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Abstract. For thousands of years, medicinal herbs have been 
an integral part of traditional medicine, since a number of 
them exhibit potent antioxidant properties, mainly associated 
with their rich content in bioactive compounds. Based on these 
attributes, nowadays, medicinal herbs are used for industrial 
purposes (e.g., as natural food additives) and are also evalu‑
ated as chemopreventive strategies for diseases associated 
with the disruption of redox homeostasis. In that frame, the 
aim of the present study was to appraise the redox properties 
of various medicinal or edible herbs originating from the 
region of Epirus in Greece. The antioxidant, reducing and 
antigenotoxic effects of herb decoction extracts were evalu‑
ated using a series of in vitro cell‑free assays. Whereupon, 
non‑cytotoxic concentrations of the four most potent herb 
decoction extracts (i.e., Origanum vulgare, Salvia officinalis, 
Aloysia citrodora and Rosmarinus officinalis) were used to 
treat EA.hy926 endothelial cells, and the glutathione (GSH) 
and reactive oxygen species (ROS) levels were determined 
using flow cytometry in order to detect the potential changes 
induced in the intracellular redox equilibrium. The results 
indicated that apart from the Rosmarinus officinalis decoction 
extract, which did not induce any changes following treatment, 
the decoction extracts of Origanum vulgare (50 µg/ml) and 
Salvia officinalis (10 and 20 µg/ml) induced a significant 
decrease in GSH levels compared with the controls, while the 
decoction extract of Aloysia citrodora was the most bioactive, 
inducing a significant decrease in GSH levels at all concentra‑
tions used (5, 10 and 20 µg/ml). On the whole, the tested herb 
decoction extracts exhibited a potent antioxidant capacity. 

In addition, the most robust of these were able to disrupt the 
antioxidant mechanisms of the EA.hy926 cell line, as revealed 
by the depletion of the intracellular GSH levels, rendering 
them promising contenders for further studies.

Introduction

Medicinal plants have attained a commanding role in the global 
health care system as sources of various phytochemicals, 
several of which possess potent antioxidant properties. Such 
products cover a large part of the global market, exceeding 
$100 billion annually and this coverage is expected to reach 
$550 billion by 2030 with a compound annual growth rate 
of 18.9% (1). The World Health Organization (WHO) has 
reported that 80% of the Earth's population relies on traditional 
medicine for their primary health care needs, and a main part 
of this therapy involves the use of plant extracts and their 
active compounds (2). Specifically, for the past 3,000 years, the 
therapeutic principles of the active compounds of medicinal 
herbs have established their importance in health practices 
in traditional medicine in China, India and Africa, which has 
been ascertained as such by Western standards. In consonance 
with the definition adopted by the WHO, traditional medicine 
refers to ‘the sum total of the knowledge, skill, and practices 
based on the theories, beliefs, and experiences indigenous 
to different cultures, whether explicable or not, used in the 
maintenance of health as well as in the prevention, diagnosis, 
improvement or treatment of physical and mental illness’ (3). 
During the period between 1950‑1970, ~100 plant‑based drugs 
were introduced to the US drug market, including vincristine, 
a plant alkaloid, composing a chemotherapy medication used 
as a treatment for several types of cancer (4).

Natural products offer a plethora of advantages to the 
drug development process compared to conventional synthetic 
compounds. To begin with, natural products can be found in 
high abundance in nature, allowing scientists to yield almost 
endless quantities of these. Notably, natural products have 
a higher structural complexity and scaffold diversity than 
typical synthetic small‑molecule libraries (5). Moreover, due to 
their structural diversity and optimization via co‑evolution in 
biological systems, natural products have increased their prob‑
ability to interact with proteins, an important characteristic 
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lending them potent chemopreventive properties (6). On the 
other hand, despite their rapid action, synthetic drugs are 
often associated with adverse effects that negatively affect the 
human body in the long‑term (7).

Synthetic antioxidants were the food industries first candi‑
dates used to counteract the potential adverse effects of various 
food products on the health of consumers  (8,9). However, 
questions involving their nutritional value and potential toxic 
side‑effects, rapidly led to emerging concerns with respect 
to human safety  (10,11). At the same time, herb‑derived 
secondary metabolites, that are commonly associated with 
notable biological characteristics, such as antioxidant, anti‑
microbial and antimutagenic activities, have been given 
precedence in the use of natural antioxidants. Of note, natural 
antioxidants are capable of exerting these beneficial properties 
at micromolar concentrations either via the direct scavenging 
of free radicals or through the induction of hormetic mecha‑
nisms (12). Therefore, the consequent reduction of oxidative 
modifications, and the prevention of mutagenesis, carcino‑
genesis and aging, constitute the robust argument of using 
plant‑derived antioxidants against the synthetic ones (13). 

Several methodologies have been developed for the purpose 
of evaluating the antioxidant capacity of crude natural extracts 
or pure isolated chemical compounds that are derived from 
natural sources (14,15). Within this context, 47 natural extracts 
derived from routinely used medicinal or edible herbs from 
the Epirus region in Greece were screened in terms of their 
antioxidant properties. On that note, the total phenolic content 
of herb decoctions, as well as their antioxidant, reducing 
and antigenotoxic activities were evaluated using a series of 
in vitro cell‑free assays. Subsequently, non‑cytotoxic concen‑
trations of the four most potent herb decoction extracts were 
used to treat EA.hy 926 endothelial cells in order to examine 
their effects on the intracellular redox status by measuring the 
reduced glutathione (GSH) and reactive oxygen species (ROS) 
levels. Thus, the proposed study, will allow us to identify 
herbs that possess promising antioxidant capacity in order to 
be introduced in follow‑up studies that will use in vivo models 
of oxidative stress‑mediated diseases.

Materials and methods

Chemicals, reagents and cell culture medium. All the 
herbs were derived from local producers in the Epirus 
region of Greece. To determine the total phenolic content, 
Folin‑Ciocalteu reagent and gallic acid were purchased from 
Sigma‑Aldrich; Merck KGaA. For the appraisal of the anti‑
radical and reducing activities of the herb decoction extracts, 
2,2'‑azinobis‑(3‑ethylbenzthiazoline‑6‑sulfonic acid) (ABTS), 
horseradish peroxidase (HRP), hydrogen peroxide (H2O2) solu‑
tion 30%, methanol (MeOH), 1,1‑diphenyl‑2‑picrylhydrazyl 
(DPPH•), ferric chloride, 2‑deoxyribose, nicotinamide adenine 
dinucleotide (NADH), nitroblue tetrazolium (NBT) and phen‑
azine methosulfate (PMS) were obtained from Sigma‑Aldrich; 
Merck KGaA. Furthermore, trichloroacetic acid (TCA) and 
2‑thiobarbituric acid (TBA) were obtained from Merck KGaA. 
To estimate the potential antigenotoxic properties, pBluescript 
(SK+) plasmid DNA was purchased from Stratagene; Agilent 
Technologies, Inc. and 2,2'‑azobis(2‑amidinopropane) 
dihydrochloride (AAPH) from Sigma‑Aldrich; Merck KGaA. 

With respect to the tested cell line, EA.hy926 endothelial cells 
were donated by Professor George Koukoulis (University 
of Thessaly, Larissa, Greece). For cell cultures, Dulbecco's 
modified Eagle's medium (DMEM), fetal bovine serum 
(FBS), phosphate‑buffered saline (PBS) and trypsin‑EDTA 
solution 0.25% were purchased from Gibco; Thermo Fischer 
Scientific, Inc. The TACS XTT Cell Proliferation assay kit 
was purchased from R&D Systems, Inc. Finally, to determine 
the intracellular GSH and ROS levels, mercury orange and 
2,7‑dichlorofluorescein diacetate (DCF‑DA) were purchased 
from Sigma‑Aldrich; Merck KGaA. All solvents were of 
analytical grade.

Herb decoctions. To prepare herb decoction extracts, 2 g of dry 
herb leaves were added to 200 ml tap water, followed by boiling 
for 3 min. Subsequently, the boiled samples were allowed to 
stand for 5 min. The resulting decoction was filtered, followed 
by lyophilization of the total filtrate. The yield of the products 
following extraction is presented Table SI. The lyophilized 
product was used to prepare the final decoction in which the 
polyphenolic content and bioactivity were evaluated. 

Total phenolic content (TPC). The TPC of the samples was 
determined using Folin‑Ciocalteu reagent. Briefly, 1 ml dH2O, 
100 µl Folin‑Ciocalteu reagent and 20 µl of each sample were 
added to test tubes and the mixture was incubated for 3 min 
at 25˚C under dark conditions. Subsequently, 280  µl of a 
sodium carbonate solution (25% w/v) and 600 µl dH2O were 
added, followed by incubation for 1 h at 25˚C under ambient 
conditions in the dark, and the absorbance was then deter‑
mined at 765 nm using a spectrophotometer (Hitachi, U‑1900 
UV/VIS, Hitachi High‑Technologies Corporation). A test tube 
containing Folin‑Ciocalteu reagent and dH2O was used as a 
blank. The phenolic content was determined using a standard 
curve of gallic acid (0, 50, 150, 250 and 500 µg/ml), and the 
results are expressed as mg of gallic acid per g of dry sample.

DPPH• radical scavenging assay. The radical scavenging 
capacity (RSC) of the tested herb decoctions was evaluated 
using a slightly modified method of the DPPH• assay (16), as 
previously described (17). Briefly, 50 µl of the tested samples 
at various concentrations was mixed with 900 µl of methanol 
(MeOH), and subsequently 50  µl of a freshly prepared 
methanolic solution of 2,2‑diphenyl‑1‑picrylhydrazyl radical 
(DPPH•) (2 mΜ) was added. The samples were incubated for 
20 min in the dark at room temperature, and the absorbance 
was then determined at 517 nm using a spectrophotometer 
(Hitachi, U‑1900 UV/VIS, Hitachi High‑Technologies 
Corporation). Furthermore, MeOH was used as a blank and the 
free radical solution alone in MeOH was used as a control. The 
percentage RSC of the tested samples was calculated using 
the following equation: %RCS=[(ODcontrol‑ODsample)/ODcontrol] 
x100, where ODcontrol and ODsample refer to the absorbance 
values of the control and the tested sample, respectively. To 
compare the radical scavenging efficiency of the different herb 
decoctions, an IC50 (half maximal inhibitory concentration) 
value was estimated.

ABTS•+ radical scavenging assay. The ABTS•+ RSC of the 
tested samples was determined as previously described by 
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Cano (18), with some minor modifications (17,19). Briefly, 
500  µl ABTS (1  mM), 50  µl H2O2 (30  µM), 50  µl HRP 
(6 µM) in PBS (50 mM, pH 7.5) and 400 µl dH2O were mixed 
together, vortexed and incubated for 45 min in the dark at 
room temperature. Subsequently, 50 µl of the tested samples 
were added, and the absorbance was monitored spectrophoto‑
metrically at 730 nm nm using a spectrophotometer (Hitachi, 
U‑1900 UV/VIS, Hitachi High‑Technologies Corporation). 
For each experiment, the mixture without HRP was used as a 
blank, while the mixture without the tested sample was used 
as a control. The percentage RSC was determined using the 
same equation as the one described above for the DPPH• assay. 
Finally, an IC50 value was estimated to compare the RSC of the 
different herb decoctions.

Superoxide radical scavenging assay. The superoxide 
anion radical scavenging ability of the herb decoctions was 
assessed using the method of Gülçin et al  (20) with some 
modifications  (19). The system of PMS, NADH and NBT 
was used for the generation of superoxide radicals. Briefly, 
125 µl NBT (300 µM), 125 µl NADH (468 µM) and 50 µl 
of the tested samples at various concentrations were added 
to a test tube containing 625 µl Tris‑HCl buffer (16 mM, 
pH 8.0). The reaction began following the addition of 125 µl 
of PMS (60 µM) to the mixture. A vigorous vortex followed, 
as well as a 5‑min incubation at room temperature. Finally, 
the absorbance was measured spectrophotometrically at 
using a spectrophotometer (Hitachi, U‑1900 UV/VIS, Hitachi 
High‑Technologies Corporation). In each experiment, a 
sample without PMS and the tested sample was used as 
a blank, while a sample without the sample was used as a 
control. The superoxide anion RSC of the tested samples was 
calculated using the equation described above. Eventually, an 
IC50 value was estimated to compare the radical scavenging 
efficiency of the different herb decoctions.

Reducing power assay. The reducing power capacity was 
determined according to the method described in the study by 
Yen and Duh (21) with minor modifications (19). Briefly, 50 µl 
of the tested samples at different concentrations were mixed 
with 200 µl of phosphate buffer (0.2 M, pH 6.6) and 250 µl 
of potassium ferricyanide (1% w/v) in dH2O. The reaction 
mixture was placed in a dry bath incubator at 50˚C for 20 min. 
The samples were then placed on ice for an additional 5 min. 
Subsequently, 250 µl of TCA (10%) were added, and the samples 
were centrifuged at 900 x g for 10 min at 25˚C. Subsequently, 
700 µl of the supernatant were transferred to new test tubes 
and 250 µl dH2O and 50 µl ferric chloride (0.1%) in dH2O were 
added. The mixtures were incubated at room temperature for 
10 min. Finally, the absorbance was determined spectropho‑
tometrically at 700 nm using a spectrophotometer (Hitachi, 
U‑1900 UV/VIS, Hitachi High‑Technologies Corporation). An 
AU0.5 value was extrapolated using graph‑plotted absorbance 
against the sample concentration, indicating the sample 
concentration that causes an absorbance of 0.5.

Peroxyl radical‑induced DNA plasmid strand cleavage. 
The assay was performed using a procedure previously 
described  (22) with some modifications as reported by 
Priftis et al (23). Peroxyl radicals (ROO•) were generated via 

the thermal decomposition of AAPH. The reaction mixture 
(10  µl) containing 1  µg pBluescript (SK+) plasmid DNA, 
2.5 mM AAPH in PBS and the tested samples at various 
concentrations was incubated in the dark for 45 min at 37˚C. 
It should be noted that a negative control consisting of plasmid 
DNA and PBS, and a positive control containing plasmid 
DNA, PBS and AAPH were also used. Subsequently, 3 µl 
loading buffer (bromophenol blue 0.25% + 30% glycerol) 
were added to terminate the reaction, and the samples were 
loaded on a 0.8% (w/v) agarose gel. The samples ran at 80 V 
for 55 min. Ethidium bromide (10 mg/ml) was used as inter‑
calating dye. The acquisition of images was achieved using 
a MultiImage Light Cabinet (Alpha Innotech Corporation). 
Finally, the Alpha View suite was used to analyze the UV 
exposed gels. The percentage inhibition of peroxyl radicals by 
the tested herb decoctions was estimated through the following 
equation: % Inhibition=[(S‑So)/(Scontrol‑So)] x100, where S 
represents the percentage of the supercoiled plasmid DNA in 
the tested samples, whereas So refers to the percentage of the 
supercoiled plasmid DNA in the positive control. Additionally, 
Scontrol represents the percentage of the supercoiled DNA in the 
negative control. An IC50 value was determined to compare 
the efficacy of different herb decoctions against the peroxyl 
radical‑induced DNA damage.

Cells and cell culture. Following the cell‑free based assays and 
the characterization of the antioxidant properties of the tested 
herb decoctions, the four most potent herb decoction extracts 
were assessed for their cytotoxic and intracellular antioxidant 
properties in the EA.hy926 cell line. EA.hy926 is a stable 
human endothelial cell line derived by hybridizing human 
umbilical vein endothelial cells, namely human umbilical 
vein endothelial cells (HUVECs), with the A549 human lung 
carcinoma cells. The endothelial cells were cultured in 25 cm2 
tissue culture flasks and incubated for 24 h at 37˚C in 5% CO2 
and 80‑95% humidity to reach ~70‑80% confluency. The cell 
culture medium used was DMEM containing 1 g/l D‑glucose, 
4 mM L‑glutamine and supplemented with 10% (v/v) FBS, 
100 units/ml penicillin and 100 units/ml streptomycin. A 
morphology examination at high and low culture densities 
was conducted using a microscope (Kern, OCL251, KERN 
& SOHN GmbH; data not shown) to authenticate the state of 
cells, through their phenotypic characteristics. According to 
the international guidelines on good cell culture practice (24), 
the cell line used was checked for mycoplasma using PCR and 
it was mycoplasma‑free.

XTT cell viability assay. Cell viability was assessed using 
the XTT assay kit (R&D Systems, Inc.). Briefly, 104 cells 
were seeded into a 96‑well plate with their respective 
complete medium. Following a 24‑h incubation, the cells 
were treated with increasing concentrations of the Epirus 
herb decoctions in serum‑free medium for an additional 24 h. 
Subsequently, 50 µl of the XTT test solution were prepared 
by mixing 50 µl XTT‑labeling reagent with 1 µl XTT acti‑
vator, and 50 µl of the XTT test solution were added to each 
well. Following a 4‑h incubation, the optical density was 
measured at 450 and 630 nm (reference wavelength) using 
a microplate reader (Bio‑Tek ELx800; Bio‑Tek Instruments, 
Inc.). Cell cultures in serum‑free medium were used as a 
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negative control. Moreover, the absorbance of every tested 
sample concentration alone in serum‑free medium and XTT 
test solution was also measured at 450 nm using a plate reader 
(EL808; BioTek Instruments, Inc.). The absorbance values that 
were obtained in wells that contained only herb decoctions 
extracts were subtracted from the ones that acquired from 
wells that contained the respective extract concentration and 
seeded cells. Data were calculated as follows: Cell viability 
(% of control)=(ODsample/ODcontrol) x100, where ODcontrol and 
ODsample indicate the optical density of the negative control and 
the test compounds, respectively. All experiments were carried 
out in duplicate and at least on two separate occasions.

Flow cytometric analysis of GSH and ROS levels. The endo‑
thelial cells were seeded in 25 cm2 culture flasks for GSH 
and ROS determination and incubated for 24 h at 37˚C in 
5% CO2 and 80‑95% humidity to reach about 70‑80% conflu‑
ency. The culture medium was then removed and replaced 
with serum‑free medium containing the herb decoction 
extracts tested at different concentrations. Following a 24‑h 
incubation, the cells were trypsinized, collected and washed 
twice following consecutive centrifugations at 300 x g for 
10 min at 5˚C. After each centrifugation the supernatant was 
discarded, and the cellular pellet was resuspended in PBS. 
After the second wash the cellular pellet (106 cells/ml) was 
ready for intracellular staining for determinations of GSH 
and ROS levels using flow cytometry with mercury orange 
and DCF‑DA, respectively. The fluorescent mercury orange 
binds directly to GSH, whereas DCF‑DA is deacetylated by 
esterases within the cells, and is further converted to fluores‑
cent DCF by the oxidative action of ROS. A 400 µM stock 
solution of mercury orange was created in acetone and stored 
at 4˚C, while a fresh 400 µM stock solution of DCF‑DA was 
prepared in methanol. To assess the GSH and ROS levels, the 
cells (106 cells/ml) were resuspended in PBS and incubated in 
the presence of mercury orange (40 µΜ) or DCF‑DA (10 µΜ) 
in the dark at 37˚C for 30 min. Following incubation, the cells 
were washed with PBS to remove the excess dye, centrifuged 
(300 x g, 10 min, 4˚C) and resuspended in PBS. The cells were 
then submitted to flow cytometric analysis using a FACSCalibur 
flow cytometer (BD Biosciences) with excitation and emission 
length at 488 and 530 nm for ROS, and at 488 and 580 nm for 
GSH. Forward angle and right‑angle light scattering represent‑
able of the cells size and cell internal complexity, respectively, 
were measured. Analyses were performed on 10,000 cells per 
sample, at a flow rate of 1,000 events/sec, and fluorescence 
intensities were measured on a logarithmic scale. Data were 
analyzed using BD Cell Quest software 6.0 (BD Biosciences). 
Each experiment was repeated at least three times.

Statistical analyses. For in vitro cell‑free based assays, an 
IC50 or AU0.5 value for each tested sample was estimated. Each 
experiment was conducted in triplicate and on two separate 
occasions. As regards the cell culture experiments, duplicates 
of the cell replicate and two separate occasions were used. 
Data were analyzed using one‑way ANOVA followed by 
Dunnett's tests for multiple pairwise comparisons, using the 
statistical package SPSS (version 21.0; SPSS, Inc.). All data 
are presented as the mean ± SEM and a value of P<0.05 was 
considered to indicate a statistically significant difference.

Results

In  vitro cell‑free measurements for the assessment of the 
antioxidant, reducing and antigenotoxic capacity of the herb 
decoction extracts
TPC. Initially, the TPC of all the herb decoction extracts, 
that were supplied to us by Epirus local producers, was 
determined. According to the results, the highest polyphenolic 
content was observed in the sage extract (Salvia officinalis; 
code 30). Furthermore, a high phenolic content (>0.8 mg 
gallic acid/ml) was found in decoction extracts derived 
from perforate St. John's wort (Hypericum  perforatum; 
codes 4 and 19), rosemary (Rosmarinus officinalis; code 45), 
spearmint (Mentha spicata, code 28), hawthorn (Crataegus 
monogyna, code 23), garden thyme (Thymus vulgaris; code 
40), ironwort (Sideritis scardica; code 2), lemon beebrush 
(Aloysia  citrodora; code  18) and pennyroyal (Mentha 
pulegium, code 14) (Table I).

Determination of IC50 values of extracts in DPPH•, ABTS•+ 
and superoxide radical scavenging assays. According to 
the DPPH• assay, the decoction extract that derived from 
oregano (Origanum vulgare; code 46) displayed the highest 
scavenging activity (6.6  µg/ml) (Table  I). Following that, 
several other extracts were found to scavenge half of the 
DPPH radical at concentrations <20 µg/ml. Among these, 
lemon beebrush (Aloysia  citrodora; code  18), perforate 
St. John's wort (Hypericum perforatum; code 4), and rosemary 
(Rosmarinus officinalis; code 45) were also rich in phenol 
content, as described above. Of note, all the rosemary extracts 
that were tested, derived from three different producers 
(code  32, 33  and  45), exhibited an IC50 value <20  µg/ml, 
whereas all 10 different types of oregano [nine non‑biologically 
cultivated (codes 35, 36, 37, 39, 41, 43, 44, 46 and 47) and 
one biologically cultivated (code 34)] exhibited an IC50 value 
<25 µg/ml (Table I). 

In the ABTS•+ assay, the extract derived from oregano 
(Origanum vulgare; code 46) again exerted the highest scav‑
enging activity (7.85 µg/ml; Table I). Similarly, all extracts that 
were derived from oregano [nine non‑biologically cultivated 
(codes 35, 36, 37, 39, 41, 43, 44, 46 and 47) and one biologically 
cultivated (code 34)], exhibited potent scavenging activities 
against ABTS•+ with IC50 values <15 µg/ml. Even though the 
lemon balm (Melissa officinalis) extracts were not that rich 
in phenol content, they displayed high ABTS•+ scavenging 
activity (code 8, 8.33 µg/ml; code 21, 8.95 µg/ml; code 22; 
9.06 µg/ml). On the contrary, the decoction extract derived 
from lemon beebrush (Aloysia citrodora; code 18) exhibited 
a high ABTS•+ scavenging activity (8.29 µg/ml) following its 
ability to scavenge DPPH• and its high phenol content.

In the superoxide assay, the extract that was derived 
from sage (Salvia officinalis; code 13) displayed the highest 
efficacy (6.5 µg/ml), albeit its polyphenol content was one of 
the lowest detected (0.44 mg GA/ml) (Table I). Even though 
the sage extracts from different producers had a high poly‑
phenolic content, their efficacy to scavenge superoxide anion 
was diminished. Similarly, lemon balm extract (Melissa offi‑
cinalis; code 21) that exhibited the second higher efficacy 
against superoxide anion radicals (9  µg/ml), was the one 
with the lowest polyphenol content among the three lemon 
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balm extracts tested. Subsequently, basil (Ocimum  basi‑
licum, 11.5 µg/ml) extract (code 5) and two of the oregano 
(Origanum vulgare; 12 µg/ml in both of them) extracts (codes 

46 and 47) exhibited a potent efficacy to scavenge superoxide 

anion radicals. Of note, oregano with code 46 exhibited the 
highest activity against DPPH• and ABTS•+, as described 
above.

Determination of reducing power capacity. The extract that 
exhibited the highest reducing power capacity was the one 
derived from lemon beebrush (Aloysia citrodora; code 18, 
3.5 µg/ml) (Table I). The same extract displayed a high poly‑
phenol content and was also one of the most potent as regards 
the DPPH• and ABTS•+ scavenging activity. Subsequently, 
an increased reducing power was exerted by both garden 
thyme (Thymus vulgaris; 4 and 6.5 µg/ml, codes 40 and 42, 
respectively). More specifically, the garden thyme extract with 
code 40 was one of the highly enriched in polyphenol extracts 
among the ones we tested. All extracts that derived from 
oregano had robust reducing power capacity ranging from 
5.8 up to 12 µg/ml. Furthermore, three out of the four sage 
extracts and all three lemon balm (Melissa officinalis; codes 8, 
21 and 22) extracts exhibited an almost similar reducing power 
capacity (6.1‑8 and 7‑8.3 µg/ml, respectively). Other extracts 
that sporadically exhibited a potent reducing power capacity 
were extracts derived from peppermint (Mentha piperita; code 
7, 7 µg/ml) and bay laurel (Laurus nobilis; code 9, 7 µg/ml).

Antigenotoxic activity of herb decoction extracts via plasmid 
relaxation assay. The plasmid relaxation assay revealed 
that rosemary (Rosmarinus officinalis; code 32) and lemon 
beebrush (Aloysia citrodora; code 18) extracts from the same 
producer had the most potent antigenotoxic activity of 25 and 
26 µg/ml, respectively (Table I). Similarly, another rosemary 
extract (code 33) also exhibited a high activity (36 µg/ml) to 
protect plasmid DNA. Oregano (Origanum vulgare; code 46) 
extract, that displayed the highest efficacy against DPPH• and 
ABTS•+ and one of the highest activities against superoxide 
anion radical, was also highly efficacious (35  µg/ml) to 
protect nucleic acids from single‑strand breaks. Finally, two 
extracts derived from lemon balm (Melissa officinalis; codes 
22 and 21, 32 and 40 µg/ml, respectively), perforate St. John's 
wort (Hypericum perforatum; code 19, 36 µg/ml) and sage 
(Salvia officinalis; code 24, 35 µg/ml) also exhibited a highly 
notable antigenotoxic activity.

In  vitro cell‑based measurements for the assessment of 
the herb decoction extracts antioxidant activity. Four of 
the extracts that displayed the highest cell‑free antioxidant 
capacity in the methods tested were screened using the 
EA.hy926 cells for cytotoxicity and antioxidant‑related 
parameters. More specifically, oregano (Origanum vulgare; 
code 46), sage (Salvia officinalis; code 13), lemon beebrush 
(Aloysia  citrodora; code 18) and rosemary (Rosmarinus 
officinalis; code 32) extracts were the ones that were selected 
for more elaborate analysis for the determination of their 
in vitro cell‑based antioxidant ability.

XTT cell proliferation assay. Initially, the authors wished to 
examine whether these four extracts exerted any cytotoxic 
effects. For this purpose, XTT cell proliferation assay was 
performed using EA.hy926 cells. The Origanum  vulgare 
decoction extract exhibited an IC50 value of 191.81 µg/ml 

Figure 1. Cytotoxic concentration threshold (µg/ml) of Origanum vulgare, 
Salvia officinalis, Aloysia citrodora and Rosmarinus officinalis in EA.hy926 
cells, as assessed using XTT assay. All symbols indicate the concentrations 
of the Epirus herb decoction extracts.

Figure 2. Effects of Origanum vulgare, Salvia officinalis, Aloysia citrodora 
and Rosmarinus officinalis decoction extracts on ROS levels in EA.hy926 
cells after 24 h. ROS, reactive oxygen species.

Figure 3. Effects of Origanum vulgare, Salvia officinalis, Aloysia citrodora 
and Rosmarinus officinalis decoction extracts on GSH levels in EA.hy926 
cells after 24 h. *P<0.05, significant difference between the respective 
experimental and control group. GSH, glutathione.
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with 50 µg/ml being almost non‑cytotoxic (Fig. 1). The Salvia 
officinalis decoction extract exerted a lower IC50

 value 
(154 µg/ml) with 10 µg/ml to be the highest concentration 
that did not present any cytotoxic manifestation. Similarly, 
10  µg/ml of the Aloysia  citrodora decoction extract did 
not inhibit EA.hy926 cell proliferation, with the IC50 
value determined at  228 µg/ml (data not shown). Finally, 
Rosmarinus officinalis decoction extract had an IC50 value 
of 285.35 µg/ml (data not shown), rendering it as the less 
cytotoxic among the four more efficacious extracts.

Determination of intracellular GSH and ROS levels. 
Subsequently, the present study examined whether sublethal 
concentrations of the herb decoction extracts were able to alter 
the intracellular levels of GSH and ROS, since they both play 
crucial roles in physiology, particularly in cells with a cancerous 
profile. The sublethal concentrations of all four herbs decoction 
extracts were unable to affect the ROS levels as compared with 
the control group (Figs. 2 and S1). On the contrary, three herb 
decoction extracts were able to decrease the GSH levels in the 
already intracellular distorted cancerous physiology in compar‑
ison with the control group. More specifically, 50 µg/ml oregano 
(Origanum vulgare) were able to significantly decrease the GSH 
levels as compared with the untreated cells (Figs. 3 and S2). 
Additionally, 10 and 20 µg/ml of sage (Salvia officinalis) decoc‑
tion extract diminished GSH levels in EA.hy926 cells. The same 
effect was evident in treatments with lemon beebrush decoction 
extracts (Aloysia citrodora), in which all concentrations tested 
reduced the intracellular GSH levels significantly. On the contrary, 
all concentrations tested from rosemary (Rosmarinus officinalis) 
decoction extract did not affect the GSH levels.

Discussion

The present study aimed to determine the redox‑related 
properties of well‑known and routinely used herb decoctions 
derived from Epirus region, Greece, predominantly for their 
extensive use in everyday life, their integral part in human 
diet, and eventually for their potential exploitation as chemo‑
preventive agents. The results suggest the potent antioxidant 
activity of Epirus medicinal and aromatic herbs. Moreover, 
the lack of cytotoxicity and the alterations induced in the 
GSH/ROS equilibrium represent promising paraphernalia for 
activity, strengthening the logic of using herbal decoctions as 
a prevention strategy against oxidative stress related diseases 
which currently stand out as the dominant threats of human 
health (25). 

The range of the TPC in the tested decoctions was from 
0.44  mg gallic acid/ml for the Sideritis  scardica extract 
to 1.04 mg gallic acid/ml for the Salvia officinalis. These 
levels differ compared to those in previous studies (26,27), a 
discrepancy that may be attributed to the different extraction 
protocols, solvents, different microenvironment and cultiva‑
tion processes used. Phenolic acids are a subclass of phenolic 
compounds, widely spread throughout the plant kingdom. 
In the present study, considerable variation was detected in 
phenolic compounds content among the different herb species. 
The high level of diversity and complexity of the natural 
mixtures of phenolic compounds that are present in herb 
decoctions render difficult to characterize every compound, 

elucidate its structure, and attribute its activity. Of note, further 
studies are required to identify the major groups and important 
aglycones of the phenolic compounds, allowing us to associate 
their presence with their enhanced activity like we have done 
in our previous study (28). Nonetheless, several medical herbs 
have been studied and to some extent their phenolic chemistry 
is known (29). 

The potent antioxidant potential that the polyphenolic 
compounds of the herb decoctions possess is a manifestation 
that has been already reported (30). The chemical structure 
and type of the compounds, the level of substrate oxidation 
and the conditions of the oxidation process, constitute param‑
eters that affect their activity (31). These compounds consist 
of a hydroxyl group and play a major role in the antioxidant 
capacity because of their ability to release hydrogen and to 
form stable radical intermediates. Moreover, the mechanism of 
their action mainly comprises neutralization of free radicals, 
enzyme induction and chelation of metal ions. 

The experiments performed in the present study 
clearly indicated that the extracts of Origanum  vulgare, 
Salvia officinalis, Rosmarinus officinalis and Aloysia citro‑
dora possessed a potent antioxidant potential and may be 
stronger radical scavengers than the other tested Epirus herbs. 
In particular, it was found that Origanum vulgare exhibited 
an enhanced antioxidant potential in the DPPH• and ABTS•+ 
assays. Given the fact that the aforementioned assays use 
both organic and water‑based solvents, they allow for the 
evaluation if the antioxidant effect of both lipophilic and 
hydrophilic polyphenols  (32,33). Even though the oregano 
(Origanum  vulgare) decoction extract exhibited a potent 
scavenging ability against superoxide radical, the highest 
efficiency was achieved by the sage (Salvia officinalis) decoc‑
tion extract. Flavonoids contained in this herb extract have 
also been previously reported for their effectiveness against 
superoxide anions (34), that have been proven to harm cellular 
components (35), predominantly lipids, as they are involved 
in initiation of the lipid peroxidation process  (36). Lemon 
beebrush (Aloysia citrodora) exhibitd the highest reducing 
power capacity among herbs tested, serving as a significant 
indicator of its potential antioxidant activity. Similarly, it was 
found to be one of the most efficacious in response to scavenge 
DPPH• and ABTS•+ generating radicals. The reducing capacity 
composes a distinct mechanism by which antioxidants exert 
their activity together with chain initiation, decomposition of 
peroxides, reducing capacity and radical scavenging (37). A 
previous study also suggested that the ability of plant‑derived 
decoctions to act as reducing agents and free radical scaven‑
gers or as quenchers of singlet oxygen formation was probably 
attributed to their potent antioxidant effectiveness in vitro (38). 
In consonance, some authors have ascertained the fact 
that phenolic compounds are able to chelate metal ions and 
report that intracellular binding of iron is responsible for the 
protection offered by flavonoids against H2O2‑induced DNA 
damage (39). DNA damage, as defined by strand breakage in 
response to oxidative stress, was most effectively inhibited 
with the rosemary (Rosmarinus officinalis) decoction extract. 

The results obtained herein correspond with those of other 
studies examining the antioxidant properties of the medicinal 
and aromatic herbs Origanum vulgare, Aloysia citrodora, 
Salvia officinalis and Rosmarinus officinalis. Taken together, 
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their beneficial properties have been basically attributed to 
their major chemical compounds, such as carvacrol, thymol, 
diterpenes and carnosol (40). In particular, Origanum vulgare 
extract exhibits antioxidant and antibacterial activities, 
mostly attributed to its carvacrol and thymol content (41,42). 
Furthermore, the antioxidant potential of Aloysia citrodora 
was evaluated in several scientific studies that have demon‑
strated the strong activity of this plant (43,44). Additionally, 
decoctions derived from organ (shoots and hairy roots) and 
undifferentiated (cell and callus) cultures of Salvia officinalis, 
as well as from shoots and roots of in vitro regenerated plants, 
as well its chemical components, were evaluated for their 
antioxidant properties using several in vitro models (45,46). 
Moreover, it has been demonstrated that Rosmarinus offi‑
cinalis essential oil, apart from exhibiting free radical 
scavenging activity determined by DPPH• assay, exerts its 
hepatoprotective effects through the activation of physiolog‑
ical defense mechanisms. The beneficial effects of this plant 
herb have been attributed to its main chemical constituents, 
including diterpenes, carnosol and carnosic acid, as well as to 
its essential oil components (47). 

In the global literature, there is a constant debate as to the 
plant herb biologically active substances that can affect the 
activity and metabolism of cells. Cell‑free methodologies are 
able to provide valuable preamble data concerning their effi‑
cacy; however, cell‑based in vitro experiments are also used 
to minimize the mechanistic limitations of protocols using 
cell‑free systems. Using cell lines integrates a spectrum of 
protective mechanisms represented by a shield of important 
cellular molecules against oxidants toxic effects that cell‑free 
methodologies do not contain and examine. Hence, in the 
present study, the four decoction extracts that exhibited the 
most potent antioxidant activity in cell‑free methodologies 
(Origanum vulgare, Salvia officinalis, Aloysia citrodora and 
Rosmarinus officinalis) were examined for their redox‑related 
properties using human endothelial EA.hy926 cells. 

The high energy demand of cancer cells, and concomi‑
tantly, their intense metabolic rates lead to abundant ROS 
production in the cellular environment, derived primarily 
from the mitochondria and the endoplasmic reticulum. Albeit 
the continuous and elevated ROS levels can result in the death 
of normal cells, through the induction of oxidative stress, the 
high rate of ROS generation in cancer cells is compensated 
by the equally high activation of the respective antioxidant 
mechanisms (48). Considering that the nuclear transcriptional 
factor, nuclear factor erythroid 2‑related factor 2 (NRF2), 
enhances cell survival under oxidative stress conditions, its 
overactivation enables cancer cells to take advantage over 
the normal ones (49). In the case that the elevated levels of 
ROS cannot be alleviated, the cancer cells are vulnerable to 
cell death mediated by oxidative stress (48). In this context, 
strategies related to intracellular ROS generation or target 
endogenous antioxidant mechanisms have been tested as 
potential anticancer therapies (50,51). As regards the poly‑
phenol activity, it is known that these molecules exert a biphasic 
effect; at low concentrations, they act as antioxidants, whereas 
at high concentrations, they promote elevated oxidation that 
results in cytotoxicity (52). 

To address the above, the present study evaluated the 
cytotoxicity exerted by the four most potent decoction extracts 

in order to determine the effects of non‑cytotoxic concentra‑
tions of these on the intracellular GSH and ROS levels. The 
results from XTT assay revealed that Origanum  vulgare 
and Rosmarinus officinalis decoctions exhibited significant 
cytotoxicity >100 µg/ml, whereas the cytotoxic threshold for 
Aloysia citrodora and Salvia officinalis decoctions extracts 
was >50 µg/ml. 

The assessment of the effects of the extracts on the 
antioxidant capacity of endothelial cells was based on the 
measurement of the GSH and ROS levels using flow cytom‑
etry. The regulation of intracellular GSH levels following 
extract treatment is crucial, since GSH is considered a signifi‑
cant endogenous antioxidant molecule in cells (53). GSH can 
directly scavenge free radicals by donating one hydrogen 
atom from its sulfhydryl group or is used as substrate by 
antioxidant enzymes (53). For endothelial cells in particular, 
GSH is important not only as an antioxidant, but also as a 
crucial regulator of cell signaling (54,55). Endothelial cells 
as part of the inflammatory tumor microenvironment play a 
critical role in inflammatory processes, since the secretion 
of endothelial mitogens and chemotactic factors driven by 
endothelial cells, stimulates their proliferation and angiogen‑
esis (56). Endothelial cells release growth and survival factors 
(such as IL‑6) to protect tumor cells (57). Consequently, the 
dependence of tumor growth and expansion to new blood 
vessels formed by proliferating endothelial cells warrants 
investigation. The latter implies the need for the examination 
of strategies targeting the functions of tumor endothelial cells 
as key players in angiogenic processes (58). Therefore, the 
assessment of the mechanisms through which medicinal herbs 
affect molecular pathways that regulate the GSH and ROS 
levels in the EA.hy926 cell line may be of utmost importance. 

In the present study, the results revealed that 
Origanum vulgare decoction extract significantly decreased 
the GSH levels at 50 µg/ml compared with the control. It 
has been previously described that carvacrol and thymol are 
the components considered responsible for the antioxidant 
activity of the essential oil of oregano (59,60). It was reported 
that carvacrol increases ROS and depletes GSH levels in 
two distinct human cell lines. In line with the above results, 
carvacrol has been reported to induce ROS levels in V79 
cells  (61) and to reduce the levels of antioxidant enzymes 
catalase (CAT) and superoxide dismutase (SOD) in HL‑60 
(human acute promyelocytic leukemia cells) and Jurkat 
(human T lymphocyte cells) cells (62). It is possible that their 
antitumor activity does not rely on the increase of intracellular 
ROS levels, but on the elevation of the difference between 
the GSH and ROS levels (63), rendering cells vulnerable to 
the already increased ROS levels due to their cancerous 
phenotype (64). 

In the present study, Salvia officinalis decoction extract 
was also found to decrease the GSH levels at concentrations of 
10 and 20 µg/ml compared with the control. Salvia officinalis 
may exert its cytotoxic effect in a similar manner to oregano. 
A previous study that investigated the effect of Salvia 
chloroleuca reported that was able to induce the apoptosis 
of MCF‑7 human breast cells through a ROS‑mediated 
pathway  (65). The results of the present study and the 
previous one  (65) are contradictory to data from previous 
literature that reported that HepG2 cells pre‑treated with the 
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Salvia officinalis extract formed less oxidant‑induced DNA 
lesions (66). Although Kozics et al  (66) proposed that the 
observed DNA‑protective activity could be explained by both 
the elevation of glutathione peroxidase (GPx) activity in the 
pre‑treated cells, as well as to its well documented in vitro 
antioxidant activity, their finding of an elevated GPx activity 
may justify the decrease levels of GSH found in the present 
study. Previously, Salvia officinalis was reported to decrease 
peripheral inflammation that may support blood brain barrier 
function and cerebral blood flow, contributing to longer‑term 
benefits towards cognitive health in older adults (67). 

In the present study, the Aloysia citrodora decoction extract 
also decreased the GSH levels in the EA.hy926 cell line at all 
concentrations tested (5, 10 and 20 µg/ml) in comparison with 
the control. Notably, Aloysia citrodora decoction extract has 
been previously linked to an increase in glutathione reductase 
(GR) levels accompanied by lower levels of malondialdehyde 
and protein carbonyls, as proposed by a double‑blind study using 
human subjects (68). Furthermore, Fitsiou et al (69) reported 
potent anticancer and antimicrobial properties accompanied by 
a weak direct antioxidant activity, as shown by comet assay in 
Jurkat cells. Another study demonstrated results similar with 
to the data presented herein, attributing lemon beebrush leaf 
infusion as a source of compounds with significant free radical 
scavenger ability and antigenotoxic activity (70).

Even though Rosmarinus officinalis decoction extract 
exhibited a potent antioxidant capacity, the present study 
failed to detect any changes in GSH and ROS levels. As 
aforementioned, it has been demonstrated that the depletion of 
endogenous GSH levels is considered to increase the efficacy 
of therapeutic interventions (71,72). Furthermore, it has been 
shown that Rosmarinus officinalis contains rosmarinic acid, 
and that its administration in a xenograft tumor model was 
able to suppress tumor growth  (73). Furthermore, rosma‑
rinic acid can damage murine melanoma cells through a 
double‑axis effect, namely the possible protection of healthy 
cells (increased GSH) and the concomitant damage of cancer 
cells (depletion of GSH) (74). 

The increase of the ‘spare capacity’ between the GSH and 
ROS levels in the cancer endothelial cell line, as proposed 
by the results of the present study may be part of a further 
disruption of their redox status compared to normal cells. This 
phenomenon may compose a critical step for the selection of 
appropriate chemopreventive strategies based on appropriate 
configurations of the redox potential of cancer cells. Chinese 
herbs have been associated with the metabolic reprogramming 
of cancer cells, enabling their experimental use as therapeutic 
compounds against metabolism‑related diseases (75). 

Αn uncertainty that the present study generates lies in the 
obvious discrepancy between results in decoctions examined 
in the authors' laboratory and originating from the same plant 
type, but have been provided by different producers. This 
could relate to the fact that herb biological properties are 
dependent on differences in the exact geographical location 
and cultivation micro‑environment conditions. Previously, 
Karydas et al (76) reported that even different land areas can 
modulate antioxidant potential and polyphenolic content. More 
elaborately, the different land areas can be further fragmented 
into different habitats and the specific microclimate conditions 
that include altitude, soil composition, temperature variation, 

and watering during the day or night hours. Furthermore, 
even though the in vitro cell‑free methodologies rely on the 
ability of the extract to scavenge the generating radical, small 
differences in the methodology mechanisms can justify the 
differentiation of the efficacies that each extract exhibits. This 
has been frequently reported in studies examining a series of 
protocol schemes (77‑79). Therefore, it is necessary not to rely 
on a single test or even the analyzed parameter (80). These 
fluctuations in efficacies have not only been observed among 
experimental protocols applied, but also between herbs that 
were derived from different producers. Nevertheless, it is clear 
that certain decoction extracts (e.g., Origanum vulgare) have 
exhibited almost an constant antioxidant efficacy.

In conclusion, the results of the present study support the 
promising role of the tested decoctions as a source of antioxi‑
dant active compounds in follow‑up in vivo studies, since they 
possess the ability to interfere with or modify the redox state 
of cells. Nevertheless, antioxidant protection involves a variety 
of factors, such as the concentration of antioxidant compounds, 
the synergetic effect that they may possess and how they can 
modulate the different branches of cellular oxidative status. 
Therefore, the scientific community needs to remain alert 
and acknowledge the aforementioned limitations that do not 
allow us to reach a solid outcome, which is also dependent on 
the methodology used to examine the extracts. Likewise, it is 
reasonable that the outcome in in vitro applications may differ 
from that in vivo due to advanced levels of complexity of the 
biological system. The need for further research focusing on 
the effects of medicinal and aromatic herbs in vivo is critical 
to corroborate the beneficial effects proposed by the present 
study. Additionally, the cytotoxicity and bioactivity of the 
samples examined appears to be dependent on various factors, 
such as a plant's geographical location and cultivation process, 
parts of the plant used for decoction preparation and the 
extraction protocol (solvent, temperature, time, etc.). However, 
clinical trials and primary prevention studies using high doses 
of such herbs in humans did not yield the expected beneficial 
outcome (81). Conclusively, the generating trend of the use 
of herbs in order to exert beneficial effects on human health 
and well‑being requires further exploration. The setting of 
prerequisites for the investigation of the interrelation between 
particular herb harvests and cultivation conditions may lead to 
new dimensions and complexities that the scientific commu‑
nity needs to focus their interest and shed light on. Finally, the 
assessment of the polyphenol content in the decoction extracts 
that possess a higher efficacy and the identification of those 
molecules that may exert significant biological effects is of 
utmost importance. The aforementioned should be followed 
with mechanistic in vitro and in vivo experimental models 
that will elucidate the molecular mechanisms induced by the 
compounds.
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