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Lichen-forming fungi are symbiotic organisms that synthesize unique natural products
with potential for new drug leads. Here, we explored the pharmacological activity of six
lichen extracts (Evernia prunastri, Pseudevernia furfuracea, Umbilicaria pustulata,
Umbilicaria crustulosa, Flavoparmelia caperata, Platismatia glauca) in the context of
cancer and inflammation using a comprehensive set of 11 functional and biochemical in
vitro screening assays. We assayed intracellular Ca2+ levels and cell migration. For cancer,
we measured tumor cell proliferation, cell cycle distribution and apoptosis, as well as the
angiogenesis-associated proliferation of endothelial cells (ECs). Targeting inflammation,
we assayed leukocyte adhesion onto ECs, EC adhesion molecule expression, as well as
nitric oxide production and prostaglandin (PG)E2 synthesis in leukocytes. Remarkably,
none of the lichen extracts showed any detrimental influence on the viability of ECs. We
showed for the first time that extracts of F. caperata induce Ca2+ signaling. Furthermore,
extracts from E. prunastri, P. furfuracea, F. caperata, and P. glauca reduced cell migration.
Interestingly, F. caperata extracts strongly decreased tumor cell survival. The proliferation
of ECs was significantly reduced by E. prunastri, P. furfuracea, and F. caperata extracts.
The extracts did not inhibit the activity of inflammatory processes in ECs. However, the
pro-inflammatory activation of leukocytes was inhibited by extracts from E. prunastri,
P. furfuracea, F. caperata, and P. glauca. After revealing the potential biological activities of
lichen extracts by an array of screening tests, a correlation analysis was performed to
evaluate particular roles of abundant lichen secondary metabolites, such as atranorin,
physodic acid, and protocetraric acid as well as usnic acid in various combinations.
Overall, some of the lichen extracts tested in this study exhibit significant pharmacological
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Abbreviations: A, acetone extract; A
dichloromethane extract; EC, endothelial c
human umbilical vein endothelial cells; IC
1; M, 70% methanol extract; NO, nitric o
PGE2, prostaglandin E2.
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activity in the context of inflammation and/or cancer, indicating that the group lichen-
forming fungi includes promising members for further testing.
Keywords: lichen extracts, screening, cancer, inflammation, cytotoxicity, migration
INTRODUCTION

Lichenized fungi form mutualistic symbioses with photosynthetic
microorganisms, usually green algae or cyanobacteria, and
additional fungal and bacterial communities. Most species are
slow growing and less competitive than other organisms, which
is why they have evolved mechanisms to survive in habitats
inaccessible to most plants, mosses, or other microorganisms
(e.g., arctic tundra, alpine ecosystems, deserts). Secondary
metabolites with biological activities protect lichens from being
overgrown or eaten (Solhaug et al., 2003; Gauslaa, 2005; Asplund
et al., 2015), or from receiving too much UV light (Solhaug et al.,
2003). Some of these metabolites might also support the symbiosis
itself, by forming water repellent coatings on internal hyphae,
which facilitate gas exchange between moist thalli and the
environment (Huneck, 2003), or by enabling communication
among the different partners in the lichen association. Chemical
structures of more than 1,050 different lichen substances have
been reported to date (Molnar and Farkas, 2010). Each species is
characterized by a specific profile of secondary metabolites
(Mitrovic et al., 2011). Most lichen compounds are synthesized
by the primary fungal partner in the symbiosis. The main
biosynthetic pathways leading to lichen compounds are the
shikimic acid pathway (pulvinic acid derivatives), the mevalonic
acid pathway (terpenes, carotenoids), and the polyketide pathway
(depsides, depsidones, depsones, usnic acids, anthraquinones,
xanthones) (Elix and Stocker-Wörgötter, 2008). The highest
diversity of compounds is found in the structural classes
depsides and depsidones (Huneck and Yoshimura, 1996).

Lichens have been used in traditional systems of medicine since
ancient times. Some species, including Cetraria islandica and
Evernia prunastri are useful for treating respiratory diseases
(Schöller, 1997), and extracts of C. islandica are used as active
ingredients in over-the-counter lozenges (“Isla-Moos”). Usnic acid
containing species have been used to treat infectious dermatosis
and eczema (Schöller, 1997). The varied applications of lichen
extracts in medicine include the treatment of skin disorders,
wounds, respiratory and digestive issues, as well as obstetric and
gynecological problems, and have recently been summarized in a
review paper (Crawford, 2019). In this respect, lichen secondary
metabolites are increasingly being investigated as potential source of
bioactive natural products for pharmaceutical applications
(Rankovic and Kosanic, 2014). However, the different studies on
the pharmacological potential of lichens have mostly used only one
or two bioactivity test systems. The aim of the present study was to
NOVA, analysis of variance; D,
ell; FBS, fetal bovine serum; HUVEC,
AM-1, intercellular adhesion molecule
xide; PBS, phosphate-buffered saline;
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apply a broad in vitro screening approach in the context of cancer
and inflammation. These pathologies represent two major health
burdens with an ongoing need for the discovery of new drug leads.
We selected 11 in vitro screening assays representing functional or
biochemical features that are of relevance in these pathologies. The
screening assays, their underlying principle, and the cell types used
are summarized in Table 1. We chose Evernia prunastri,
Pseudevernia furfuracea, Umbilicaria pustulata, Umbilicaria
crustulosa, Flavoparmelia caperata, and Platismatia glauca,
because these species contain typical lichen compounds (depsides,
depsidones, usnic acid) in various, partially overlapping,
combinations (Table 2). Each of the lichen species was extracted
with three different solvents representing different degrees of
polarity: dichloromethane (D), acetone (A), and methanol 70%
(M). Moreover, a correlation analysis was performed to get a hint
which of the lichen secondary metabolites might be of importance
for the observed effects.
MATERIAL AND METHODS

Cells and Reagents
Fluo-8-AM (ab142773) was purchased from Abcam (Berlin,
Germany), ionomycin Ca2+-salt, curcumin, staurosporine, and
sulfanilamide were purchased from Sigma-Aldrich (Schnellendorf,
Germany). CellEvent Caspase-3/7 Green Detection Reagent was
purchased from Thermo Fisher Scientific (Frankfurt am Main,
Germany). DRAQ5 was purchased from BioLegend (Koblenz,
Germany). N-(Naphtyl)ethylendiamindihydrochlorid was
purchased from Carl Roth (Karlsruhe, Germany).

Collection of Lichens
The lichens were collected in Corsica (France). The voucher
information and the herbarium accession numbers are
documented in Supplementary Table 1.

Lichen Extracts and Characterization
of Their Major Secondary Metabolites
We prepared three extracts per lichen individual (two individuals
per species) using the following organic solvents: 70% methanol,
acetone, and dichloromethane. The extractions were carried out
with 30 mg of air-dried lichen thallus and 1.2 ml solvent, at room
temperature for 1 h using a tube rotator (Rotator RS-60, lab4you).
For cell culture experiments the lyophilizates were dissolved in
dimethyl sulfoxide (DMSO) to reach stock solutions with 30 mg/
ml. The lichen extracts were further dissolved in media to reach a
final concentration of 3 and 30 µg/ml.

Lichen compounds were identified using high performance
liquid chromatography (HPLC), based on a protocol by Feige
et al. (1993) and described in more detail in Benatti et al. (2013).
We used an Agilent 1260 quaternary system with an incorporated
September 2020 | Volume 11 | Article 1322
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degasser and using a Poroshell 120 EC-C18 column (2.7 µm, 3.0 x
50 mm, Agilent) for separation of substances at 30°C. Two solvents
are used at a flow rate of 1.4 ml/min. Solvent A contains Aqua
Bidest, 30% methanol, and 0.0658% trifluoroacetic acid, and solvent
B is 100% methanol. The evaporated extracts were resuspended in
200 µl of methanol and immediately processed for HPLC analysis.
One hundred fifty microliters of the methanol extracts were filtered
by centrifuging 1 min with 800 rpm through a Pall Acropep
Advance Filter Plate. The filtrate is diluted tenfold with methanol
and 2 µl is automatically injected after equilibrating the HPLC
system for 2 min to solvent A. The run continues isocratically for
0.18 min, solvent B is increased to 58% within 5 min, then up to
100% within the next 5 min, and then for 0.82 min isocratically in
100% B. The run ends with solvent A being increased to back 100%
Frontiers in Pharmacology | www.frontiersin.org 3
within 0.5 min. The column is flushed for 2 min with 100% solvent
B before a new run starts. A diode array detector (DAD) detects
compounds at 210, 254, 280, and 310 nm. The spectra (l = 190–650
nm, 2 nm steps) and retention times of detected peaks are compared
against a library of authentic metabolites processed under identical
conditions using the OpenLAB CDS ChemStation software of
Agilent. We analyzed the relative proportion of the peak area at
254 nm in relation to the total peak area for lichen substances in the
species (Serina et al., 1996). The chromatograms are shown in
Supplementary Figure 1.

Cell Culture
CDC.EU.HMEC-1, a human microvascular endothelial cell line,
was kindly provided by the Centers of Disease Control and
TABLE 1 | Summary of the functional and biochemical test systems.

Context Assay Principle Cells

General cell functions Cell viability Metabolic activity (CTB assay) HMECs (human dermal microvascular endothelial cells)
Intracellular Ca2+ levels Calcium imaging using Fluo-8-AM HEK293 (human embryonic kidney cells)
Cell migration Scratch assay NIH/3T3 (murine embryonic fibroblasts)

Tumor Cell viability Metabolic activity (WST-1 assay) HCT-116 (human colon carcinoma)
Apoptosis Caspase-3 activation, immunocytochemistry HCT-116
Cell cycle Propidium iodide staining, flow cytometry HCT-116
Endothelial cell proliferation Cell counting upon crystal violet staining HMECs

Inflammation Leukocyte adhesion Adhesion of leukocytes onto endothelial cells THP-1 (human leukemic monocytic cell line) and HMECs
ICAM-1 expression Expression of an endothelial cell adhesion molecule HMECs
NO levels Griess assay RAW 264.7 (murine macrophage cell line)
PGE2 levels ELISA RAW 264.7
TABLE 2 | Summary of the UV-absorbing natural compounds identified in the lichen extracts by high performance liquid chromatography (HPLC).

E. prunastri P. furfuracea U. pustulata U. crustulosa F. caperata P. glauca

Extract solvent A D M A D M A D M A D M A D M A D M

Conprotocetraric acid (b-orcinol depsidone) – – – – – – – – – – – – 1.6 – 0.9 – – –

Unidentified A – – – – – 0.8 – – – – – – – – – – – –

Confumarprotocetraric acid (b-orcinol depsidone) – – – – – – – – – – – – 5.0 – 0.8 – – –

Norstictic acid (b-orcinol depsidone) – – – – – – – – – – – – 3.1 – – – – –

Protocetraric acid (b-orcinol depsidone) – – – – – – – – – – – – 77.0 21.7 87.6 – – –

Lecanoric acid (orcinol depside, satellite compound
of gyrophoric acid)

– – – – – – 12.0 – 83.5 3.5 – 6.0 – – – – – –

Unidentified B – – – – – – – – – – – – 1.8 – – – – –

Methyl lecanorate (orcinol depside, satellite
compound of gyrophoric and crustinic acids)

– – – – – – – – – 6.5 – 24.6 – – – – – –

Crustinic acid (orcinol depside) – – – – – – – – – 60.6 – 27.3 – – – – – –

Hiascic acid (orcinol depside) – – – – – – 2.6 – – – – – – – – – – –

Evernic acid (orcinol depside) 95.61 80.46 94.14 – – – – – – – – – – – – – – –

Oxyphysodic acid (orcinol depsidone) – – – 17.7 8.6 16.9 – – – – – – – – – – – –

Gyrophoric acid (orcinol depside) – – – – – – 85.4 – 16.5 29.4 – 42.2 – – – – – –

Unidentified C – – – – – 0.7 – – – – – – – – – – – –

2’-o-Methylphysodic acid (orcinol depsidone) – – – 4.7 19.8 6.9 – – – – – – – – – – – –

Physodic acid (orcinol depsidone) – – – 72.3 44.9 71.5 – – – – – – – – – – – –

Usnic acid (dibenzofuran derivatives) 3.24 7.02 2.92 – – – – – – – – – 10.0 58.9 5.4 – – –

Alectoronic acid (orcinol depsidone) – – – 2.3 – 1.9 – – – – – – – – – – – –

Atranorin (b-orcinol depside) 1.15 6.42 1.73 2.6 19.5 1.3 – – – – – – – 6.5 4.6 22.4 26.8 –

Unidentified D – – – – – – – – – – – – – – 0.8 – – –

Unidentified E – – – – – – – – – – – – 1.6 12.9 – – – –

Chloroatranorin (b-orcinol depside) – 6.11 1.20 0.5 7.1 – – – – – – – – – – 77.6 73.2 100.0
Septem
ber 2020 | Volum
e 11 |
 Article
Some of the peaks could not be assigned to any compound and were therefore reported as unidentified. The values are given as percentages. For calculation the area under the peak was
used. The peak of the compounds were related to all detected peaks (including peaks which could not be assigned to a compound). The mean of two lichen individuals are depicted.
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Prevention (CDC, Atlanta, USA) (Ades et al., 1992). HMEC-1
cells were cultivated plastic ware coated with collagen G
(Biochrom AG, Berlin, Germany) in Endothelial Cell Growth
Medium (ECGM, PELOBiotech) containing 10% heat-
inactivated fetal calf serum (FCS; Biochrom, Berlin, Germany),
0.25 µg/ml amphotericin B (PAN-Biotech, Aidenbach, Germany),
100 U/ml penicillin (PAN-Biotech), and 100 µg/ml streptomycin
(PAN-Biotech).

HEK293 cells [obtained from German Collection of
Microorganisms and Cell Cultures GmbH (DSMZ)] were
cultured in Dulbecco’s modified Eagle medium (DMEM) (Sigma
Aldrich) supplemented with GlutaMAX (Thermo Fisher).
NIH3T3 cells (ATCC) were cultured in DMEM GlutaMAX-I
Medium (Thermo Fisher) supplemented with 4.5 g/l glucose
(Sigma Aldrich) and pyruvate. HCT-116 cells [obtained from
DSMZ, Braunschweig, Germany] were cultured in McCoy’s 5A
(modified) medium. RAW264.7 (obtained from ATCC)
macrophages were cultured in RPMI1640 medium (Sigma
Aldrich) (DSMZ). The media for these four cell types contained
10% heat inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomycin.

The human monocytic-like cell line THP-1, a cell line derived
from the peripheral blood of a 1-year-old boy suffering from acute
monocytic leukemia (AML), was purchased from the DSMZ. THP-
1 cells were cultured in RPMI-1640 medium (RPMI, PAN-Biotech)
containing 10% heat-inactivated FCS, 100 µg/ml streptomycin, and
100 U/ml penicillin (Tsuchiya et al., 1980). All cells were incubated
at 37°C in an atmosphere of 5% CO2 and 95% air.

Cell Viability Assays (Metabolic Activity)
A CellTiter-Blue cell viability assay (Promega GmbH,
Mannheim, Germany) was performed to analyze the influence
of lichen extracts on the metabolic activity of endothelial cells. In
brief, confluent HMEC-1 cells were treated with the indicated
lichen extracts (3 and 30 µg/ml) or DMSO (0.1%) as vehicle
control for 24 h. Four hours before the end of stimulation,
CellTiter-Blue reagent containing resazurin was added to the
cells in a ratio of 1:10. Resazurin is reduced into fluorescent
resorufin by viable cells, which is why the metabolic activity was
determined by fluorescence measurements (ex: 579 nm, em: 584
nm) using a microplate reader (Tecan Infinite F200 Pro, Tecan,
Männedorf, Switzerland).

20,000 HCT-116 cells were incubated for 24 h at 37°C. Lichen
extracts and control (DMSO) were added to the cells and mixed.
After 24 h, 10 µl WST-1 reagent (Sigma Aldrich) were added,
mixed, and incubated at 37°C for 60 min. Viable cells are
characterized by an increase of mitochondrial dehydrogenase
activity. Dehydrogenases convert the tetrazolium salt WST-1 to
formazan; therefore, the amount of formed formazan dye directly
correlates to the number of metabolically active cells in the
culture. To detect formazan the absorbance was measured at 440
nm and at 600 nm (reference) using an EnSpire Plate Reader
(PerkinElmer, Waltham, MA, USA). The absorbance at 440 nm
was normalized to the absorbance at 600 nm. The sample values
were corrected with the background wells (wells with medium
and without cells).
Frontiers in Pharmacology | www.frontiersin.org 4
Analysis of Intracellular Ca2+ Levels
50,000 HEK293 cells were seeded in a 96-well poly-D-lysine plate
and incubated at 37°C for 24 h. Cells were incubated with 4 µM
Fluo-8-AM in Hanks’ Balanced Salt Solution (HBSS) for 1 h at
37°C. DMSO was used as negative control. After 1 h, the Fluo-8/
HBSS was replaced by 100 µl HBSS. Five images per second were
taken using an ImageXpress Micro Confocal High Content
Imaging System (Molecular Device, San Jose, USA). Then,
lichen extracts (3 and 30 µg/ml), DMSO (negative control), or
5 µM ionomycin (Sigma Aldrich; positive control) were added to
the cells. For the next 20 s, an image was taken every second. The
data were analyzed with the MetaXpress Software. A threshold of
fluorescence intensity was defined using cells before treatment,
and all cells with a fluorescence signal above the threshold level
were counted. The number of these cells in the lichen extract
treated samples were related to the cells in the ionomycin-
treated sample.

Migration Assay
120,000 NIH3T3 cells were plated in a clear poly-D-lysine-coated
24-well plate and incubated for 24 h at 37°C in presence of lichen
extracts (30 µg/ml) or DMSO. A scratch was made in the cell
layer using a 10 µl pipette tip. Cells were washed once with
medium containing 2% FBS and 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) to remove non-adherent
cells or debris. Wells were filled with 500 µl medium containing
2% FBS, 25 mM HEPES, and lichen extracts (30 µg/ml) or
DMSO or 625 nM cytochalasin D (Sigma Aldrich). The 24-well
plate was covered with an adhesive foil and placed for 24 h in the
ImageXpress and incubated at 37°C for 24 h. Every 90 min an
image from the scratch was taken by the ImageXpress device
(10x magnification). For analysis the length of the scratch was
measured using MetaXpress6 Software. The length of the scratch
was plotted against the time. The IC50 was determined. The IC50

defines the time which is needed to close 50% of the scratch.

Apoptosis Assay (Caspase-3 Activation)
20,000 HCT 116 cells were seeded in a black poly-D-lysine-coated
96-well plate and incubated for 24 h at 37°C. The culture medium
was replaced by 100 µl DMEM-mediumwithout phenol red (Gibco,
21063-029) supplemented with 10% FBS and 1% penicillin/
streptomycin. Lichen extracts or control (DMSO) were added to
the cells and incubated for 24 h at 37°C. One microliter of CellEvent
Caspase-3/7 Green Detection Reagent (1:10 diluted in DMEM-
medium without phenol red) was added and incubated for 90 min
at 37°C (without CO2). Afterwards, 1 µl of DRAQ5 (1:25 diluted in
DMEM-medium without phenol red) was added and the cells were
incubated for 30 min at room temperature. An image was taken
using the ImageXpress Micro Confocal High Content Imaging
System (Molecular Device, San Jose, USA). The fluorescence
signal of cell nuclei was detected in the Cy5 channel (red), the
signal of apoptotic cells in the fluorescein isothiocyanate (FITC)
channel (green). The percentage of dead cells was determined using
the “live/dead” analysis tool from Molecular Device by calculating
the ratio of apoptotic cells to all cells.
September 2020 | Volume 11 | Article 1322
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Cell Cycle Analysis
20,000 HCT116 were seeded in a 96-well cell culture plate and
cultured for 24 h at 37°C. Then, cells were treated with the
different lichen extracts (3 and 30 µg/ml) or control substances
for 24 h. As control substances, 20 µM curcumin and 0.2 µM
staurosporine were used to induce a G2- and an S-block,
respectively. Untreated cells were used as negative control. A
G1/S-block was induced by medium without 10% FBS. Cells
were harvested, suspended in 200 µl sample buffer [1 g/l glucose
in phosphate-buffered saline (PBS) without Ca2+ and Mg2+],
mixed, centrifuged (200 g, 4 min, 4°C) and supernatant was
discarded. This step was repeated once. The cells were fixed with
150 µl of ice-cold 70% ethanol overnight (>18 h) at 4°C. The cell
pellet was washed with sample buffer, resuspended in 100 µl
staining buffer (20 µg/ml propidium iodide and 0.2 mg/ml RNase
in sample buffer), and incubated for 40 min at room temperature.
Samples were measured within 24 h in a MACSQuant Analyzer
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Cell
cycle distribution was determined using FlowJo software.

Proliferation Assay
A staining with crystal violet solution was used to investigate the
influence of lichen extracts on the proliferation of endothelial
cells. Therefore, HMEC-1 cells (2 x 103 cells per well) were
seeded in 96-well plates. After 24 h the cells were treated with the
indicated lichen extracts (3 and 30 µg/ml) or DMSO (0.1%) as
vehicle control for 72 h. The cells were washed once with PBS
containing Ca2+ and Mg2+ before they were fixed with a
methanol-ethanol solution (ratio 2:1) for 10 min and stained
with crystal violet solution (0.5% in 20% methanol, Sigma-
Aldrich, Taufkirchen, Germany) for 15 min. The unbound
residual crystal violet solution was removed with tab water and
the cells were dried for 15 min at 37°C in a drying cabinet before
crystal violet bound to DNA was resolved in 20% acetic acid. The
absorption of reconstituted crystal violet was measured at 590
nm using a microplate reader (Tecan). The relative proliferation
rate of HMEC-1 cells was calculated on the basis of data from
untreated control cells, which were fixed and stained directly
24 h after seeding.

Analysis of the Adhesion of Leukocytes
to Endothelial Cells
The impact of lichen extracts on the adhesion of the human
monocytic-like cell line THP-1 onto endothelial cells was
analyzed in cell adhesion assays, in which untreated THP-1
cells were allowed to adhere to HMEC-1 cells treated with
lichen extracts. In brief, confluent HMEC-1 cells were pre-
treated with the indicated lichen extracts (3 and 30 µg/ml) or
DMSO (0.1%) as vehicle control for 30 min and activated with
TNF (10 ng/ml) for 24 h. CellTracker Green (5 µM, Thermo
Fisher Scientific, Waltham, MA, USA) was used to stain THP-1
cells in serum-free RPMI for 30 min at 37°C in a water bath. The
THP-1 cells were then washed once with serum-free RPMI and
the cell concentration was adjusted with RPMI to 2 x 105 cells per
ml. THP-1 cells (2 x 104 cells per well) were allowed to adhere for
5 min before non-adherent cells were removed by washing with
Frontiers in Pharmacology | www.frontiersin.org 5
PBS containing Ca2+ and Mg2+. The adhesion of THP-1 cells was
quantified by fluorescence measurements (ex: 485 nm, em: 535
nm) using a microplate reader (Tecan). Relative adhesion
levels were calculated by normalization to the number of
HMEC-1 cells that were present after treatment with lichen
extracts in combination with TNF, which was determined by
staining with crystal violet as described above.

Cell Surface Expression of ICAM-1
The effect of lichen extracts on the expression of the intercellular
adhesion molecule 1 (ICAM-1) on the cell surface of endothelial
cells was investigated using a fluorescence-labeled antibody:
confluent HMEC-1 cells were pre-treated with the indicated
lichen extracts (3 and 30 µg/ml) or DMSO (0.%) as vehicle
control for 30 min and activated with TNF (10 ng/ml) for 24 h.
The cells were washed once with PBS before they were incubated
for 45 min on ice with a FITC-labeled ICAM-1 antibody (1%, Bio-
Rad Laboratories, Munich, Germany) in Medium 199 (Sigma-
Aldrich) containing 0.2% bovine serum albumin (BSA, Sigma-
Aldrich), 100 U/ml penicillin, and 100 µg/ml streptomycin.
Afterwards, unbound antibody was removed by washing with
PBS containing Ca2+ and Mg2+ and the cell surface expression of
ICAM-1 was quantified by fluorescence measurements (ex: 485
nm, em: 535 nm) using a microplate reader (Tecan). As with the
cell adhesion assay, the relative expression levels were calculated
by normalization to the number of HMEC-1 cells that were
present after treatment with lichen extracts in combination with
TNF, which was determined by staining with crystal violet as
described above.

Measurements of Nitric Oxide
and PGE2 Levels
20,000 RAW264.7 macrophages per well were plated in a 96-well
cell culture plate and cultured for 24 h at 37°C. To test if the
lichen extracts induce nitric oxide (NO) or prostaglandin E2
(PGE2) synthesis, the lichen extracts, control (DMSO), and
positive control (100 ng/ml lipopolysaccharide; LPS) were
added. To test if the lichen extracts inhibit NO or PGE2
synthesis, the cells were pre-incubated with lichen extracts or
control (DMSO) for 30 min before 100 ng/ml LPS were added.
After 24 h supernatants were collected and stored at −80°C.

NO was determined with the Griess method. Briefly, for the
standard curve, different concentrations of sodium nitrite (0–50
µM) were prepared in medium. Eighty microliters of cell
supernatant or standard sample were added to a 96 well
microplate and thereafter, 20 µl sulfanilamide solution (120 mg
sulfanilamide in 30 ml 1 N hydrochloric acid) und 20 µl
naphthylenediamine solution (180 mg N-(1-naphthyl)
ethylenediamine dihydrochloride in 30 ml water) were added.
After 15 min, the absorbance (540 nm) was measured EnSpire
Plate Reader (PerkinElmer, Waltham, MA, USA).

PGE2 was determined using a competitive ELISA from Enzo Life
Sciences. The ELISA was performed according to the manufactures
protocol. Briefly, anti-PGE2 is bound on 96-well plates. Test samples
and alkaline phosphatase conjugated-PGE2 were added to the wells.
After incubation the excess reagents were washed away and
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p-nitrophenol phosphate was added and catalyzed by alkaline
phosphatase to produce p-nitrophenol a yellow colored product
which is detected with EnSpire Plate Reader (PerkinElmer,
Waltham, MA, USA). The intensity of the yellow coloration is
inversely proportional to the amount of PGE2.

Correlation Analysis
Correlation analysis of lichen substances and assay outcomes were
conducted with R (V3.6.1; available online https://www.R-project.
org/) (Macdonald et al., 1999). Data was loaded in the R workspace
and tested for normality (Shapiro-Wilk Test). A Spearman
correlation matrix as well as the exact p-values were calculated
(R package v4.3-0 available online https://CRAN.R-project.org/
package=Hmisc). Briefly, the correlation analysis relies on
Spearman’s rho. The data considered for the correlation are the
treatment (only lichen species) and the solvent. As only the highest
dose was considered (30 µg/ml), the concentration presents no
third factor. Furthermore, interactions were not included in the
analysis. Analysis was performed with the averaged result for the 30
µg/ml assay outcome (mean of the biological replicates) and the
HPLC analysis (mean of the biological replicates). The peak area of
a specific natural compound were related to the total peak area of
all lichen substances in the species. The HPLC data were classified
in four groups: 0 (natural compound not detectable), 1 (amount
of natural compounds from 0.01 to 33%), 2 (amount of natural
compound from 34 to 66%), and 3 (amount of natural compound
from 67 to 100%). For this type of experiment, no correction for
multiple testing was performed. The correlation matrix was
visualized depicting the correlation coefficient r and the
significance levels (*p ≤ 0.05) (visualization of a Correlation
Matrix (V0.84) available online https://github.com/taiyun/
corrplot; ColorBrewer Palettes (V1.1-2) available online https://
CRAN.R-project.org/package=RColorBrewer).

Statistics
Each result is presented as mean ± standard error of the mean
(SEM). The experiments were performed in technical triplicates.
The number of biological replicates is indicated in the figure
legends (n). All data were analyzed with two-way ANOVA and
Bonferroni’s multiple comparison tests except of the data from
the cell cycle analysis that were analyzed by the Dunnett’s
multiple comparison tests. For all calculations and creation of
graphs, GraphPad Prism 7 was used and p ≤ 0.05 was considered
as the threshold for significance.
RESULTS

The Influence of Lichen Extracts on
General Cell Functions
First, we studied the action of the lichen extracts on the viability
of human non-cancer cells. In particular, a monolayer of human
endothelial cells (ECs) was used to study the influence of the
lichen extracts on metabolic activity (CellTiter-Blue assay). As
shown in Figure 1A, none of the lichen extracts (3 and 30 µg/ml,
Frontiers in Pharmacology | www.frontiersin.org 6
24 h) affected the metabolic activity of ECs in a biologically
relevant manner.

Since calcium ions (Ca2+) are an important second messenger
in cancer and inflammation (Cui et al., 2017), we investigated if
lichen extracts influence cellular Ca2+ levels in HEK293 cells by
using the cell-permeable calcium-sensitive dye Fluo-8-AM.
Interestingly, all extracts of F. caperata (30 µg/ml) triggered a
strong increase in the cellular Ca2+ levels (Figure 1B), whereas
no other lichen extract showed an influence in this assay system.

Cell migration is an important function of tumor cells
specifically in the metastatic process and of leukocytes during
inflammatory processes (Wirtz et al., 2011; Trepat et al., 2012).
To test the influence of the lichen extracts on the migratory
A

B

C

FIGURE 1 | Effects of lichen extracts on general cell functions. (A) For the
cell viability assay, HMEC-1 cells were grown to confluence and treated with
lichen extracts (3 and 30 µg/ml) or dimethyl sulfoxide (DMSO) (control) for
24 h. Resazurin-containing CellTiter-Blue reagent was added for the last 4 h
of treatment. The metabolic activity was quantified by fluorescence
measurements of resorufin. Data are expressed as mean ± SEM. n=2, *p ≤

0.05 versus control. (B) For the Ca2+-assay, HEK293 cells were preincubated
with Fluo-8-AM. Lichen extracts (3 and 30 µg/ml) or DMSO (control) were
added for 5 min. Data are expressed as mean ± SEM. n=3, *p ≤ 0.05 versus
control. (C) For the scratch assay, the NIH3T3 monolayer was scraped in a
straight line and thereafter treated with 30 µg/ml of lichen extracts or with 650
nM cytochalasin (positive control) or DMSO (control) for 24 h. The size of the
gap after 12.5 h was related to the size of the gap at 0 h and shown as
% value. Data are expressed as mean ± SEM. n=2, *p ≤ 0.05 versus control.
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capacity of cells, a scratch assay was performed with a mouse
embryonic fibroblast (NIH/3T3 cells) monolayer. Lichen extracts
and a positive control (625 nM cytochalasin D, an inhibitor of
actin polymerization) were added and the cell migration into the
cell-free area was followed by live-cell imaging. The distance of
the gap after 12 h was related to the distance of the initial gap. As
shown in Figure 1C P. furfuracea and E. prunastri (30 µg/ml;
dichloromethane and acetone extract) strongly prolonged the
time to close the gap. Interestingly, also the acetone extract from
P. caperata and P. glauca prevented the closing of the gap.

Lichen Extracts Exert Anti-Tumor Activity
The lichen extracts were analyzed for their ability to influence
the survival of tumor cells by three different assay systems that
measure the metabolic activity of tumor cells, the rate of
apoptosis, and cell cycle distribution. The metabolic cell
activity was detected with a WST-1 assay using HCT-116
cells. As shown in Figure 2A, only extracts of F. caperata
(30 µg/ml, 24 h) reduced the viability of cancer cells in a
biologically relevant manner: the acetone extract reduced cell
viability by about 70%, and the dichloromethane extract by
approx. 40%. Since caspase-3 activation is a crucial component
of the apoptotic machinery (Porter and Janicke, 1999), the
influence of the different lichen extracts on tumor cell
apoptosis was analyzed by measuring caspase-3 activation in
HCT-116 cells. Interestingly, only the acetone extract (30 µg/ml,
24 h) of F. caperata increased the basal rate of apoptosis
(Figure 2B).

The distribution of cells in the different cell cycle phases
was analyzed by measuring the content of propidium iodide-
stained DNA in HCT-116 cells using flow cytometry. As positive
control, a G1-, S-, and G2-block was induced by starvation
(medium without FBS), 0.2 µM staurosporine, and 20 µM
curcumin, respectively. Only 30 µg/ml (24 h) of the F. caperata
dichloromethane extract led to a significant increase in the
percentage of cells in the G1 phase and to a significant decrease
of cells in the S phase (Figure 2C, Supplemental Figure 2).

The proliferation of ECs is a hallmark of angiogenesis—the
outgrowth of new blood vessels of existing ones—which is of great
importance during solid tumor growth. Some of the extracts
strongly inhibited the proliferation of ECs: as shown in Figure
2D, the acetone and dichloromethane extracts of E. prunastri, P.
furfuracea, and F. caperata (30 µg/ml, 72 h) reduced EC
proliferation by at least 40%. In addition, the methanol extract
of P. furfuracea (30 µg/ml) also inhibited EC proliferation by
about 40%.

Effects of Lichen Extracts on the Pro-
Inflammatory Activation of Endothelial
Cells and Leukocytes
Inflammatory processes are associated with the presence of
leukocytes in the inflamed tissue. For the extravasation of
leukocytes from the blood into the tissue, the adhesion of the
white blood cells onto the vascular endothelium is a prerequisite.
Using the monocytic cell line THP-1, we screened the lichen
Frontiers in Pharmacology | www.frontiersin.org 7
extracts for their ability to reduce the adhesion of THP-1 cells
onto a TNF-activated EC monolayer. Besides the F. caperata
acetone extract (30 µg/ml, 24 h), which surprisingly increased the
adhesion of THP-1 cells onto TNF-activated ECs, none of the
extracts inhibited the adhesion process (Figure 3A). In a second
assay system, we screened for an inhibition of the TNF-induced
expression of the cell adhesion molecule ICAM-1, which
is crucially involved in the adhesion of leukocytes onto ECs.
None of the extracts exerted an inhibitory activity on the ICAM-
1 expression (Figure 3B). Since only ECs were treated with the
lichen extracts, we can conclude that inflammation-associated
processes in the vascular endothelium are not addressed by the
lichen extracts.

Furthermore, we were interested in the action of the lichen
extracts on the pro-inflammatory activation of leukocytes. We
investigated if the lichen extracts influence the production of two
major inflammatory mediators produced by leukocytes, nitric
oxide (NO), and prostaglandin E2 (PGE2). Murine macrophages
(RAW264.7) were treated with lipopolysaccharide (LPS) to
induce the release of NO and PGE2 and with the lichen
extracts for 24 h. The concentration of NO and PGE2 was
determined in the cell culture supernatant. The acetone extract
(30 µg/ml) of E. prunastri and F. caperata strongly reduced
the levels of NO (Figure 3C), while weak effects were observed
for P. furfuracea, U. pustulata, and P. glauca extracts. The
dichloromethane extracts (30 µg/ml) of E. prunastri, P.
furfuracea, and F. caperata showed a strong inhibition of NO
formation, whereas the P. glauca dichloromethane extract had
weaker effects. The acetone extract of E. prunastri and P.
furfuracea (30 µg/ml) strongly reduced the levels of PGE2
(Figure 3D), while weak effects were observed for P. glauca
extracts. In addition, the dichloromethane extracts (30 µg/ml) of
E. prunastri, P. furfuracea, and P. glauca strongly inhibited PGE2
formation. Of note, none of the lichen extracts affected the basal
release of NO or PGE2 form quiescent (i.e., not LPS-activated)
RAW cells in a biologically relevant manner (Supplemental
Figures 3 and 4).

Natural Compounds Identified in the
Lichen Extracts
To get insights into the ingredient profile of each lichen extract, the
natural compounds in the lichen extracts were identified by HPLC.
The metabolite patterns of the lichen extracts are given in Table 2
and Supplemental Figure 5. The chemical structures of the most
relevant molecules are provided in Figure 4. E. prunastri produced
mainly evernic acid. P. furfuracea synthesized mainly physodic
acid, atranorin, 2’-O-methylphysodic acid, and oxyphysodic acid.
The U. pustulata extract contained gyrophoric acid and lecanoric
acid, which here is an artificial satellite product (cleavage product
of gyrophoric acid produced during extraction and HPLC). TheU.
crustulosa extract contained crustinic acid, gyrophoric acid, and
methyl lecanorate, which is a cleavage product of crustinic acid. F.
caperata extracts contained as main UV-absorbing compounds
protocetraric acid and usnic acid, and P. glauca extracts contained
mainly chloroatranorin and atranorin.
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Correlation Analysis Between Lichen
Compounds and Test Systems
A correlation analysis was used to assign the secondary
metabolites identified in the lichen extracts to specific observed
effects in the used test systems, since this statistical method is
suitable to evaluate the strength of a relationship between two
Frontiers in Pharmacology | www.frontiersin.org 8
quantitative variables. The correlation analysis was achieved with
the results obtained by the higher lichen concentration (30 µg/
ml). The colors indicate the type of correlation, where blue
indicates a positive correlation and red a negative correlation.
The correlation analysis revealed that usnic acid negatively
correlates with cell viability and positively with apoptosis
A

B

D

C

FIGURE 2 | Toxicity characterization of lichen extracts. (A) For the cell viability assay, HCT-116 cells were incubated with 3 or 30 µg/ml lichen extracts or dimethyl
sulfoxide (DMSO) (control) for 24 h. WST-1 dye was added for 60 min and the viability was quantified by detection of formazan. Data are expressed as mean ± SEM.
n=2, *p ≤ 0.05 versus control. (B) For the apoptosis assay, HCT-116 cells were incubated with 3 and 30 µg/ml lichen extracts or DMSO (control) for 24 h. Apoptotic cells
were stained with a caspase-3-detecting antibody. Data are expressed as mean ± SEM. n=2, *p ≤ 0.05 versus control. (C) For the cell cycle analysis, HCT-116 cells
were incubated for 24 h with 30 µg/ml lichen extracts or DMSO (control). Cells were stained with propidium iodide and measured using flow cytometry. Data are
expressed as mean ± SEM. n=3, *p ≤ 0.05 versus control. Significances are shown when all three cell cycle phases were significantly different. (D) For the proliferation
assay, HMEC-1 cells were grown in low-density and treated after 24 h with lichen extracts (3 and 30 µg/ml) for 72 h. Cells were stained with crystal violet solution. The
amount of DNA-bound crystal violet was detected by absorbance measurements. Data are expressed as mean ± SEM. n=2, *p ≤ 0.05 versus control.
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(Figure 5). Usnic acid was predominantly found in F. caperata
extract, which evoked an induction of apoptosis and a reduction
of cell viability (Figures 2A, C). Protocetraric acid is positively
correlated to an increased Ca2+ level. Protocetraric was
detected in F. caperata, the lichen extract which induce Ca2+

signaling in HEK293 cells (Figure 1B). However, further
studies needed to confirm these suggestions drawn by the
correlation analysis.
DISCUSSION

By applying a broad screening approach consisting of 11
different in vitro assays to six different lichen species, we
unraveled interesting bioactivity profiles for four of the six
species (Figure 6). Remarkably, none of the lichen extracts
showed any detrimental influence on the viability of healthy
(endothelial) cells. However, extracts from F. caperata induced
cellular Ca2+ signaling. To our knowledge, this biological activity
is shown here for the first time for a lichen extract. Our results on
analyses of E. prunastri, P. furfuracea, F. caperata, and P. glauca
are in correlation with the previous reports of lichen substances
that can reduce the migratory capacity of cells (Burlando et al.,
2009; Ebrahim et al., 2016; Zhou et al., 2017; Seklic et al., 2018).
Interestingly, extracts from F. caperata strongly decreased the
survival of tumor cells, which is also in line with studies from
others (Mitrovic et al., 2011). The proliferation of ECs—a
hallmark of angiogenic processes associated with tumor growth
(Hanahan and Weinberg, 2000)—was significantly reduced by
extracts from E. prunastri, P. furfuracea, and F. caperata. In the
context of inflammation, the lichen extracts had no inhibitory
activity on inflammatory responses in endothelial cells. However,
the pro-inflammatory activation of leukocytes was substantially
reduced by extracts from F. caperata, E. prunastri, P. furfuracea,
and P. glauca. The anti-inflammatory activity might have
resulted from the abundant secondary metabolites found in
these species. For example, the anti-inflammatory effects of a
substance, usnic acid, which is present in F. caperata (major) and
E. prunastri (minor) (Vijayakumar et al., 2000), and also from a
lichen extract containing atranorin and chloroatranorin (Bugni
et al., 2009), substances present in P. furfuracea and P. glauca,
were previously reported by others.

To investigate further, HPLC is preferred as a modern analytical
method to perform fast and high-resolution identification of lichen
compounds. The spectra were obtained by a diode array detector
that measures the absorbance of light offixed wavelength in the UV
region, which can be taken as the limitation of the applied method
(Ratanathanawongs and Crouch, 1987) in this study. Besides, the
standardization of the raw lichen material is usually a challenging
step due to the alterations depending on environmental and
seasonal stimuli (Bertoli et al., 2010).

In this study, we focused on detecting the presence of
known UV-absorbing secondary metabolites and their relative
proportions, rather than finding their precise concentrations.
The UV-absorbing natural compounds identified by HPLC
(Table 2) can be assigned to three substance classes (Figure 4),
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FIGURE 3 | Effects of lichen extracts on cellular functions. (A, B) HMEC-1
cells were grown to confluence, preincubated with lichen extracts (3 and 30
µg/ml) for 30 min, and activated with TNF (10 ng/ml) for 24 h. (A) For the
leukocyte adhesion assay, untreated THP-1 cells were stained with
CellTracker Green and were allowed to adhere onto the treated endothelial
cells (ECs) for 5 min. Non-adherent THP-1 cells were removed by washing.
The adhesion of leukocytes onto ECs was quantified by fluorescence
measurements. (B) For ICAM-1 expression analysis, cells were incubated with
a fluorescein isothiocyanate (FITC)-labeled ICAM-1 antibody for 45 min and
the cell surface expression of ICAM-1 was quantified by fluorescence
measurements after washing. (A, B) Data are expressed as mean ± SEM.
n=2, *p ≤ 0.05 versus dimethyl sulfoxide (DMSO) control; #p ≤ 0.05 TNF
control. (C, D) For the nitric oxide (NO) (C) and prostaglandin E2 (PGE2) (D)
inhibition assay, RAW macrophages were preincubated with 3 or 30 µg/ml
lichen extracts or DMSO (control) for 30 min followed by the addition of 100
ng/ml lipopolysaccharide (LPS) for 24 h. Data are expressed as mean ± SEM.
n=3, *p ≤ 0.05 versus DMSO control; #p ≤ 0.05 LPS control.
September 2020 | Volume 11 | Article 1322

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Ingelfinger et al. Screening of Lichen Extracts
the depsidones, depsides, and dibenzofurans. The lichens can
be classified into three groups: lichens with predominantly
depsidones and depsides (P. furfuracea), with predominantly
depsides (E. prunastri, U. pustulata, U. crustulosa, and P. glauca),
with a depsidone and a dibenzofuran (F. carperata) as the most
abundant compounds. However, we found no common activity
profiles for these three groups, suggesting that individual
compounds rather than substance classes are responsible for
the observed effects.

As one of the goals, data obtained from the in vitro screening
approaches were correlated with known secondary metabolites.
The correlation analysis (Figure 5) assigned specific compounds
to the tested cellular functions. The analysis data suggested that
protocetraric acid could be the reason of the increase in Ca2+
Frontiers in Pharmacology | www.frontiersin.org 10
level and reduced tumor cell viability. In the literature not
much is known about protocetraric acid beside its effect
on cell proliferation. Previously, Brando et al. indicated
that protocetraric acid strongly inhibits the growth of the
melanoma cell line UACC-62 (IC50: 0.5 µg/ml) (Brandao et al.,
2013), moderately the growth of the melanoma cell line B16-F10
(IC50: 24 µg/ml) (Brandao et al., 2013), the melanoma cell line
FemX (IC50: ≈ 50 µM) (Manojlovic et al., 2012), and the colon
carcinoma cell line LS174 (IC50: ≈ 50 µM) (Manojlovic et al.,
2012), while it has no effect on NIH/3T3 fibroblasts (Brandao
et al., 2013). This is in line with our findings, since F. caperata
(lichen with protocetraric acid) has no effect on HMECs but
showed a reduction of viability in the colon cancer cell line
HCT-116 suggesting that protocetraric is a potential new
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FIGURE 4 | Chemical structures of the lichen compounds.
September 2020 | Volume 11 | Article 1322

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Ingelfinger et al. Screening of Lichen Extracts
drug candidate for cancer due its selectivity for cancer cells.
Furthermore, the correlation analysis also found that usnic acid
might be responsible from the reduced tumor cell viability,
apoptosis, and cell cycle inhibition. In contrast to protocetraric
acid, usnic acid as lead compound of F. caperata, has various
well-known activities (Cocchietto et al., 2002; Ingolfsdottir, 2002;
Guzow-Krzemińska et al., 2019). In line with our findings, it was
already shown that usnic acid induce a G1-Block in the gastric
cancer cell line BGC823, in A549 lung carcinoma cells (Singh
et al., 2013), in the breast cancer cell line MCF-7, and in the
prostate adenocarcinoma cell line LNCap (Eryilmaz et al., 2018;
Geng et al., 2018). However, in the gastric cancer cell line
Frontiers in Pharmacology | www.frontiersin.org 11
SGC7901, a G2-Block was induced (Geng et al., 2018) and
Backorová showed that usnic acid (100 µM) induces an S-
Block in HCT-116 cells. These data indicate that usnic acid
does not consistently induce cell cycle blocks in all cells and
possibly acts through different signaling pathways in various cell
types. Accordingly, usnic acid could well be responsible for the
observed G1-Block induced by the F. caperata extract in HCT-
116 cells. Besides the cell cycle block, the extract of F. caperata
also induced apoptosis via caspase 3 activation that is possible
also due to usnic acid since Bačkorová et al. showed that usnic
acid induced in the colon carcinoma cell line HT29 apoptosis via
caspase 3 activation (Backorova et al., 2012). Our data suggested
FIGURE 5 | Graphical representation of Spearman’s correlation matrix. The natural compounds detected via high performance liquid chromatography (HPLC) in the
lichen extracts were correlated with the outcomes of the 11 functional and biochemical test systems. The heat map shows Spearman’s correlation between the
outcomes of the test systems and the natural compounds of the lichens identified by HPLC. Each column represents an individual compound and each row defines
an individual test system. Positive correlation values are in red, and negative correlation values are in blue. The correlation analysis of lichen substances and assay
outcomes was conducted with R (V3.6.1 available online https://www.R-project.org/) (Macdonald et al., 1999) and visualized as correlation matrix (V0.84 available
online https://github.com/taiyun/corrplot; ColorBrewer Palettes V1.1-2 available online https://CRAN.R-project.org/package=RColorBrewer). *p ≤ 0.05.
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an anti-carcinogenic potential of usnic acid as it was already
shown by Mitrovic et al. (Mitrovic et al., 2011). Usnic acid
was recently described to possess anti-angiogenic properties
(Song et al., 2012; Koparal, 2015; Song et al., 2018), which is in
line with the observed anti-proliferative actions in the current study.
Whether the major compounds of the extract from E. prunastri, P.
furfuracea, and F. caperata that inhibit EC proliferation—namely
protocetraric acid, physodic acid (or its derivatives), and evernic
acid—are responsible for the effects on EC proliferation is not
known and warrants further studies.

Moreover, the correlation analysis suggests that atranorin and
physodic acid and its derivatives may inhibit the LPS-induced
PGE2 production, whereas for the inhibition of NO synthesis no
significant correlation was found. Only few studies addressed the
effect of lichens on the NO and PGE2 synthesis. Physodic acid
inhibited PGE2 synthesis in a cell free assay (Bauer et al., 2012),
whereas atranorin has not yet been investigated for effects on
PGE2 synthesis. Usnic acid has already been shown to inhibit NO
synthesis in vivo (Odabasoglu et al., 2006) and in vitro (Jin et al.,
2008). Therefore, our correlation analysis results point out
atranorin and physodic acid as promising secondary metabolites
with potential anti-inflammatory properties.

To conclude, our biochemical and functional assay
arrays revealed that some of the lichen extracts have significant
pharmacological activity in the context of cancer and/or
inflammation. Furthermore, our correlation analysis suggests
some lead compounds such as protocetraric acid, usnic acid, and
atranorin as potent natural components of lichen extracts, which
Frontiers in Pharmacology | www.frontiersin.org 12
should be further investigated regarding their suitability as new
drug candidates.
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