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Aims: It was aimed to investigate the thioredoxin reductase 1 (TrxR1)-targeted anticancer effect of vulpinic (VA)
and lecanoric (LA) acids, which are lichen secondary metabolites, on breast cancer MCF-7 and MDA-MB-453 cell
lines, and to compare the effectiveness of this potential effect against commercial chemotherapeutic drugs
carboplatin and docetaxel.
Main methods: The anticancer effects of both lichen metabolites were evaluated by XTT, flow cytometry analysis,
cell scratch, and transwell migration assays. Apoptotic results were also confirmed by qPCR and western blot.
Changes in TrxR1 were investigated in gene and protein expressions and enzyme activity levels.
Key findings: VA suppressed the proliferation of MCF-7 and MDA-MB-453 cells in a dose- and time-dependent
manner, and the IC50 values were calculated as 22.92 μg/ml and 95.65 μg/ml, respectively. As for LA, it did
not have a considerable antiproliferative effect on both cell lines. VA had stronger cytotoxicity than both
chemotherapeutic drug in MCF-7 cells and showed antiproliferative activity closer to carboplatin in MDA-MB453 cells. qPCR, western blot, and flow cytometry analysis results revealed that VA did not induce apoptosis
in both cell lines. In contrast, VA caused cell cycle arrest, significantly. Migration assay results showed that VA
suppressed migration in both cells. VA induced the gene expression of TrxR1 while inhibiting its protein
expression and enzymatic activity in both cell lines.
Significance: The findings reveal that vulpinic acid may be a novel inhibitor candidate on TrxR1 and could be
considered a potential chemotherapeutic agent for breast cancer treatment, especially in MCF-7 cells.

1. Introduction
Breast cancer remains one of the leading causes of cancer-related
deaths among women worldwide [1]. The inadequacy of current treat
ment methods as well as the heterogeneous and complex nature of breast
cancer, complicate the treatment options [2]. Breast cancer is evaluated
by several biomarkers, including hormone receptors (estrogen receptor
(ER) and progesterone receptor (PR)), human epidermal growth factor
receptor 2 (HER2), and also classified into four groups; ER+/PR+/
HER2− ; ER− /PR− /HER2+; ER+/PR+/HER2+; and ER− /PR− /HER2− [3].
Each subtype has different risk factors for therapeutic response.

Therefore, targeting cancer-specific therapy may contribute to the
alleviation of cancer symptoms and prevention of cancer progression.
It is of great importance to identify cancer-related points that play a
role in increasing levels of reactive oxygen species (ROS) in cells and in
promoting tumor progression [4]. Cancer cells are sensitive to the effect
of intracellular ROS and they increase their antioxidant capacity to
prevent excessive oxidative stress-induced damage [5]. Accordingly,
induction of ROS is seen as a potential therapeutic strategy for cancer,
and therefore it is essential to investigate the molecular mechanisms of
ROS-targeted therapy to increase the efficacy and specificity of anti
cancer agents [6,7].
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The thioredoxin system, consisting of thioredoxin (Trx), thioredoxin
reductase (TrxR), and nicotinamide adenine dinucleotide phosphate
(NADPH), takes a significant role in the regulation of intracellular redox
homeostasis [8]. Induction of this system in human tumor cells supports
tumorigenesis or its progression. TrxR1, a cytosolic enzyme overex
pressed in many human cancers, including breast cancer, has emerged as
a biomarker in cancer cells [9]. Because inhibition of TrxR1 is consid
ered a target in anticancer studies, there is an increasing interest in
discovering effective inhibitors of the TrxR1 enzyme [10].
Lichens, which are natural products used for therapeutic purposes for
centuries, have been defined as potent agents in traditional medicine
[11,12]. They also produce secondary metabolites with unique biolog
ical properties such as antimicrobial, anticancer, antihepatotoxic, anti
diabetic, and immunomodulatory [13–15]. For this reason, many
studies on lichen secondary metabolites have been the focus of many
researchers [13,16,17].
Vulpinic and lecanoric acids, secondary metabolites of lichens, are
known to prevent the proliferation of various human cancers [18–20].
To the best of our knowledge, there is no study on the cytotoxic effect of
lecanoric acid on breast cancer, and there is also limited information on
vulpinic acid. It remains unclear whether the anticancer effect of these
lichen acids on human breast cancer, including cytotoxicity, cytostasis,
apoptosis, and cell migration, is TrxR1-targeted. This study aims to
investigate the possible anticancer effect of vulpinic and lecanoric acids
on human breast cancer MCF-7 and MDA-MB-453 cell lines in detail and
determine whether this potential effect is related to TrxR1.

vulpinic acid (IC50 concentrations) and their further incubation for 48 h
or 52 h was performed. Additionally, the cells were treated with
hydrogen peroxide (H2O2) as a positive control. After the incubation
time, the cells were harvested and washed twice with cold Dulbecco’s
phosphate-buffered saline (DPBS, Sigma-Aldrich) and suspended in 100
μl of Annexin V binding buffer which contains 5 μl of Annexin V-FITC
and 10 μl of propidium iodide (PI). After 15 min of incubation in the
dark at room temperature, 400 μl of Annexin V binding buffer was added
to the samples, and the cell suspension was transferred to 96-well plates.
Untreated cells were used as a negative control group. The samples were
detected via flow cytometry (Beckman Coulter CytoFLEX, Brea, CA).
Results are presented as means ± SD of three independent experiments.
2.4. Cell cycle assay
The effect of vulpinic acid on the cell cycle phases in the breast
cancer MCF-7 and MDA-MB-453 cell lines was performed obeying the
manufacturer’s instructions using Muse™ cell cycle assay kit
(MCH100106, Germany). Accordingly, 1 × 106 cells from both cell lines
were seeded into tissue culture plates and incubated overnight in 5 %
CO2 incubator. Afterward, the mediums were replaced with the fresh
mediums supplemented with the IC50 values of vulpinic acid or 0.1 %
DMSO control and allowed to incubate in 5 % CO2 incubator (52 h for
MCF-7 cells and 48 h for MDA-MB-453 cells). After exact incubation
times, the cells were detached by trypsinization and centrifuged at 300
×g for 5 min. The pellets were washed with 1 × PBS and centrifuged at
300 ×g for further 5 min. After decanted of the supernatants, the pellets
were resuspended with 1 ml of ice-cold ethanol (70 %) and incubated at
− 20 ◦ C for 3 h. After fixation of the cells, 200 μl of Muse cell cycle re
agent was added to the tubes and incubated for 30 min at room tem
perature in the dark. The changes in cell cycle phases (G0/G1, S, and
G2/M) were analyzed via Muse™ Cell Analyzer [22].

2. Materials and methods
2.1. Cells and reagents
Human breast cancer MCF-7 and MDA-MB-453 cell lines were pur
chased from the ATCC (American Type Culture Collection, LGC Pro
mochem, UK). MCF-7 cells were cultivated in Modified Eagle Medium
(DMEM, Sigma-Aldrich) and MDA-MB-453 cells in Eagle’s Minimum
Essential Medium (EMEM, Sigma-Aldrich). These media contained 10 %
fetal bovine serum (FBS, Hyclone) and 1 % penicillin/streptomycin
(Sigma-Aldrich). All cells were cultured at 37 ◦ C in a 5 % CO2 atmo
sphere. Vulpinic (C19H14O5) and lecanoric (C16H14O7) acids were pur
chased from Cayman Chemical Company. Carboplatin (C6H12N2O4Pt,
Sigma-Aldrich) and Docetaxel (C43H53NO14, Apollo Scientific) were
used in the study. Lichen metabolites and commercial chemotherapeutic
drugs were dissolved in dimethyl sulfoxide (DMSO).

2.5. Quantitative real-time PCR (qPCR) analysis
Breast cancer cells were treated with IC50 concentrations of vulpinic
acid. Total RNA extraction was performed with an RNA isolation Pure
Link™ RNA Mini Kit (Invitrogen) and cDNA synthesis by utilizing a
high-capacity cDNA reverse transcription kit (Applied Biosystems)
following the manufacturer’s protocol. qPCR analysis of Bcl2 associated
X, apoptosis regulator (BAX), Bcl2 apoptosis regulator (BCL2), tumor
protein p53 (P53), and TrxR1 target gene expressions were conducted by
using SYBR Green master mix (BioRad) with Rotor-Gene Q (Qiagen) and
β-Actin was used as a housekeeping gene. The amplified products were
measured using amplification curve analysis. All data were analyzed
using the 2–ΔΔCT method [23].

2.2. Cell viability assay
MCF-7 and MDA-MB-453 cells were seeded into 96-well plates at a
density of 1 × 104 cells per well in DMEM and EMEM, respectively, and
allowed to attach overnight at 37 ◦ C and 5 % CO2 atmosphere. The cells
incubated with vulpinic acid, lecanoric acid, carboplatin, and docetaxel
in a dose- and time-dependent manner were assessed by the XTT assay
(Cell Proliferation Kit, Roche). After the incubation time, the absorbance
of the plates was measured colorimetrically at 470 nm by an Epoch
microplate reader (BioTek, USA). Absorbance values were converted to
logarithm bases for the calculation of IC50 (inhibitory concentration 50
%) values, and each value represents the standard deviation of three
independent experiments (±SD).

2.6. Cell scratch assay
Cell scratch assay was applied to assess cell migration. Cells (5 × 105
cells/well) were cultured in 6-well plates. After the cells were 90 %
confluent, the scratch was created with a sterile 10 μl pipette tip. After
washing with DPBS to remove cell debris, the cells were incubated in the
medium supplemented with 10 % FBS in the absence or presence of
vulpinic acid. The wound areas were photographed at 0 h and 24 h via
an inverted microscope. The migration distance was measured by the
software program ImageJ. Each experiment was repeated at least three
times [16].

2.3. Apoptosis assay

2.7. Transwell migration assay

The apoptosis assay was performed as previously described [21].
Apoptotic and necrotic cell deaths were evaluated through Annexin VFITC/PI doublestaining detection kit according to the instruction
manual (BioLegend, San Diego, CA). The cells were seeded into 6-well
plates at a density of 3 × 105 cells/well, and incubated overnight at
37 ◦ C and 5 % CO2 atmosphere. Then, the cells were treated with

The ability of cell migration of MCF-7 and MDA-MB-453 cells were
measured using Transwell cell culture chambers (24-well, 8.0-μm pore
membranes, Millicell). Cells (5 × 104 cells/well) that were suspended in
250 μl of serum-free medium in the absence or presence of vulpinic acid
were placed in the upper chamber of the Transwell insert. Five hundred
2
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microliters of complete medium containing 10 % FBS were placed in the
lower chamber. MCF-7 cells for 24 h and MDA-MB-453 cells for 40 h
were incubated at 37 ◦ C in a 5 % CO2 atmosphere. Non-migration cells in
the upper chamber were removed by wiping the upper side of the
membrane with a cotton swab. Migration cells in the membrane were
fixed with methanol and stained with 0.3 % crystal violet solution, then,
cells were photographed by inverted microscope. All measurements
were triplicated for each cell line and the percentage of six random fields
was measured using the image analyzer (ImageJ2x software) [24].

3. Results
3.1. Cell growth inhibitory effect of vulpinic and lecanoric acids against
human breast cancer cell lines
Human breast cancer MCF-7 and MDA-MB-453 cell lines treated with
vulpinic acid, lecanoric acid, carboplatin, and docetaxel were investi
gated in dose- and time-dependently using XTT assay. As shown in
Fig. 1A, vulpinic acid showed antiproliferative effect on both cell lines in
dose- and time-dependent manner. The IC50 value of vulpinic acid on
MCF-7 cells was calculated as 22.92 ± 0.66 μg/ml at 52 h, and the IC50
value for 24 h was determined above 100 μg/ml (Fig. 1G). When
considering MDA-MB-453 cells, vulpinic acid indicated cytotoxic effect
of ≥75 μg/ml in 24 h, and at ≥50 μg/ml in 48 h (Fig. 1B). The IC50 value
of vulpinic acid on MDA-MB-453 cells was calculated as 95.65 ± 2.12
μg/ml at 48 h (Fig. 1G).
Lecanoric acid, another lichen secondary metabolite, had very weak
cytotoxicity on MCF-7 cells for both time incubation (24 and 52 h).
Even, it was observed that the cell viability remained 80 % at 250 μg/ml.
In addition, lecanoric acid had no inhibitory effect on MDA-MB-453 cell
proliferation at 48 h (Fig. 1D).
Carboplatin and docetaxel, which are commonly used as chemo
therapeutic drugs, were tested for their antiproliferative effects on both
cell types in a dose-dependent manner at 48 h, and the results revealed
that both drugs strongly reduced the viability of both cell lines (Fig. 1EF). The IC50 values of carboplatin on MCF-7 and MDA-MB-453 cell lines
were calculated as 33.35 ± 0.20 μg/ml and 89.24 ± 1.51 μg/ml,
respectively. The IC50 values of docetaxel on MCF-7 and MDA-MB-453
cell lines were determined as 64.32 ± 0.45 μg/ml and 11.62 ± 0.27
μg/ml, respectively (Fig. 1G).
Microscopic image results displayed that the morphological shapes
of both MCF-7 and MDA-MB-453 cells as well as the number of viable
cells were considerably changed upon treatment with IC50 concentra
tions of vulpinic acid (Fig. 1H). However, even the highest dose of
lecanoric acid did not cause any change in the morphology of MCF-7 and
MDA-MB-453 cells.
Therefore, the next stages of this study were carried out with vulpinic
acid having the effective IC50 values on both cancer cell lines.

2.8. Western blot analysis
The cells were harvested and lysed in 400 μl of RIPA buffer (9806,
Cell Signaling Technology) supplemented with 1 mM of phenyl
methanesulfonyl fluoride (PMSF, Sigma-Aldrich). Total protein con
centrations of lysates were qualified via the Bradford protein assay.
Forty micrograms of protein per line was separated by 12 % sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride (PVDF) membranes. After
blocking for 1 h with 5 % skim milk powder (Sigma-Aldrich) in 1× Tris
buffered saline Tween-20 (TBST), the membrane was incubated over
night at 4 ◦ C with a primary antibody against BAX antibody (Pro
teintech, 50599-2-Ig, 1:1000), P53 antibody (Proteintech, 10442-1-AP,
1:3000), TrxR1 antibody (Santa Cruz Biotechnology, sc-28321, 1:1000),
and β-Actin antibody (Santa Cruz Biotechnology sc-47778, 1:1000).
Later, the membrane was washed with TBST 5 min for 6 times and
incubated 1 h at room temperature with horseradish-coupled secondary
antibodies (Santa Cruz Biotechnology) at a dilution of 1:10000. Signals
were visualized using enhanced chemiluminescence detection system
(ECL Clarity/ECL Clarity Max Substrate, Biorad). The analysis of the
images obtained from the western blot was conducted by the ImageJ2x
program [25].
2.9. TrxR1 activity assay
TrxR1 enzyme activity was measured using the DTNB method, which
is based on NADPH-dependent reduction of disulfide bonds in DTNB
(5,5′ -dithiobis-2-nitrobenzoic acid) [26]. For this, the cells were har
vested and lysed in 400 μl of RIPA buffer (9806, Cell Signaling Tech
nology) containing 1 mM PMSF (Sigma-Aldrich). Two hundred
microliters of 100 mM K-phosphate (Potassium phosphate, SigmaAldrich) buffer (pH 7)/10 mM EDTA (ethylene diamine tetra acetic
acid, Sigma-Aldrich) (pH 7), 100 μl of 0.2 mM NADPH (Sigma-Aldrich),
100 μl of 0.2 mg/ml BSA (bovine serum albumin, Sigma-Aldrich), 100 μl
of 5 mM DTNB (Sigma-Aldrich), and 30 μl of supernatant were added to
the test tube and the final volume was completed to 1000 μl with dH2O.
The changes in TrxR1 enzyme activity were monitored spectrophoto
metrically at a wavelength of 412 nm every 3 min. TrxR1 activity is
based on the detection of TNB (2-nitro-5-thiobenzoic acid) resulting
from the reduction of DTNB per minute. The molar extinction coefficient
for TNB was 14.15 M(− 1)cm(− 1). The production of 1 micromolar of
TNB per minute under these conditions was used as an enzyme unit (EU)
of TrxR1 activity. The specific activity of TrxR1 was expressed as EU/mg
of proteins [27].

3.2. Effect of vulpinic acid on apoptosis in human breast cancer cells
To determine whether the antiproliferative effects of vulpinic acid
occur through apoptosis in both cell lines, qPCR, western blot, and flow
cytometry analyzes were performed. qPCR results showed that vulpinic
acid caused to decrease in BAX/BCL2 ratio (p < 0.001), and to increase
in P53 gene expression (p < 0.05) in MCF-7 cells (Fig. 2A). Considering
MDA-MB-453 cells, vulpinic acid did not affect the BAX/BCL2 ratio (p >
0.05) and P53 gene expression (p > 0.05) in (Fig. 2B). Our western blot
results displayed that the expression of BAX protein did not change with
vulpinic acid in both cell lines. However, the P53 protein expression was
reduced significantly by vulpinic acid in both MCF-7 (p < 0.01) and
MDA-MB-453 (p < 0.01) cells (Fig. 2C-D). Flow cytometry studies were
performed to confirm the qPCR and western blot results. As shown in
Fig. 2E, vulpinic acid statistically couldn’t change the percentage of
early apoptotic, late apoptotic, and necrotic cells in MCF-7 cells
compared to the control group. As for MDA-MB-453 cells, vulpinic acid
increased the early apoptosis by ~2.5 % (p < 0.05), the late apoptosis by
~5.2 % (p < 0.001), but did not affect necrosis compared to the control
cells (Fig. 2F). These data revealed that flow cytometry analysis was in
agreement with the molecular study results, indicating that vulpinic acid
does not induce apoptosis on MCF-7 cells and has a very low effect on the
apoptosis of MDA-MB-453 cells.

2.10. Statistical analysis
Three independent experiments were conducted in every group, and
all measurements were performed three times for every group. The re
sults were analyzed by the unpaired t-test and two-way analysis of
variance (ANOVA) using the GraphPad Prism software version 5.0 for
Windows (GraphPad software) and presented as mean ± SD. A symbol
(*) indicates statistically significant changes. The symbol expressions
are as follows: p > 0.05 (not significant, ns); *p < 0.05 (significant), **p
< 0.01 (very significant), and ***p < 0.001 (extremely significant).
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Fig. 1. Effects of lichen secondary metabolites and reference anticancer drugs on cell viability in breast carcinoma. (A-F) Dose-dependent cytotoxic effects of lichen
metabolites (vulpinic and lecanoric acids) and currently used anticancer drugs (carboplatin and docetaxel) against MCF-7 and MDA-MB-453 cells. (G) The IC50 value
(μg/ml) of the components in both breast cancer cell lines. (H) Dose-dependent microscope images of vulpinic and lecanoric acids treated- breast cancer cell lines.
The experiment was performed in three-biological and -technical replicates. Scale bar, 100 μm. *p < 0.05, **p < 0.01, and ***p < 0.001 in relation to the control.

3.3. Effect of vulpinic acid on cell cycle distribution in breast cancer cell
lines

compared with the commercial chemotherapeutic drugs carboplatin and
docetaxel.
As indicated in the Results section, both MCF-7 and MDA-MB-453
cell lines were sensitive to increasing concentrations of vulpinic acid.
Although a linear decrease was observed in vulpinic acid treated-MCF-7
cells, a biphasic growth curve was observed in MDA-MB-453 cells,
showing that vulpinic acid did not have an inhibitory effect on MDA-MB453 cell growth up to 50 μg/ml, but the cytotoxic effect was seen be
tween the range of 50 μg/ml and 100 μg/ml. And, the IC50 values of
vulpinic acid against MCF-7 cells were determined as 22.92 μg/ml at 52
h, and 95.65 μg/ml at 48 h for MDA-MB-453 cells which is performed for
the first time.
In the literature, some studies regarding the cytotoxicity of vulpinic
acid on various cancer cell lines have been reported. For instance, Sahin
et al., stated that the cytotoxicity range of vulpinic acid on endothelial
cells is between 5 and 300 μM [34]. Kim et al., declared the IC50 values
of vulpinic acid at 48 h on lung adenocarcinoma cell lines; A549 as
41.86 μM, NCI-H1264 as 30.67 μM, NCI-H1299 as 86.61 μM, and Calu-6
as 79.22 μM, pancreatic ductal adenocarcinoma cell lines; PANC-1 as
146.17 μM, and MIA PaCa-2 as 21.65 μM, and hepatocellular carcinoma
HepG2 cell line as 60.35 μM [20]. Kilic et al., reported the IC50 values of
vulpinic acid on colorectal adenocarcinoma (CaCo2), HepG2, human
HeLa carcinoma (Hep2C), human rhabdomyosarcoma (RD), mouse
fibrosarcoma (Wehi) cell lines at 48 h as 13.7, 23.8, 25.3, 34.4, and 38.6
μM, respectively [35]. In another study, the IC50 values of vulpinic acid
against breast cancer MCF-7, BT-474, and SK-BR-3 cell lines were
determined to be 18, 5, and 10 μM at 48 h, respectively [36].
The data obtained from this study and literature demonstrate that the
cytotoxic effect of vulpinic acid varies depending on the cell types, time
and dose range. In addition, in the present study, the difference between
the IC50 values of vulpinic acid on two different breast cancer cell lines,
MCF-7 (ER+/PR+/HER2− ) and MDA-MB-453 (ER− /PR− /HER2+), can
be attributed to the receptor differences of these cells. This may be due
to the effect of the receptor-associated coupling of vulpinic acid on
different breast cancer cells. A similar situation has been reported in the
literature [16,37,38].
Considering lecanoric acid, it was able to inhibit the proliferation of
MCF-7 cells only by 20 %, and it had no inhibitory effect on MDA-MB453 cells. In the literature, lecanoric acid ranging from 0.3 to 30 μg/
ml was reported to reduce the viability of several cancer cell lines
(HEK293, HeLa, NIH3T3, RAW264.7, and HCT-116) at varying per
centages, indicating the cytotoxic activity of lecanoric acid depending
on the cancer cell types [18].
The cytotoxic effects of carboplatin and docetaxel, which are
currently used as chemotherapeutic drugs in the treatment of breast
cancer, on MCF-7 and MDA-MB-453 cell lines were studied and
compared with vulpinic acid, showing that it had stronger cytotoxicity
than both drugs with much lower IC50 values on MCF-7 cells. Moreover,
vulpinic acid exhibited antiproliferative activity statistically closer to
carboplatin and relatively lower than docetaxel against the MDA-MB453 cell line. In parallel to our results, it was reported that the effi
cacy of commercially used drugs on different breast cancer cell lines
varies in a receptor-dependent manner [39].
It is highly critical to reveal the anticancer action mechanisms of
natural or synthetic compounds with data obtained from cytotoxicity
studies. In this regard, it is quite common to study the mechanisms of
apoptosis, which is the major process of programmed cell death and is
controlled by Bcl-2 family proteins, including BAX (pro-apoptotic) and
BCL2 (anti-apoptotic) regulating mitochondrial permeability [40,41]. In
addition, these proteins are transcriptional targets for P53, which is the

To determine the possible cytostatic effect of vulpinic acid on breast
cancer MCF-7 and MDA-MB-453 cells, we unrevealed the distribution of
cell populations at different stages of the cell cycle (such as G0/G1, S,
and G2/M) by flow cytometry. Our results showed that vulpinic acid
increased the ratio of cell populations of MCF-7 cells in both G0/G1 (p <
0.01) and G2/M (p < 0.001) phases, while decreasing the cell population
in the S phase (p < 0.001) compared to control cells (Fig. 3A). As for the
MDA-MB-453 cells, vulpinic acid decreased the cell population in the S
phase (p < 0.001), while increased the population in the G2/M (p <
0.001) phase and no significant change was observed in the G0/G1 (p >
0.05) phase (Fig. 3B).
3.4. Anti-migratory impact of vulpinic acid on breast cancer cells
The current study was conducted to evaluate whether vulpinic acid
could prevent the metastasis by migratory ability of breast cancer cell
lines via both cell scratch and transwell migration assays. Firstly, a cell
scratch assay was carried out to monitor the anti-migratory effect of
vulpinic acid on MCF-7 and MDA-MB-453 cells. The microscope images
taken at different times (0 and 24 h) showed that vulpinic acid reduced
the migration of MCF-7 cells from ~38.8 % to ~31.6 % (p < 0.01) at 24
h (Fig. 4A), and from ~14.3 % to ~2 % (p < 0.001) for MDA-MB-453
cells (Fig. 4B). Secondly, transwell migration assay results displayed
that vulpinic acid treatment notably suppressed the migration of both
MCF-7 (p < 0.01) and MDA-MB-453 (p < 0.001) cells (Fig. 4C-D). These
results confirmed the suppressive effect of vulpinic acid on the migrative
potential of breast cancer cells.
3.5. The impact of vulpinic acid on TrxR1 in breast cancer cell lines
TrxR1 is overexpressed in several types of cancer and has been
associated with aggressive tumor growth [28–31]. To understand
whether the anticancer role of vulpinic acid on breast cancer is related to
TrxR1, the changes in its mRNA, protein, and enzymatic activity levels
were investigated. mRNA expression results showed that vulpinic acid
significantly increased the expression of TrxR1 in MCF-7 (p < 0.05) and
MDA-MB-453 cell lines (p < 0.01) (Fig. 5A-B). Conversely, western blot
results revealed that vulpinic acid notably down-regulated the protein
expression of TrxR1 in MCF-7 (p < 0.05) and MDA-MB-453 cells (p <
0.01) (Fig. 5C-D). Similarly, the enzymatic activity of TrxR1 was
markedly reduced by vulpinic acid in both MCF-7 (p < 0.001) and MDAMB-453 cells (p < 0.001) compared to the control cells (Fig. 5E-F). These
data suggest that vulpinic acid exerts its potential anticancer effect on
breast cancer by suppressing protein expression and enzyme activity of
TrxR1.
4. Discussion
Lichen secondary metabolites have various biological properties,
including anticancer activity by regulating different cancer-related
pathways [32,33]. For this reason, the investigation of natural prod
ucts with anticancer impacts has become the focus of many researchers.
In this stage, cytotoxicity studies represent the first critical step in
evaluating the anticancer potential of a synthetic or natural compound.
Here, we investigated the cytotoxic effects of lichen secondary me
tabolites vulpinic acid and lecanoric acid on MCF-7 and MDA-MB-453
cells in a dose- and time-dependent manner and the results were
5
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Fig. 2. Impact of vulpinic acid on apoptosis in breast cancer cells. (A-B) Expressions of BAX, BCL2, and P53 genes analyzed via qPCR in MCF-7 and MDA-MB-453
cells. (C-D) Expression of BAX and P53 proteins detected by western blot in both cell lines. (E-F) Detection of apoptotic and necrotic cells in both cell lines by flow
cytometry. Early apoptosis was localized in the bottom right area, late apoptosis in the top right area, and necrosis in top the left area. The experiment was performed
in three-biological and -technical replicates. *p < 0.05, **p < 0.01, and ***p < 0.001 in relation to the control.
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Fig. 3. Effect of vulpinic acid on cell cycle in breast cancer MCF-7 (A) and MDA-MB-453 (B) cell lines. Both cell lines were treated with the IC50 concentration of
vulpinic acid and cell cycle checkpoints (G0/G1, S, and G2/M) were evaluated. *p < 0.05, **p < 0.01, and ***p < 0.001 in relation to the control.

tumor suppressor protein that induces cell cycle arrest or apoptosis in
response to DNA damage [42]. In the literature, limited studies show
that vulpinic acid stimulates the apoptotic pathway on several cancer
cell lines, but its apoptotic effect on MDA-MB-453 cells is still not
known. Therefore, in this step, we investigated the apoptotic effect of
vulpinic acid on MCF-7 and MDA-MB-453 cells with molecular and flow
cytometry studies.
Our results showed that vulpinic acid suppressed the BAX and BCL2
gene expressions in MCF-7 cells and reduced BAX/BCL2 ratio. The
decrease in this rate indicated that MCF-7 cells developed resistance to
apoptosis with the treatment of vulpinic acid within the defined time
frame. This anti-apoptotic state was also supported by the decreased P53
protein expression, although the expression of the P53 gene in MCF-7
cells was increased by vulpinic acid treatment. The critical point here
is the change in the P53 protein level because it acts as the transcrip
tional regulator of BAX. Also, the increase in the gene level of p53 while
the decrease in the protein level could be explained by posttranslational
regulation. Upon evaluating the apoptotic effect of vulpinic acid in MCF7 cells by flow cytometry studies, the results showed no change in the
ratio of apoptotic cell percentages, confirming the previous molecular
study results. No significant change in BAX/BCL2 ratio and P53 gene
expression with qPCR results, no change in BAX and decrease in P53
protein levels as a result of western blot studies, and very low increase in
the number of cells undergoing apoptosis by flow cytometry analysis
indicate that vulpinic acid was insufficient to induce apoptosis in MDAMB-453 cells.
In the literature, some studies on the apoptosis property of vulpinic
acid on various cancer cell lines have been reported. For instance, vul
pinic acid triggered apoptotic cell death on human cancer cell lines
A549, NCI-H1264, NCI-H1299, Calu-6, PANC-1, MIA PaCa-2, and
HepG2 using the TUNEL assay [20]. Kilic et al., reported that vulpinic
acid upregulated apoptosis by inducing BAX and P53 gene expressions
and suppressing BCL2 gene expressions in CaCo2, HepG2, Hep2C, RD,
and Wehi cell lines [35]. In another study, vulpinic acid was shown to
induce apoptosis in breast cancer cell lines MDA-MB-231, MCF-7, BT474, and SK-BR-3 [36]. One of the essential points here is that it was
determined for the first time that vulpinic acid did not have an apoptotic

effect on MDA-MB-453 cells and not induce apoptosis on MCF-7 cells at
the specified dose, contrary to the literature. This could be explained by
the difference in the tested cancer cell lines and the variation depending
on the dose and duration of the chemical agent.
It has been stated that cell death occurs not only by apoptosis but also
with non-apoptotic forms including necroptosis and pyroptosis [43].
Even, it has been reported that these non-apoptotic cell deaths may be
triggered independently of apoptosis or may occur in the event of
apoptosis failure. Moreover, it is emphasized that non-apoptotic cell
death can be activated in killing apoptosis-resistant cancer cells, thus
providing new opportunities to manipulate cell death therapeutically
[44].
Furthermore, chemotherapeutic agents with a molecular target,
including the lichen secondary metabolite, may exhibit their anticancer
effects via cytostatic abilities rather than cytotoxic powers [33,45,46].
The cytotoxic effect can induce the death of cells resistant to apoptosis,
while the cytostatic effect inhibits tumor growth by disrupting cell
signaling and replication in cancer cells [47,48]. In light of the obtained
data, the fact that vulpinic acid didn’t trigger apoptotic mechanisms in
MCF-7 and MDA-MB-453 cell lines has opened the door to investigate
the possible cytostatic effects of this agent on the aforementioned cell
lines. In this context, we also evaluated the cell cycle distributions via
flow cytometry analysis, and vulpinic acid was observed to increase the
cell populations in G0/G1 and G2/M phases in MCF-7 cells, and only
G2/M phase in MDA-MB-453 cells These results confirmed that vulpinic
acid prevented the cells from entering mitosis (M-phase) due to DNA
damages in MCF-7 and MDA-MB-453 cells arresting the cells at the G2/
M checkpoint. Also, it kept the MCF-7 cells in the resting phase at G0/G1
checkpoint. As a result, it has been disclosed that vulpinic acid exerts its
cytostatic effect on breast cancer cells by suppressing the cell cycle
distribution in one aspect.
Metastasis encourages the spread of cancer cells to different tissues
and organs, resulting in death of most patients with cancer [49].
Therefore, revealing the effect of anticancer compounds on metastasis is
very critical for the development of new treatment methods for cancer
metastasis. In the literature, no studies show any impact of vulpinic acid
on the migration of breast cancer MCF-7 and MDA-MB-453 cells. Here,
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Fig. 4. Anti-migratory effect of vulpinic acid on MCF-7 and MDA-MB-453 cells. (A-B) Cell monolayers were scratched and zones were determined at 0 h before
pretreatment, then wound closure rates were calculated by vulpinic acid at 24 h. Six sections of scratched areas were randomly selected and the width of the wounds
was measured by ImageJ. Three independent experiments were performed. Data are presented as the mean ± SD. (C-D) Transwell migration assay was assessed after
treatment of cells with or without vulpinic acid. Images of cells migrating to the lower surface of the membrane were captured using a microscope camera. Data are
representative of three independent experiments. Scale bar,100 μm. *p < 0.05, **p < 0.01, and ***p < 0.001 in relation to the control.

we reported that vulpinic acid had an anti-migratory effect in both cell
lines, with cell scratching and transwell migration experiments. How
ever, the impact of vulpinic acid on metastasis-related pathways still
needs to be elucidated in further molecular studies.
Since some molecular mechanisms mediate the progression of cancer
cells, the ability to identify new anticancer agents and understand their
molecular targets has an great importance in targeted-cancer therapy.

Thus, anticancer treatments can be targeted with an effective molecular
marker. TrxR1, a member of the thioredoxin system, plays a role in
proliferation, apoptosis, and elimination of oxidative stress in healthy
cells, while its overexpression causes cancer promotion and progression
[27,50–52]. Therefore, inhibiting TrxR1 is considered a therapeutic
approach to combat cancer. In our previous study, we reported that
vulpinic acid had more effect than commercial anticancer drugs
8
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Fig. 5. Alteration of TrxR1 redox status in breast cancer cells by vulpinic acid. (A-B) Alteration of TrxR1 gene level in MCF-7 and MDA-MB-453 cells. (C-D) Western
blot results of TrxR1 by vulpinic acid in both cell lines. β-Actin served as a loading control. (E-F) Enzymatic activity results of TrxR1 by vulpinic acid in both cell lines.
Results are representative of three different experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 in relation to the control.

(cisplatin and doxorubicin) on the inhibition of mitochondrial TrxR
purified from rat lungs [17]. However, there are no studies of the TrxR1related anticancer effect of vulpinic acid on human breast cancer.
In the present study, our results showed that vulpinic acid induced
TrxR1 gene expression in both cell lines, but it significantly suppressed
its protein expression and enzymatic activity. From this point, the
decrease in TrxR1 protein expression and enzyme activity levels
strengthens the fact that vulpinic acid exerts its anticancer effect
through TrxR1 regulation in one aspect. Although vulpinic acid caused
an increase in gene expression of TrxR1 in both cell types, suppression of

TrxR1 protein and enzyme activity could be explained as a negative
feedback upregulation [53,54].
5. Conclusions
In this study, the anticancer effects of lichen secondary metabolites
vulpinic and lecanoric acids on breast cancer were investigated and it
was observed that although lecanoric acid did not have a cytotoxic effect
in the dose range determined on both MCF-7 and MDA-MB-453 cell
lines, vulpinic acid had a strong cytotoxic, cytostatic, and anti-migratory
9
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effects in the same dose range. As a result of the advanced mechanistic
studies, it was found that vulpinic acid exhibited its anticancer effect in
both breast cancer cell lines through TrxR1 inhibition. In conclusion,
these data reveal that vulpinic acid may be a new inhibitor candidate on
TrxR1 and is considered as a potential chemotherapeutic agent for
breast cancer treatment.
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periments: HB, AA, and ŞNK. Analyzed the data: HB, AA, and ŞNK.
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