Research article

Anatolian Journal of Botany
5(2): 127-133 (2021)
doi:10.30616/ajb.993406

antioxidant enzymes

Antioxidant potential of Pseudevernia furfuracea (L.) Zopf and its
secondary metabolites on hepatocellular carcinoma cells: regulation of

Nuray Sahin'®, Bugrahan Emsen'®, Ali Aslan?3®, Gokhan Sadi'*

Karamanoglu Mehmetbey University, Kamil Ozdag Science Faculty, Dept. of Biology, Karaman, Turkey
2Van Yiiziincii Y1l University, Pharmacy Faculty, Department of Pharmacology, Van, Turkey
3Kyrgyz-Turkish Manas University, Science and Arts Faculty, Department of Biology, Bishkek, Kyrgyzstan
*sadi.gokhan@gmail.com, n.gursoyl9@gmail.com, bemsen@kmu.edu.tr, aliaslan@yyu.edu.tr

Pseudevernia furfuracea (L.) Zopf ve
hepatoselltler karsinom hicreleri Gzerindeki antioksidan potansiyeli:

sekonder metabolitlerinin

Received :10.09.2021
Accepted : 25.09.2021 H H H H 3 H
ol 1 o091 antioksidan enzimlerin diizenlenmesi

Abstract: The use of medicinal plants and secondary metabolites increases in treating numerous diseases such as hepatocellular
carcinoma (HCC), one of the leading causes of cancer-related death worldwide. Oxidative stress contributes to the development
of liver cancer, and promoting antioxidant systems might provide better insights for the treatment. In the present study, the
antioxidant potential of Pseudevernia furfuracea (L.) Zopf lichen species were investigated. Besides, effects of major secondary
metabolites, olivetoric acid (OA) and physodic acid (PA), which were isolated from P. furfuracea, on hepatic gene expressions
of antioxidant enzymes, were evaluated in both cancerous (HepG2) and healthy (THLE2) human liver cells. According to the
results, the total phenolic content of P. furfuracea was 71.52 pg/mg and 8.16 pg/mg gallic acid equivalent for ethanolic and
aqueous extracts, respectively. Likewise, p-carotene and lycopene contents were also higher in ethanolic extracts. In line with
these antioxidant ingredients, DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity of ethanol extract (ICso: 158.79
mg/L) was remarkably high as compared with its aqueous extracts (ICso: 630.33 mg/L). OA and PA strongly augment all
antioxidant enzymes’ gene expressions in HepG2 cells, while only gpx expression was upregulated in healthy THLE2 cells.
Conversely, these two metabolites suppress cat, sod1, and sod2 expressions in THLE2 cells. These results together suggest that
P. furfuracea not only has high antioxidant potential, but its secondary metabolites might also reduce oxidative stress in cancer
cells by upregulating antioxidant enzymes, which would prevent oncogenesis and tumor progression in liver cancer.
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Ozet: Diinyada kansere bagl Sliimlerin 6nde gelen nedenlerinden biri olan hepatoselliiler karsinom (HCC) gibi ¢ok sayida
hastaligin tedavisinde tibbi bitkilerin ve sekonder metabolitlerin kullanimi artmaktadir. Oksidatif stres, karaciger kanseri
gelisimine katkida bulunur ve antioksidan sistemlerin tesvik edilmesi, tedavi i¢in daha iyi bilgiler saglayabilir. Bu ¢aligmada,
Pseudevernia furfuracea (L.) Zopf likeninin antioksidan potansiyeli arastirihigtir. Ayrica, P.furfuracea'dan izole edilen ana
sekonder metabolitler olan olivetorik asit (OA) ve fisodik asitin (PA) hepatik antioksidan enzimlerin gen ekspresyonlari
tizerindeki etkileri hem kanserli (HepG2) hem de saglikli (THLE2) insan karaciger hiicrelerinde degerlendirilmistir. Sonuclara
gore, P. furfuracea'nin toplam fenolik igerigi etanolik ve sulu ekstraktlar i¢in sirasiyla 71.52 pg/mg ve 8.16 pg/mg gallik asit
esdegeri bulunmustur. Ayni sekilde B-karoten ve likopen igerikleri de etanolik ekstraktlarda daha yiiksek olarak belirlenmistir.
Bu antioksidan bilesenlerle uyumlu olarak, etanol 6ziitiiniin DPPH (2,2-difenil-1-pikrilhidrazil) radikal stiptirme aktivitesi (ICso:
158.79 mg/L), sulu ekstraktlar (ICso: 630.33 mg/L) ile karsilastirildiginda oldukga yiiksektir. OA ve PA, HepG2 hiicrelerinde
tm antioksidan enzimlerin gen ifade diizeylerini arttirirken, saglikli THLE2 hiicrelerinde ise sadece gpx ekspresyonu yukari
yonde regiile olmustur. Bundan farkli olarak, her iki metabolit de THLE2 hiicrelerinde cat, sod1l ve sod2 ekspresyonlarini
baskilamistir. Bu sonuglar P. furfuracea'nin sadece yiiksek antioksidan potansiyeline sahip olmadigini, ayni zamanda sekonder
metabolitlerinin de karaciger kanserinde onkogenezi ve tiimér ilerlemesini dnleyecek antioksidan enzimleri yukari regiile ederek
kanser hucrelerinde oksidatif stresi azaltabilecegini gostermektedir.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most lethal
cancer types worldwide, and accumulating evidence has
pointed to the association between oxidative stress and the
development of HCC; however, the mechanisms and
overall impacts remain uncertain (Fu and Chung, 2018).
Under normal physiological conditions, antioxidant
enzymes play significant roles against oxidative stress.
Among them, cytosolic (SOD1) and mitochondrial
superoxide dismutase (SOD2) act on superoxide radicals to
produce hydrogen peroxide that would eventually be
detoxified by catalase (CAT) and glutathione peroxidase
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(GPx) enzymes. In addition to endogenous antioxidants in
cells, exogenous antioxidants from natural species and
secondary metabolites would protect cells against oxidative
stress. Among the antioxidant compounds, especially
phenolics have high capacities to act on radicals. Phenolic
compounds have many different types, such as gallic acid,
rutin, phloridzin, syringic acid, ferulic acid, and almost all
of them show very high antioxidant properties (Mohammed
et al., 2020; Emsen and Kolukisa, 2021). Many different
plant species containing these compounds have traditionally
been used by the public to treat diseases and are still highly
preferred, especially in Asian countries (Bailly, 2021;
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Bharti et al., 2021; Wang et al., 2021). Medicinal and
aromatic plants can show different activities thanks to the
various metabolites they contain (Ameh et al., 2010;
Mohammed et al., 2021; Pachi et al., 2020).

Lichens have traditional uses dating back to ancient times.
These organisms came into being by the symbiotic
association of fungi and algae (Zambare and Christopher,
2012; Korkmaz et al., 2018). The presence of two different
organisms in the structures of lichens contributes to the
production of metabolites that are not found in other living
organisms. Especially, secondary metabolites and extracts
produced by lichens have the potential to show many
biological activities (Rankovi¢ and Kosani¢, 2019).
Properties such as anticancer (Solarova et al., 2020a),
genoprotective (Turkez et al., 2014), antiviral (Karagdz and
Aslan, 2005), antifungal (Karabulut and Ozturk, 2015),
antioxidant (Emsen, 2019), and antibacterial (Shrestha et
al., 2014) reveal the different potentials of lichens.
Pseudevernia furfuracea (L.) Zopf is a fruticose lichen that
has been preferred in both traditional, alternative and
complementary treatment processes since ancient times.
Many different biological activities of this species are
available in the literature (Rankovi¢ and Kosani¢, 2019).
Antioxidant, antimicrobial, anticancer (Kosani¢ et al.,
2013), antifungal (Karabulut and Ozturk, 2015), pro-
apoptotic (Sekli¢ et al., 2018), anti-inflammatory (Giiveng
et al,, 2012), and antibiofilm (Mitrovi¢ et al., 2014)
activities are some of the major effects determined with P.
furfuracea.

Olivetoric acid (OA) and physodic acid (PA) are the two
primary secondary metabolites obtained from the lichen
species, and they strongly improve the total antioxidant
capacities of hepatic cells in vitro (Emsen et al., 2020;
Emsen et al., 2021). Previously, we evaluated the
apoptotic/necrotic ~ impacts,  cytotoxic,  oxidative,
antioxidative, genotoxic, and antigenotoxic effects of these
secondary metabolites on the cancerous human liver
(HepG2) and healthy human liver (THLEZ2) cell lines.
However, the overall antioxidant potential of P. furfuracea
and the effects of secondary metabolites over endogenous
antioxidant enzymes remains to be elucidated. Therefore,
this study is designed to evaluate the antioxidant potential
of P. furfuracea by examining total phenolic contents, B-
carotene, and lycopene contents, DPPH free radical
scavenging activities together with metal chelating power.
Additionally, the regulatory roles of secondary metabolites
isolated from P. furfuracea over hepatic antioxidant
enzymes; CAT, SOD1, SOD2, and GPx were evaluated in
both cancerous (HepG2) and non-cancerous (THLE2) cells
at the gene expression level.

2. Materials and Method
2.1. Lichen samples

Pseudevernia furfuracea samples were collected from the
Oltu region of Erzurum province of Turkey. Samples were
photographed in their natural environment and were carried
to the laboratory and air-dried. To identify lichens,
macroscopic and microscopic data were utilized using the
published literature (Purvis et al., 1992; Wirth, 1995).

2.2. Preparation of the extracts and isolation of
olivetoric and physodic acid

The lichen specimens were dried under room conditions and
powdered with an ultra-centrifuge grinder (Retsch ZM 200,
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Germany). Then, ethanol and water extracts of P.
furfuracea were obtained by 250 mL solvent systems using
Soxhlet extraction apparatus. After filtering through
Whatman No. 1 filter paper, the solvent was evaporated
with a rotary evaporator and then lyophilized. OA and PA
were isolated from P. furfuracea as we described in detail
previously (Emsen et al., 2020; Emsen et al., 2021) using
Soxhlet extraction and then silica column chromatography.
The chemical structures of OA and PA were determined by
proton and carbon-13 nuclear magnetic resonance
spectrum.

2.3. Free radical scavenging activity of P. furfuracea

In  measuring 2,2-diphenyl-1-picrylhydrazyl (DPPH)
scavenging activity of ethanol and water extracts obtained
from P. furfuracea, applications were carried out with the
final concentrations of the extracts in the plate wells of 200,
400, 600, 800, and 1000 mg/L. According to the method, 20
UL of the extracts were placed in each microplate well, and
180 pL of DPPH (0.06 mM in methanol) was added. The
reduction of DPPH free radical was determined by
measuring the absorbance values at 517 nm after 60 min
incubation in the dark. The free radical scavenging activities
of the extracts were calculated as a percentage using the
following formula: Radical scavenging activity = [(Control
absorbance — Extract absorbance) / Control absorbance)] x
100.

2.4. Metal chelating activity of P. furfuracea

In the measurement of the metal chelating activity of
ethanol and water extracts, applications were carried out
with the final concentrations of the extracts in the plate
wells of 200, 400, 600, 800, and 1000 mg/L. According to
the method, 50 pL of the extracts were added to each
microplate well. 10 pL of ferrozine (5 mM), 5 uL of FeCl,
(2 mM), and 185 pL of methanol were added and kept at
room temperature for 10 min. Spectrophotometric
measurements were performed at 562 nm. The metal
chelating activities of the extracts were calculated in
percentage with the following formula: Metal chelating
activity = [(Control absorbance — Extract absorbance) /
Control absorbance)] x 100.

2.5. Determination of total phenolic content of P.
furfuracea

In the process of determining the total phenolic contents of
ethanol and water extracts from P. furfuracea, gallic acid
(0.01, 0.05, 0.1, 0.2, 0.4, 0.5, 1.0 mM) was used as a
standard. 20 pL of ethanol and water extracts and standards
up to a concentration of 1000 mg/L were added in the
microplate wells. 20 pL of Folin reagent (2N) was applied,
and the samples mixed by pipetting were incubated in the
dark for 3 min. Then, 20 pL of 35% (w/v) sodium carbonate
and 140 pL of dH,O were added and kept in the dark for 10
min. Spectrophotometric reading was performed at 725 nm.
Calculation in gallic acid equivalents was performed using
the standard calibration curve.

2.6. Determination of B-carotene and lycopene content

The amounts of B-carotene and lycopene in ethanol and
water extracts obtained from P. furfuracea were determined
spectrophotometrically. According to the method, 1 mL of
the extracts was mixed with 1 mL of acetone:hexane (4:6)
and filtered through a filter paper after vortexing. Then, the
amounts of -carotene and lycopene were calculated using



the absorbance values at 453, 505, and 663 nm wavelengths,
according to the following formulas:

-carotene content (mg/100 mg) = 0.216 x Absorbance (663
nm) — 0.304 x Absorbance (505 nm) + 0.452 x Absorbance
(453 nm)

Lycopene content (mg/100 mg) = -0.0458 x Absorbance
(663 nm) + 0.372 x Absorbance (505 nm) — 0.0806 x
Absorbance (453 nm)

2.7. Culture of the THLE2 and HepG2 cells

This study evaluated the effects of P. furfuracea secondary
metabolites; OA and PA on normal human hepatocytes
(THLE2) and human hepatocellular carcinoma (HepG2)
cells. THLE2 cells were cultured in Bronchial Epithelial
Cell Growth Medium (BEGM) enriched with gentamycin/
amphotericin, epinephrine, phosphoethanolamine, 10%
fetale bovine serum (FBS) and epidermal growth factor
(Lonza, Clonetics Corporation, Walkersville, MD 21793
(BEGM Bullet Kit)). HepG2 cells were grown in high
glucose-containing Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% FBS and standard
antibiotics (1% penicillin/streptomycin) in an incubator
(Sanyo MCO 17AIC, USA) at 37°C under 95% humidity
and 5% CO, concentration. The cells were subcultured to
their new growth media after reaching around 90%
confluency. We determined the cell growth inhibitory
potential of both OA and PA on THLE2 and HepG2 cells,
previously (Emsen et al., 2020; Emsen et al., 2021).

2.8. Total RNA isolation and evaluation of antioxidant
genes’ expression profiles

HepG2 and THLE2 cells (1x10*® cells/well) were treated
with 200 mg/L of OA and PA for 72-h. The dose of OA and
PA were determined according to the median inhibitory
concentration (ICsg) values that we published previously
(Emsen et al., 2020; Emsen et al., 2021). After application,
the cells were detached, and total RNAs were isolated with
a miRNeasy RNA isolation kit (Qiagen, USA). Qubit 4.0
fluorometer (Thermo, USA) was utilized to evaluate the
quality and quantity of isolated RNAs. Then, two pg of total
RNA were reverse transcribed (First-strand cDNA
synthesis kit, Thermo Scientific, USA) as described in the
manufacturer protocol. Expression levels of antioxidant
genes were determined with qRT-PCR (Light Cycler480 II,
Roche, Switzerland). For gene expression measurements, 1
pL of cDNA were mixed with 5 pL SYBR Green Reaction
Mix (Roche, Basel, Switzerland) and 4 pL primer pairs
(Table 1) at 0.5 uM concentrations each in the final volume.
gPCR reaction was initiated with 95 °C incubation for 10
min. Then 40-repeated cycles of 95 °C for 10 s for
denaturation, 58 °C for 15 s for annealing, and 72 °C for 15
for extension were conducted. Green fluorescence values
were measured at the end of each extension step, and a melt
analysis was performed to confirm the unity of qPCR
products. The relative expression of antioxidant enzymes
with respect to the housekeeping gene (gapdh) was
calculated with the advance relative quantification tool of
LightCycler 11 480 SW 1.5.1 software (Roche, Basel,
Switzerland).
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Table 1. Primer sequences of genes used in qPCR studies.

Gene Primer sequences (5°->3°)
Forward GAACAGATAGCCTTCGACCC
@l “Reverse  AGTAATTTGGAGCACCACCC
Forward CAGTCGGTGTATGCCTTCTC
9PX Reverse  TTCTTGGCGTTCTCCTGATG
Forward AGATGACTTGGGCAAAGGTG
sodl peverse  TTGGGCGATCCCAATTACAC
Forward GCACATTAACGCGCAGATCA
002 poverse  AGCCTCCAGCAACTCTCCTT
Forward CTTCTTTTGCGTCGCCAGCC
9apdh ¢ verse  TGGAATTTGCCATGGGTGGA

2.9. Statistical analyses

All data were analyzed with one-way ANOVA followed by
the appropriate post-hoc test, the Duncan test. Probit
regression analysis was used to calculate the median
inhibitor concentration (ICso) values. All analyses were
done using SPSS 21.0 software (IBM Corporation,
Armonk, NY, USA).

3. Results
3.1. DPPH scavenging activity of P. furfuracea

For DPPH scavenging activity, a concentration-dependent
increase was detected for both ethanol and water extracts.
800 and 1000 mg/L concentrations of the ethanol extract
showed activity over 95%, and the difference between the
two values was statistically (p > 0.05) insignificant.
Similarly, there was no statistical (p > 0.05) difference
between the concentrations mentioned above of the water
extract. However, the highest DPPH activity of the water
extract was 62.70% (Figure 1). The ICsp value of the ethanol
extract (158.79 mg/L) was lower than the water extract
(630.33 mg/L) (Table 1). Considering these results, it is
clear that the DPPH scavenging activity of the ethanol
extract was higher than that of the water extract.

f 200 mg/L B 400 mg/L B 600 mg/L [ 800 mg/L H 1000 mg/L

DPPH scavenging activit

Water extract

Ethanol extract

Figure 1. DPPH radical scavenging activities of ethanol and water
extracts from P. furfuracea (Mean + Standard Deviation, n = 3)
(Values indicated by different letters differ from each other at the
level of p < 0.05).

3.2. Metal chelating activity of P. furfuracea

In metal chelating activity, a concentration-dependent
increase was detected in both ethanol and water extracts.
The results of the 800 and 1000 mg/L concentrations
showing the highest activity of both extracts were very close
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to each other and posesses statistically (p > 0.05)
insignificant difference (Figure 2). Based on the I1Cs values,
the water extract appears to be more effective than the
ethanol extract with a lower value (860.54 and 906.34 mg/L,
respectively) (Table 2).

100
90
80
70
60
50
40
30
20
10

[ 200 mg/L B 400 mg/L A 600 mg/L [ 800 mg/L @ 1000 mg/L

Metal chelating activity (%6)

Figure 2. Metal chelating activities of ethanol and water extracts
obtained from P. furfuracea (Mean + Standard Deviation, n = 3).
Values indicated by different letters differ from each other at the
level of p < 0.05.

Table 2. Median inhibitory concentration (ICso) values resulting
from DPPH scavenging and metal chelating activities of extracts
from P. furfuracea.

. 1Cs Slope + Standard error of
Activity Treatment (mg/L)  the mean (Limits)
Ethanol 15679 2344017 (2.00-2.68)
DPPH extract
scavengin
9ing Water 63033  1.86+0.14 (1.57-2.14)
extract
Ethanol 94634 13240.14 (1.04-1.60)
Metal extract
chelating  \water
extract 86054  1.49+0.14 (1.20-1.78)

3.3. Analysis of antioxidant compounds of P. furfuracea

Total phenol, p-carotene, and lycopene contents were
investigated from the extracts obtained from P. furfuracea.
Total phenolic contents were calculated based on the gallic
acid equivalent that we used as a standard. The total
phenolic amounts of ethanol and water extracts were 71.52
pg/mg gallic acid equivalent and 8.16 pg/mg gallic acid
equivalent, respectively. According to these results, ethanol
extract had a higher rate of phenolic compounds compared
to the water extract. Likewise, when we look at the f-
carotene and lycopene contents, it was seen that ethanol
extracts had higher PB-carotene and lycopene contents
compared to water extracts (Table 3).

Table 3. Antioxidant compounds of extracts from P. furfuracea

Compound Treatment Content (ug/mg)
Total phenol Ethanol extract 71.52 +2.68
(Gallic acid equivalent)  water extract 8.16 +0.49
Ethanol extract 0.66 £ 0.03
B-carotene
Water extract 0.27 £0.01
Ethanol extract 0.32+0.01
Lycopene
Water extract 0.18 £0.01
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3.4. The effects of OA and PA on expression levels of
antioxidant enzymes in THLE2 and HEPG2 cells

Relative changes in antioxidant enzyme gene expression
levels of THLE2 and HepG2 cells were measured by qRT-
PCR, and the results show the activation of main antioxidant
enzymes; cat, gpx, sodl, and sod2, in cancerous HepG2
cells with OA and PA treatments (Figure 3). Similarly, these
secondary metabolites also augmented gpx expression in
THLE?2 cells (Figure 3B). On the contrary to HepG2 cells,
OA and PA have suppressive effects on cat, sod1, and sod2
in non-cancerous THLE2 cells (Figure 3A, 3C, and 3D).
The results also demonstrated that PA's stimulatory and/or
suppressive potential is more than that of OA at similar
concentration and treatment time.

4. Discussion

The most widespread type of liver cancer is hepatocellular
carcinoma (HCC), the mortality rate of which has increased
over the past decade. Among the risk factors, oxidative
stress and the reduction in antioxidant capacities might be
contributors (Yahya et al., 2013). Even though there are
different antioxidant systems to combat the generation of
free radicals, the disruption of the balance between pro- and
anti-oxidants might lead to oncogenesis and progression of
this disease (Cheng et al., 2017).

Under normal circumstances, antioxidant enzymes function
to reduce pathologies associated with oxidative stress (Sadi
and Sadi, 2010), and exogenous antioxidant
supplementations might reverse the detrimental effects of
the dysregulated antioxidant network (Sadi and Sadi, 2011).
Down-regulation of oxido-reductive enzymes functioning
in the most important free radical scavenger systems such
as CAT, SOD, and GPx are the characteristic pathological
hallmark of HCC. Thus, the balance between oxidative
stress and the endogenous antioxidant network is shown to
impact the malignant progression of cancers (Marra et al.,
2011).

Given the association with the oxidative stress and
progression of HCC, the use of herbal products having a
high antioxidant capacity for therapeutic purposes has
become pronounced. Various plant species have been
searched to find effective treatments for cancer with fewer
side effects.

Numerous phenolic compounds are produced with lichen
species such as xanthones, depsides, and depsidones, and a
variety of beneficial effects have been determined. Among
them, antioxidant, antiviral, antimicrobial, antifungal, and
anticancer activities draw the attention (Rankovi¢ and
Kosani¢, 2019; Solarova et al., 2020b; Roychoudhury et al.,
2021). The production of a great variety of secondary
metabolites, many of which only appear in lichens, makes
them gain pharmaceutical importance. Herein we
determined the antioxidant power of P. furfuracea, and a
remarkable amount of phenolics, p-carotene, and lycopene
contents, especially in ethanolic extracts, have been found.
Because of these compounds, P. furfuracea also provides
good radical scavenging and metal-chelating properties.
Previous studies demonstrated that methanol, aqueous, and
acetone extracts from P. furfuracea exerted high reducing
power, DPPH, and superoxide anion radical scavenging
activities (Kosani¢ and Rankovi, 2011; Bilgin Sékmen et
al., 2012). In a study performed on the methanol extract of
P. furfuracea, even though a high level of total phenol was



detected, the antioxidant capacity was found to be low
(Odabasoglu et al., 2005). Similar to our results, another
study also demonstrated a good correlation between radical
scavenging activity and the amount of antioxidant
compounds (Aoussar et al., 2017).

>

&
=] =

N

s
(Fokd Change)

cat/gapdh

Control OA PA Control PA

(Fold Change)
=
o 8

gpx/gapdh

Control

)

sod1/gapdh
(Fold Change)

PA

OA

Control Control OA PA

sod2/gapdh
(Fold Change)

PA

Control

B THLE2

OA Control OA PA

HepG2

Figure 3. Changes in expression levels of cat (A), gpx (B), sod1
(C), and sod2 (D) mRNA levels in THLE2 and HepG2 cells with
OA and PA treatments. Data were normalized using the data of
gapdh. Each bar represents the means from three biological
replicates.* p < 0.05, significantly different from the control; OA:
Olivetoric acid; PA: Physodic acid.
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In addition to whole extracts of P. furfuracea, its isolated
secondary metabolites have different antioxidant capacities
and biological activities. Physodic acid isolated from P.
furfuracea had high DPPH and superoxide anion radical
scavenging activities (Kosani¢ et al., 2013). OA and PA
isolated from P. furfuracea increased the total antioxidant
capacity on primary rat cerebral cortex cells (Emsen et al.,
2016), human amnion fibroblasts (Emsen et al., 2017) and
human lymphocytes (Emsen et al., 2018). Recently, we
have demonstrated cytotoxic (apoptotic and necrotic),
antioxidant, pro-oxidant, genotoxic, and apoptosis-related
genes expression modulatory effects of PA and OA which
were isolated from P. furfuracea. Results also revealed the
lower side effects of these metabolites on healthy cells since
HepG2 cells’ apoptotic and necrotic genes were highly
upregulated in HepG2 but not as much in THLE2 cells
(Emsen et al., 2020; Emsen et al., 2021). Herein, we further
evaluated the modulatory effects of these metabolites on the
gene expression profiles of antioxidant enzymes in
cancerous and healthy hepatocytes. Accordingly, the gene
expressions of the main antioxidant enzymes, cat, gpx,
sodl, and sod2, were upregulated in cancerous HepG2 cells
with OA and PA treatments. However, OA and PA have
suppressive effects on the cat, sodl, and sod2 in non-
cancerous THLEZ2 cells. The results also demonstrated that
PA's stimulatory and/or suppressive potential is more than
OA at similar concentration and treatment time. These
results suggest that OA and PA promote the antioxidant
defense system by increasing antioxidant enzyme
expression, inhibiting oxidative stress and tumorigenesis in
cancer cells. These metabolites could also hinder cancer
progression because of the association between oxidative
stress and carcinogenesis.

Activating major cellular antioxidant networks with P.
furfuracea secondary metabolites could help us to
understand the pharmacology of lichens secondary
metabolites and their possibilities in the treatment of
hepatocellular carcinoma. Our previous data showed the
inhibition of cancer cell growth with OA and PA but not on
non-cancerous cells, and the data in this study indicates the
disproportional upregulation of sodl, sod2, cat, and gpx
expression and in cancer cells. These two data together
might be an evidence for the induction of apoptosis with a
redox dependent mechanisms which might, in turn, induces
cancer cell apoptosis. Considering all results together, the
importance of P. furfuracea and its metabolites, OA and
PA, were revealed as an alternative treatment against liver
cancer. It not only has high antioxidant potential, but might
also reduce oxidative stress in cancer cells by upregulating
antioxidant enzymes, which would prevent oncogenesis and
tumor progression in liver cancer.
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