismutase and glutathione per-
oxidase, which leads to a reduction in oxidative stress. Addi-
tionally, chlorogenic acid impedes the growth of B16F10
melanoma cells by promoting the polarization of tumor-
associated macrophages from the M2 phenotype to the M1
phenotype (Nguyen et al. 2024). Research has demonstrated
that Luteolin-7-O-glucoside at concentrations of 50, 100,
and 200 pM significantly decreased both melanin synthesis
and tyrosinase activity in B16F10 mouse melanoma cells
(Choi et al. 2022). The anticancer effectiveness of CTR-M
may be linked to additional compounds, including chloro-
genic acid and luteolin-7-O-glucoside, which were identified
through LC-MS/MS analysis.

Results of in silico analysis

To research potential drugs, several computer-based tech-
niques are available, such as molecular docking and molecu-
lar dynamics simulations. The primary purpose of molecular
docking is to examine the numerous binding interactions
that potential medications might have with specific locations
or active sites on target molecules. The binding efficacy of
a ligand molecule with a target has been widely described
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by analyzing the hydrogen bonding pattern and the type of
residues present in the active site, among all the other types
of interactions such as H-bond, n—x, and amide — = inter-
actions. The binding affinity of various ligands with their
specific target receptor molecules can be examined and com-
pared using binding free energy (kcal/mol). The tighter the
receptor-ligand connection or the higher the binding affinity
between the ligand and protein is indicated by the lowest
binding energy and Ki value (Khan et al. 2016; Raj et al.
2019).

For this aim, we calculated the binding energy and inhi-
bition constant (Ki) for the enzyme (collagenase) and com-
pounds CTR-E1 (1,5-dicaffeoylquinic acid) and the positive
control, EGCG by molecular docking analysis. The molecu-
lar interactions between CTR-E1 and the predicted active
site of the selected enzyme were examined using molecular
docking. The reference compound, EGCG also was evalu-
ated to detect the same molecular interactions.

As a result of molecular docking analysis, CTR-E1, and
the reference molecules were successfully docked with col-
lagenase (Table 4). According to molecular docking studies,
the maximum binding affinities for 1,5-dicaffeoylquinic acid
and EGCQG to collagenase were determined to be — 8.19 and
— 6.98 kcal/mol, respectively. It was indicated that the Ki
values of CTR-E1 and EGCG are 987,87 nM and 759 uM.
CTR-E1 formed four hydrogen bonds with Trp539, Gly494
and Glu524 residues, and their atomic distances were
1.85A,2.14 A, 1.82 A, respectively. As well as two pi-alkyl
interactions with I1e497, Pro499 residues, and interacted
carbon-hydrogen bond with GLU498 residue.

In addition, CTR-E1 formed a pi-sigma interaction at
the Trp539 position 4.81 A in length (Fig. 4). However,
EGCG had seven conventional H bonds of length 1.85 A,
2.06 A, 2.78 A, 2.19 A, 3.00 A; Glu559, Tyr496, Asp491,
and Gly493 residue, respectively. Also, interactions with
the pi-alkyl bond to Leu495 and pi-pi stacked interaction
with His523 residue which belongs to the metal ion binding
site of the enzyme were observed (Fig. 5). Consequently, It
has been demonstrated that CTR-E1 (1,5-dicaffeoylquinic
acid) binds to collagenase more potently than EGCG. The
function of occupied residues by 1,5-dicaffeoylquinic acid as
GLU498 (calcium metal binding site) and GLU524 (active
site) was also explained for the collagenase (Nakanishi et al.
2000; Eckhard et al. 2013).

Conclusions

It has been discovered that six Cirsium species possess
an inhibitory effect on collagenase. Additionally, CTR-E1
has been isolated from CT root using bio-activity guided
fractionation studies, and in silico analysis has revealed

@ Springer

interactions of CTR-E1 with collagenase. The most potent
species, CT’s root, was found to have a cytotoxic effect on
SK-Mel. It has been discovered that the presence of CTR-E1
and the inhibition of collagenase may be responsible for the
cytotoxic action. CT and its isolated bioactive compound,
CTR-E1 possess therapeutic potential for the global health
challenge of melanoma. The analysis performed through
LC-MS/MS indicated that the compounds detected in CTR
encompass 1,5-dicaffeoylquinic acid, along with fumaric
acid, pyrogallol, and epicatechin, which demonstrate thera-
peutic potential for the treatment of melanoma. Conse-
quently, It has been identified that CTR-E1 and standardized
extracts of CT based on CTR-E1 represent promising can-
didates for the pharmacological management of melanoma.
However, more research, clinical trials, and toxicological
analyses are needed to support therapeutic efficacy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-025-04149-7.
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