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Abstract: In the context of revitalizing the use of traditional plant species as remarkable sources of
bioactive compounds, the determination of their biological effects is of utmost importance. Among
Lamiaceae species, Teucrium montanum (Mountain Germander) represents understudied Mediter-
ranean plant species; it is rich in polyphenols, which are well-studied biologically active com-
pounds for human disease prevention and the reduction of oxidative stress, i.e., phenolic acids,
phenylethanoid glycosides, and flavonoids. For that purpose, the aim of this study was to investigate
the antioxidant, cytotoxic, and genotoxic effects of Mountain Germander (MG) polyphenolic extract
(0.025, 0.050, 0.150, and 0.500 mg extract mL−1) on the hepatocellular (HepG2), tongue (CAL 27),
gastric (AGS), and colorectal (Caco-2) continuous human cancer cell lines, as well as its bacteriostatic
potential on representative members of human microbiota. In addition, the antioxidant potential
of the MG polyphenolic extract was determined using bovine serum album and DNA plasmid as
cellular model macromolecules. In vitro analysis revealed a significant cytotoxic effect of all MG
extract concentrations on AGS and Caco-2 cell lines after prolonged treatment (24 h). In addition,
treatment with 0.500 mg extract mL−1 showed the most pronounced antioxidant effect under pro-
longed treatment (24 h) on CAL 27 and HepG2 cell lines. All of the applied MG extract concentrations
seem to have a genoprotective effect on DNA plasmid. Furthermore, a significant inhibitory effect
on E. coli was detected upon the treatment with 0.150 mg extract mL−1, reducing the cell viability
by 56%.

Keywords: biological activity; cancer cell lines; Mountain Germander; phenylethanoid glycosides

1. Introduction

The selection and systematization of plant species and their preparations, based
on experience and practices passed down from generation to generation, shows their
important historical role in the treatment and prevention of various diseases [1]. In the
course of biological evolution, various plant metabolites have evolved that are specialized
to play a mediating role in biological communication between species, so that they possess
biologically active effects similar to those of drugs, and have been recognized by humans
through a long tradition of use [2]. In recent years, there has been a significant revitalization
of the status of traditional plant species at the global level through investment in the
improvement of national health regulations and pharmacovigilance systems for herbal
medicines [3]. The COVID-19 pandemic has further empowered the use of traditional plant
species to strengthen the immune system and prevent diseases, which has been particularly

Appl. Sci. 2024, 14, 10602. https://doi.org/10.3390/app142210602 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app142210602
https://doi.org/10.3390/app142210602
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7113-0721
https://orcid.org/0000-0002-1466-169X
https://doi.org/10.3390/app142210602
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app142210602?type=check_update&version=1


Appl. Sci. 2024, 14, 10602 2 of 19

reflected in the markets of China and India [4]. Clinical trials conducted in China have
shown the high efficacy of six formulations from Traditional Chinese Medicine (TCM)
practices in the treatment of mild and moderate COVID symptoms [5,6], which is due to the
presence of polyphenolic compounds, specifically phenylethanoid glycosides, as inhibitors
of SARS-CoV-2 protease [7]. With the establishment of the World Centre for Traditional
Medicine within the World Health Organization in India (2022), the economic potential
and health capacity of traditional medicine, including the use of traditional plant species,
was officially recognized, with the main aim of investing in pharmacological research and
the development of a sustainable and standardized production of herbal formulations [8,9].

In addition to the commercially available aromatic plant species, such as mint, oregano,
basil, sage, rosemary, bay leaf, and lemon balm, etc., there is a large number of under-
studied plant species from the Lamiaceae family that have limited use [10]. Teucrium L. is
a cosmopolitan genus with 300 identified plant species, mostly growing in the Mediter-
ranean region [11]. Among Teucrium species, Teucrium montanum (Mountain Germander)
represents traditional species often used in the form of herbal infusions and decoctions for
the prevention and treatment of digestive and respiratory diseases [12], diabetes [13], and
asthma [14], as well as for immune strengthening [15]. Although there are only 11 available
ethnobotanical studies to date that mention its medicinal use, the expression “raises the
dead to life” is often used in the local population to emphasize the importance of the
Mountain Germander remedy [16,17]. So far, immunomodulatory [18], cytotoxic, and
genotoxic effects [19] of MG polyphenolic extract responded on normal T cells and normal
human lung fibroblast cell lines, as well as having antiproliferative [20,21], antimicro-
bial [22,23], genoprotective [24], neuroprotective [25,26], and antioxidant [23,26,27] activity
on various human cancer cell lines (human colon cancer cells, human melanoma cells,
human lymphoblast cells, human breast adenocarcinoma cells); additionally, cellular model
macromolecules (plasmids, proteins, and lipids) and bacterial cultures were reported. The
expressed biological effects in all reported studies were primarily correlated with the
presence of phenolic acid, flavonoids, and phenylethanoid glycosides.

To date, there are numerous studies confirming their role in neutralizing reactive
oxygen species (ROS), and thus indirectly affecting the activation of different signaling
metabolic pathways, reducing oxidative damage of biological macromolecules, modulating
gene expression, and, thereby, regulating redox status in the cells [28,29]. However, a pro-
oxidant character of polyphenols was also reported in terms of the ability to generate ROS
in cell systems and cell-free media [30]. Compared to the dual character of some of the most
investigated phenolic compounds, e.g., phenolic acids, flavonoids, and Camelia sinensis
extracts [31,32], phenylethanoid glycosides as relatively understudied phenolic compounds
in terms of biological activity, shown to have a primarily protective role in suppressing
the ROS formation [33], inhibiting the proliferation of cancer cells by downregulating the
PI3K/AKT pathway [34], increasing the activity of endogenous antioxidant enzymes and
inflammatory marker production [35], etc.

It is a common misconception among consumers that the consumption of herbal
remedies as a natural source of phytochemicals does not pose a health risk. Aside from
expected adverse effects as the consequence of the numerous factors, such as inherent toxic
substances in plants, misidentification of plant species, inappropriate doses, interactions
with other drugs, and the presence of potentially hazardous substances, etc., limited knowl-
edge of the appropriate preparation of herbal remedies and safe doses are other drawbacks
related to the consumption of medicinal herbs [36]. Hence, expanding the literature base for
herbal remedies in the context of their potential in provoking or disabling the free radical
formation, inflammatory processes, cell apoptosis, and changes in DNA structure, etc.,
represents an important step for minimizing the long-term and dose-dependent toxicity.

Since herbal preparations are traditionally consumed orally, cytotoxic, pro-oxidative,
and genotoxic effects were investigated on the hepatocelluar (HepG2), tongue (CAL 27),
gastric (AGS), and colorectal (Caco-2) continuous human cancer cell lines, as well as
the influence of oxidative potential on the cellular protein model and DNA plasmid.
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Additionally, the influence of Mountain Germander extract on L. plantarum, E. coli, and S.
aureus survival was determined. Results of this study could give an insight into the ability
of Mountain Germander extract to influence cancer cell or bacterial strain survival, to act as
an antioxidant and/or pro-oxidant, or to cause DNA damage.

2. Materials and Methods
2.1. Materials
2.1.1. Plant Material, Model Macromolecules, and Biological Test Systems

Mountain Germander (T. montanum L.) was purchased from the local supplier (Ljekovito
bilje j.d.o.o, Zadar, Croatia). The plant was collected in August 2020 (municipality of
Kistanje, Šibenik-Knin County, Croatia), with the voucher specimen (ID: 75518) deposited
in the Herbarium Croaticum (Faculty of Science, Zagreb, Croatia). Sorted and sieved areal
parts (flowers, stems, and leaves) of the plant (<450 µm) were used in all experiments.

Bovine serum albumin was obtained from Sigma-Aldrich (Steinheim, Germany). A
double-stranded, covalently closed, circular form of PhiX174 RFI DNA was purchased from
the Promega Corporation (Madison, WI, USA).

Continuous human cell lines, i.e., epithelial tongue carcinoma (CAL 27; ATCC CRL-
2095), gastric adenocarcinoma (AGS, ATCC CRL-1739), epithelial colorectal adenocarci-
noma (Caco-2; ATCC HTB-37), and hepatocellular carcinoma (HepG2; ATCC HB-8065),
were grown in a monolayer in T-flasks (37 ◦C, controlled CO2 atmosphere), in a com-
plete RPMI culture medium (Capricorn Scientific GmbH, Ebsdorfergrund, Germany) with
10% fetal bovine serum (FBS), except for the AGS cell line, for which Ham’s F-12 culture
medium (Capricorn Scientific GmbH, Ebsdorfergrund, Germany) was used. Based on the
number of cells determined using the Bürker-Türk chamber in the suspension after the
trypsinization of cultivated cells, an initial cell concentration of 105 cells mL−1 was set for
further experiments.

Bacterial strains, i.e., Escherichia coli, Lactobacillus plantarum, and Staphylococcus aureus,
were stored at −80 ◦C with the addition of 10% glycerol, as the part of the Collection of
Organisms of the Laboratory for Biology and Genetics of Microorganisms at the Faculty
of Food and Biotechnology (University of Zagreb, Zagreb, Croatia). For the experiments,
bacterial cultures were cultivated in the complete Luria–Bertani culture medium; a complete
Man, Rogosa, and Sharpe broth culture medium; and a selective minimal culture medium
with mannitol, respectively. The culture media mentioned were prepared according to the
standard instructions.

2.1.2. Chemicals

All chemicals and reagents used in the experiments were of per analysis and HPLC
grade. All of the used organic and inorganic salts, as well as the ascorbic acid, bromothymol
blue, dimethyl sulfoxide, glycerol, ethyl acetate, glacial acetic acid, ethanol, hydrochloric
acid, and hydrogen peroxide were obtained from Kemika (Zagreb, Croatia). Echinacoside
(>98%) and verbascoside (>98%) were obtained from Biosynth s.r.o. (Bratislava, Slovakia).
2,4-dinitrophenylhydrazine (DNPH), dichlorofluorescein diacetate (DCF-DA), Neutral Red
(3-amino-7-dimethylamino-2-metylfenasine hydrochloride), ethidium bromide, sodium
dodecyl sulfate, sodium laurylsarcosinate, and D-mannitol were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Agar, bacto-tripton, MRS broth, and yeast extract were
supplied from Biolife (Monza, Italy). Tripsin was supplied from Capricorn Scientific
(Ebsdorfergrund, Germany). Thiamine hydrochloride was obtained from Koch-light Ltd.
(Haverhill, UK). Guanidine hydrochloride and triton X-100 were purchased from Acros
Organics (Boston, MA, USA). Formic acid was purchased from Carlo Erba (Emmendingen,
Germany), while acetonitrile and trichloracetic acid were supplied from Fisher Scientific
(Waltham, MA, USA).
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2.2. Methods
2.2.1. Preparation and Bioactive Characterization of Mountain Germander Extract

Aqueous extract was prepared according to the previously optimized extraction
parameters (1 g: 100 mL, 100 ◦C, 30 min) using a heat-assisted extraction technique [37]. A
concentrated extract under a vacuum evaporator (IKA RV8, Staufen, Germany) was then
subjected to freeze drying (Alpha 1-2 LD plus freeze-dryer, Martin Christ, Osterode am
Harz, Germany) in order to obtain a lyophilized extract, which was used for all further
experiments. Firstly, the working concentrations of the freeze-dried extract were defined,
i.e., 0.025 mg mL−1, 0.05 mg mL−1, 0.15 mg mL−1, and 0.5 mg mL−1, which correspond
to half (0.5×), one (1×), three (3×), five (5×), and ten (10×) cups of an herbal decoction
prepared for consumption, respectively.

The total phenolic content, total hydroxycinnamic acid content, as well as the re-
sults of the identification and quantification of polyphenols in analyzed MG extract, were
determined by methods provided in our previous studies [38,39]. Nine phenylethanoid gly-
cosides and three flavonoids were identified and quantified in total, as reported in Table 1.

Table 1. Bioactive characterization of Mountain Germander freeze-dried polyphenolic extract.

TPC (mg GAE g−1 *) Total Hydroxycinnamic Acids (mg ECH g−1 *)

352.24 ± 1.56 275.23 ± 0.97

phenylethanoid glycosides (mg g−1 **)

ß-OH-
forsythoside B echinacoside jionoside A teupolioside stachysoside A poliumoside verbascoside forsythoside B isoverbascoside

2.73 ± 0.03 75.37 ± 1.10 4.73 ± 0.10 22.19 ± 0.42 42.86 ± 0.83 29.27 ± 0.39 25.29 ± 0.46 9.03 ± 0.33 6.43 ± 0.24

flavonoids (mg g−1 **)

vicenin-2 diosmin acacetin-7-O-rutinoside

1.86 ± 0.03 1.76 ± 0.10 1.19 ± 0.02

* expressed in mg equivalents of gallic acid (GAE) or echinacoside (ECH) per g of lyophilized extract, ** expressed
in mg per g of lyophilized extract.

2.2.2. Determination of Antioxidant/Pro-Oxidant Potential of Mountain Germander
Extract on the Model Protein Macromolecule

The derivatization method using 2,4-dinitrophenylhydrazine (DNPH) was employed
to examine the influence of polyphenolic extract on bovine serum protein oxidation [40].
The reaction mixture contained the following: 240 µL of BSA (1 mg mL−1), FeCl3 solution
(60 µL), ascorbic acid (60 µL), and 25 mM H2O2 (24 µL), as well as the corresponding
volumes of extract to obtain the previously defined extract concentrations, and demineral-
ized water to reach a final volume of 600 µL, with an incubation time for 30 min at 37 ◦C.
The negative control contained the same amount of water instead of the extract. After
incubation, 2,4-dinitrophenylhydrazine (DNPH) was added (500 µL), and the mixture was
incubated for 30 min at room temperature. In order to precipitate the carbonylated proteins,
500 µL of 10% trichloroacetic acid was added, with an incubation time of 15 min. After the
centrifugation, the precipitate was washed with ethyl acetate (1 mL). Finally, the samples
were resuspended in 500 µL of guanidine hydrochloride (6 M) and left overnight. The
absorbance was measured at 370 nm, while the degree of protein oxidation was calculated
in relation to the negative control (water), according to the Formula (1), which is as follows:

rate of protein oxidation (%) =
A370(sample)
A370 (control)

× 100 (1)

2.2.3. Determination of Genotoxic/Genoprotective Effect of Mountain Germander Extract
on Model DNA Macromolecule

The genotoxic/genoprotective effect of MG extract on the model plasmid phi174 RF1
DNA was tested by electrophoresis in agarose gel, according to the modified protocol [41].
After preparing a 1% (w/w) agarose gel in a buffer solution of Tris base, acetic acid, and
EDTA (TAE), and forming wells on the gel in an electrophoresis mold, the prepared reaction



Appl. Sci. 2024, 14, 10602 5 of 19

mixture (30 µL) consisted of: an extract at a certain concentration, 0.2% (v/v) of hydrogen
peroxide, plasmid (0.1 mg mL−1) and TAE buffer. All samples are irradiated with UV
radiation for 3 min. Simultaneously, a positive control consisting of plasmid and hydrogen
peroxide is placed under a UV lamp and exposed to the radiation. In addition, three
negative controls were prepared, as follows: (i) a sample containing only the plasmid, (ii) a
plasmid and hydrogen peroxide without UV irradiation, and (iii) a plasmid irradiated with
UV irradiation. After treatment, 1 µL of application buffer containing bromothymol blue
and glycerol is added, allowing visual monitoring of the electrophoresis (1 h, 150 mA). At
the end of the electrophoresis, the samples are stained with ethidium bromide solution
(20 µg mL−1) and visualized with a transilluminator. The gel images showing the intensity
of the supercoiled (lower band) and relaxed (upper band) forms of the plasmid were
processed using the GelAnalyzer 19.0 software program. The results of the antioxidant
potential of the MG extract were expressed as the ratio of the area of the supercoiled and
relaxed forms of the band, along with the positive and negative controls.

2.2.4. Determination of Antioxidant/Pro-Oxidative Effect of Mountain Germander Extract
on Human Cell Lines

The DCFH-DA method (2′,7′-dichlorofluorescein diacetate) was used to determine
the reactive oxygen species (ROS) after treatment with the extract [42]. After treating the
cells with the working concentrations of the extract (2 and 24 h), they are washed with PBS
buffer, and 100 µL of DCFH-DA dye (0.05 mM in PBS) is added to the wells of the black
microtiter plate. After treatment (15 min in a CO2 incubator at 37 ◦C), the fluorescence
intensity is proportional to the amount of ROS, and it is measured at 485 nm (emission)
and 530 nm (excitation). The induction of free radicals is given in relation to the negative
control water (100%) and calculated using Formula (2), which is as follows:

free radical induction (%) =
fluorescence (extract)

% of survival
fluorescence (control)

100

(2)

2.2.5. Determination of Cytotoxic/Proliferative Effect of Mountain Germander Extract on
Human Cell Lines

The Neutral Red method was used to analyze the cytotoxic or proliferative effect of
the Mountain Germander extract [43]. Microtiter plates with 96 wells were inoculated
with 100 µL of a specific cell suspension during 24 h cultivation. After removing the spent
medium, cells were treated (100 µL) with previously dissolved Mountain Germander extract
in the nutrient medium (0.025, 0.050, 0.150, and 0.500 mg mL−1). The control contained
100 µL of the appropriate nutrient medium instead of the extract. After the treatment (2 and
24 h), the spent nutrient medium with the extract was removed, and the Neutral Red dye
working solution (100 µL) was added to each well. After incubation in a CO2 incubator
(37 ◦C, 3 h), the dye solution is removed from the wells, and the dye accumulated in the
cells is extracted with a decolorizing solution, followed by a measurement of its absorbance
at 540 nm. The intensity of the staining is proportional to the concentration of viable cells,
and the percentage of surviving cells relative to the negative control (water) is calculated
using the following Formula (3):

survival rate (%) =
A540 (sample)
A540 (control)

× 100 (3)

2.2.6. Determination of Genotoxic/Genoprotective Effect of Mountain Germander Extract
on Human Cell Lines

Oxidative damage of the genetic material of continuous human cell lines in the pres-
ence of MG extract was tested using a comet assay with some modifications [44]. First,
CAL 27, HepG2, AGS, and Caco-2 cells (initial concentration: 105 cells mL−1, incubated
at 37 ◦C under controlled atmosphere) were centrifuged from the spent culture medium,
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and then treated with MG extract in defined concentrations (3 mL) for 2 and 24 h. Simul-
taneously, the negative control contained only the same amount of corresponding fresh
culture medium. After treatment, the medium containing the extract was removed from
the Petri dishes, and the cells were washed with PBS buffer, trypsinized, and transferred
to Eppendorf tubes. After centrifugation (5000× g, 5 min), sediment with the cells is used
for the rest of the experiment. After applying resuspended cells (10 µL) and 0.5% agarose
(100 µL) to the polymerized agarose layer on a glass slide (1.5% normal melting point
(NMP) agarose solution prepared by boiling in PBS buffer), the cells are lysed overnight at
4 ◦C in buffer. Electrophoresis is then performed in an alkaline buffer (300 mA, 25 V, 20 min).
For neutralization, the slides are washed three times with Tris-HCl buffer (pH = 7.5, 5 min
interval). Immediately before analysis on the epifluorescence microscope, the slides are
stained with ethidium bromide solution (10 mg mL−1). There were 50 comets measured on
each slide, while tail intensity and tail length parameters were used as indicators of genetic
material damage.

2.2.7. Determination of Bacteriostatic/Proliferative Effect of Mountain Germander Extract
on Representative Bacterial Strains of Human Microbiota

Previously prepared suspensions of tested bacterial strains in adequate nutrient media,
i.e., E. coli, S. aureus, and L. plantarum, were used in the exponential growth phase. Then,
a microtiter plate (96 wells) was inoculated with the appropriate bacterial suspension
(100 µL). The bacterial suspension was treated with different MG extract concentrations
(100 µL). The control was a bacterial suspension treated with 100 µL of the respective liquid
nutrient medium instead of extract. After incubation (40 min, 37 ◦C), microdilutions were
made (bacterial + nutrient medium mixture: PBS buffer = 1:9). Then, each dilution (10 µL)
was inoculated onto the appropriate solid nutrient and cultivated (24 h, 37 ◦C). The results
of the survival of bacteria after treatment with MG extract were calculated according to the
following Formula (4):

bacterial survival rate (%) =
CFU
mL bacterial suspension

CFU
mL control

× 100 (4)

2.2.8. Statistical Analysis

The results were statistically analyzed with Statistica software (version 10, TIBCO
Software, Palo Alto, CA, USA), using a one-way analysis of variance with Tukey’s post hoc
test (p < 0.05), and a Mann–Whitney U-test. All measurements were performed in triplicate
(n = 3).

3. Results and Discussion
3.1. Antioxidant/Pro-Oxidant Potential of Mountain Germander Extract on the Model Protein
Macromolecule

Excessive production of reactive oxygen radicals due to increased activity of en-
dogenous and exogenous sources ultimately leads to cumulative structural changes and
oxidative damage to cellular macromolecules, i.e., the formation of reactive carbonyl groups
that react with nucleophilic groups of proteins. In this study, results showed a positive cor-
relation between an increased concentration of MG extract and protein oxidation (p < 0.05).
Treatment with extract concentrations of 0.025 and 0.050 mg mL−1 resulted in lower protein
carbonylation for approximately 40% and 24%, respectively, while higher MG extract con-
centrations (0.125 and 0.500 mg mL−1) showed a pro-oxidant effect by increasing protein
oxidation for 14%, in both cases (Figure 1).

The pro-oxidant effect of T. arduini methanol extract (0.01–0.25 mg mL−1) on BSA
protein was also reported in the study by Šamec et al. (2015) [45]. However, Bektašević
et al. (2023) [26] reported a protective role of treatment with aqueous and methanolic
MG extract (0.167 µg/mL−1) after 1 h by inhibiting the protein carbonylation by 8.49%, in
comparison to the BHT (11.12%). With prolonged treatment (24 h), pro-oxidative activity
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was observed. It is well-known that polyphenols have a dual character, i.e., an antioxidant
and a pro-oxidant role, which largely depends on the physiological conditions of the cell,
their chemical structure (number of hydroxyl, acetyl groups, conjugated bonds, chelating
ability, etc.), the presence of metal ions, bioavailability, etc. [30]. Many herbal extracts with
high antioxidant activity, e.g., juniper (Juniperus communis L.), basil (Ocimum basilicum L.),
and laurel (Laurus nobilis L.), also showed the ability to cause oxidative damage on BSA
protein [46].
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3.2. Genotoxic/Genoprotective Effect of Mountain Germander Extract on Model DNA
Macromolecule

The potential of MG extract to indirectly induce or suppress the oxidation of genetic
material through the ROS formation was tested on the model plasmid phiX174 RF1 DNA.
Figure 2 shows a gel image with detected bands of the relaxed (RCP) and supercoiled
(SCCP) forms of plasmid after the treatment with the extract within a certain concentration
range, and under H2O2 photolysis stimulated by UV radiation.

The processing of the obtained images in the GelAnalyzer program resulted in the
calculated ratios of SCCP and RCP plasmid (Figure 3).

Due to the action of the hydroxyl radical, higher DNA damage will visually result in a
more intense upper band of the relaxed form of DNA, or, in other words, higher content of
DNA fragments as a result of the unwinding of the supercoiled DNA form. Considering the
positive and negative control, a statistically significant (p < 0.05) genoprotective effect of the
highest concentration of MG extract (0.500 mg mL−1) on the model plasmid was observed.
Although the concentration of 0.050 mg mL−1 was not statistically significant compared
to the positive control, it shows that the ratio between the supercoiled and the relaxed
form increased by 64% compared to the treatment of the plasmid with a combination
of UV radiation and H202 (PC), i.e., the pro-oxidant damage was significantly lower. It
is important to observe that, although there is significantly (p < 0.05) higher plasmid
damage when treated with concentrations of 0.025, 0.050, and 0.150 mg mL−1 compared
to the negative control, this effect generally decreases with an increasing concentration
MG extract.
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Figure 2. Visualization of oxidative damage of model DNA plasmid induced by UV-photolysis
of H2O2 during treatment with MG extract concentrations (0.025–0.500 mg mL−1). RCP: relaxed
circular plasmid; SCCP: supercoiled circular plasmid; NC1: plasmid+buffer; NC2: H2O2; NC3:
UV radiation; PC: plasmid + H2O2 + UV radiation; 0.025–0.500: extract concentration for plasmid
treatment (mg mL−1).
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Figure 3. The effect of Mountain Germander extract concentrations (0.025–0.500 mg mL−1) on
DNA plasmid oxidative damage. SCCP/RCP = ratio of supercoiled and relaxed circular plasmid;
NC = sum of all tested negative control; PC = positive control (plasmid + H2O2 + UV radiation).
Statistical data processing was carried out by one-way analysis of variance with Tukey’s post hoc
test. # = statistically significantly different (p < 0.05) compared to the positive control; * = statistically
significantly different (p < 0.05) compared to the negative control; a = statistically significantly different
(p < 0.05) compared to 0.025 mg mL−1; b = statistically significantly different (p < 0.05) compared
to 0.050 mg mL−1; c = statistically significantly different (p < 0.05) compared to 0.150 mg mL−1;
d = statistically significantly different (p < 0.05) compared to 0.500 mg mL−1.

Oald̄e et al. (2020) [19] also investigated the effect of aqueous, methanolic, and
ethanolic extracts of MG at concentrations of 0.1, 0.5, and 1 mg mL−1 on the model plasmid
pUC19, isolated from E. coli by applying a combined treatment of H2O2 and UV radiation
to the supercoiled DNA to induce damage. The lowest percentage of the damaged or
relaxed form was found in the aqueous extract (<5%) compared to the alcoholic extract
(10–15%), with a significantly higher genoprotective effect in relation to the tested positive
control. The genoprotective effect on the model plasmid may be partly attributed to the
presence of phenylethanoid glycosides in the polyphenolic extract. Although the effects on
preventing and/or slowing down the oxidation processes of genetic material have been
insufficiently studied, the available studies indicate the valuable antioxidant potential of
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phenylethanoid glycosides in inhibiting DNA damage. For example, Jang et al. (2020) [47]
found a significant inhibition of oxidative damage to plasmid ΦX-174 RF I DNA induced
by Fe2+ ions and hydroxyl radicals, during treatment with verbascoside that was isolated
from the extract of the traditional Korean plant species Abeliophyllum distichum (Lamiaceae).
In both cases, a dose-dependent effect was observed, with a reduction in damage from
7.09% at 0.32 µM verbascoside to 88.05% at 200 µM verbascoside in the case of divalent iron-
induced damage, while in the case of hydroxyl radical treatment, damage was reduced by
47.14% at 0.32 µM verbascoside and 97.66% at 200 µM verbascoside. Zhang et al. (2017) [48]
determined the protective effect of echinacoside on the reduction of UVB-induced DNA
fragmentation on keratinocyte cells (HaCaT). They found a significant reduction of the
DNA fragmentation in echinacoside-pretreated cells (25, 50, and 100 µM) before UVB
radiation, with the highest applied echinacoside concentration as the most effective (DNA
damage reduction for approximately 35%).

3.3. Cytotoxic/Proliferative Effect of Mountain Germander Extract on Human Cell Lines

One of the most important indicators of the biological activity of a target compound
or a mixture of bioactive compounds is the property of a cytotoxic or proliferative effect
on certain cell lines, which depends on the concentration applied and the duration of
treatment. A statistically significant (p < 0.05) decrease in viable cells, i.e., a cytotoxic effect,
was observed in Caco-2 and AGS after prolonged treatment (24 h) for all concentrations of
MG extract (0.025, 0.050, 0.150, and 0.500 mg mL−1) (Figure 4).

On the other hand, Stanković et al. (2011) [27] found a dose-dependent cytotoxic
effect of the methanolic MG macerate in the concentration range of 0.050–1 mg mL−1 on
HCT-116 colon cancer cells. Using the MTT assay, a significant cytotoxic effect (p < 0.05) of
the extract was observed after 24 h of treatment at all concentrations. However, prolonged
treatment (72 h) at the lowest applied concentration of the extract (0.050 mg mL−1) resulted
in the strong proliferative effect. When comparing results, a much longer exposure time,
methanol as the extraction solvent, the cell line type, and the applied assay for cytotoxicity
determination should be considered. Furthermore, in the work of Stanković et al. (2015) [20],
human melanoma cells (Fem-x), human breast cancer cells (MDA-MB-361), chronic myeloid
leukemia cells (K562), and cervical adenocarcinoma cells (HeLa) were treated with the
same prepared MG extract. A pronounced dose- and cell line-dependent cytotoxic effect
of the tested extract in the range of 0.0125–0.200 mg L−1 was observed. The highest
concentration of the extract had the strongest antitumor effect on K562 and HeLa cells,
reducing their viability by ~97% and ~85%, respectively, during 72 h at a concentration
of 0.200 mg L−1. In addition, it is important to mention the results of the treatment of
human normal immunocompetent blood cells (PBMC) and proliferation-stimulated blood
cells (PBMC-PHA) with phytohemagglutinin (conditions the coagulation of leukocytes)
in the same work with the same concentration of MG extract, whereby the viability of the
tested cells was reduced by 20% only for PBM-PHA, which indicates the selectivity of the
polyphenol extract towards certain cell lines, and thus modulates the antitumor effect.

The cytotoxic effect of the MG extract on AGS, Caco-2, and HepG2 cells at the highest
concentration and during the 24 h of exposure may be partly related to the presence of
phenylethanoid glycosides, which account for about 22% of the freeze-dried MG extract
used in this study, with echinacoside representing approximately 40% of the total. In
the study by Ye et al. (2019) [49], a significant increase in antiproliferative activity by
increasing the concentration of echinacoside (20 µg mL−1—9.57%; 50 µg mL−1—26.67%;
100 µg mL−1—37.20%) on HepG2 cells and myeloid cells was observed. The influence of
structurally similar polyphenolic compounds, such as verbascoside, should also not be
excluded. For example, Mulani et al. (2014) [50] reported a stronger cytotoxic effect of
verbascoside (23–30%) compared to echinacoside (10–18%) and calkeolarioside A (13–18%)
and B (5–15%). Additionally, Attia et al. (2018) [51] reported a significant cytotoxic effect of
verbascoside in the treated range of 0.01–100 µM on Caco-2 (decreased cell viability by 70%)
and HCT-116 (decreased cell viability by 80%) cells, while the combination of a verbascoside
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dose of 0.1 µM and 10 µM fluorouracil as a standard chemotherapeutic agent resulted
in a significant synergistic cytotoxic effect (Caco-2: 80%, HCT-116: 90%). Numerous
studies also confirm the antiproliferative effect of other plant extracts that are rich in
phenylethanoid glycosides. For example, Yuan et al. (2021) [52] found the concentration-
(200–600 µg mL−1) and time-dependent (24 and 48 h) cytotoxic effect of Cistanche tubulosa
extract (28% echinacoside, 9.9% verbascoside, 34.8% of total polysaccharides) on liver
cancer cells—BEL-7404 and HepG2—through the induction of the cell cycle arrest and
apoptosis associated with the activation of the MAPK (mitogen-activated protein kinase)
signaling pathway. The increased efficacy of the antitumor properties of the conventional
chemostatic agent cisplatin, with a simultaneous reduction of side effects, as well as the
independent cytotoxic role of the tested extract through a direct antiproliferative effect and
an indirect improvement of the immune response, were also observed.
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Figure 4. Cell viability of tested lines: (a) CAL 27; (b) AGS; (c) Caco-2; and (d) HepG2 after 2 and
24 h of treatment with Mountain Germander extract concentrations (0.025–0.500 mg mL−1). One-
way analysis of variance was carried out between the tested concentrations with Tukey’s post hoc
test. The values marked with the sign # are statistically significantly (p < 0.05) different in regard
to the treatment time for each extract concentration, and were obtained by performing the Mann–
Whitney test (p < 0.05). * = statistically significantly different (p < 0.05) compared to negative control
(water); a = statistically significantly different (p < 0.05) compared to 0.025 mg mL−1; b = statistically
significantly different (p < 0.05) compared to 0.050 mg mL−1; c = statistically significantly different
(p < 0.05) compared to 0.150 mg mL−1; d = statistically significantly different (p < 0.05) compared to
0.500 mg mL−1.

3.4. Antioxidant/Pro-Oxidative Effect of Mountain Germander Extract on Human Cell Lines

To determine the correlation between the survival of cells treated with the extract
and the decrease or increase in the proportion of highly reactive oxygen radicals (ROS)
produced, an analysis of the antioxidant/pro-oxidant activity was also carried out. In
addition to the fact that the induction of free radicals differed significantly depending
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on the cell culture treated, a dose-dependent effect of the extract was generally observed
(Figure 5).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 11 of 19 
 

15%). Additionally, Attia et al. (2018) [51] reported a significant cytotoxic effect of verbas-
coside in the treated range of 0.01–100 µM on Caco-2 (decreased cell viability by 70%) and 
HCT-116 (decreased cell viability by 80%) cells, while the combination of a verbascoside 
dose of 0.1 µM and 10 µM fluorouracil as a standard chemotherapeutic agent resulted in 
a significant synergistic cytotoxic effect (Caco-2: 80%, HCT-116: 90%). Numerous studies 
also confirm the antiproliferative effect of other plant extracts that are rich in phenyleth-
anoid glycosides. For example, Yuan et al. (2021) [52] found the concentration- (200–600 
µg mL−1) and time-dependent (24 and 48 h) cytotoxic effect of Cistanche tubulosa extract 
(28% echinacoside, 9.9% verbascoside, 34.8% of total polysaccharides) on liver cancer 
cells—BEL-7404 and HepG2—through the induction of the cell cycle arrest and apoptosis 
associated with the activation of the MAPK (mitogen-activated protein kinase) signaling 
pathway. The increased efficacy of the antitumor properties of the conventional chemo-
static agent cisplatin, with a simultaneous reduction of side effects, as well as the inde-
pendent cytotoxic role of the tested extract through a direct antiproliferative effect and an 
indirect improvement of the immune response, were also observed. 

3.4. Antioxidant/Pro-Oxidative Effect of Mountain Germander Extract on Human Cell Lines 
To determine the correlation between the survival of cells treated with the extract 

and the decrease or increase in the proportion of highly reactive oxygen radicals (ROS) 
produced, an analysis of the antioxidant/pro-oxidant activity was also carried out. In ad-
dition to the fact that the induction of free radicals differed significantly depending on the 
cell culture treated, a dose-dependent effect of the extract was generally observed (Figure 
5). 

(a) (b) 

  
(c) (d) 

Figure 5. Induction of free radicals (ROS) on cell lines: (a) CAL 27; (b) AGS; (c) Caco-2; and (d) HepG2
after 2 and 24 h of treatment with Mountain Germander extract concentrations (0.025–0.500 mg mL−1).
One-way analysis of variance was carried out between the tested concentrations with Tukey’s post
hoc test. The values marked with the sign # are statistically significantly (p < 0.05) different in regard
to the treatment time for each extract concentration, and were obtained by performing the Mann–
Whitney test (p < 0.05). * = statistically significantly different (p < 0.05) compared to negative control
(water); a = statistically significantly different (p < 0.05) compared to 0.025 mg mL−1; b = statistically
significantly different (p < 0.05) compared to 0.050 mg mL−1; c = statistically significantly different
(p < 0.05) compared to 0.150 mg mL−1; d = statistically significantly different (p < 0.05) compared to
0.500 mg mL−1.

A statistically significant (p < 0.05) pro-oxidant effect on CAL 27 after a shorter treat-
ment (2 h) was observed only at 0.500 mg mL−1, while after 24 h, the opposite effect
occurred, i.e., a reduction in ROS formation by 72% (p < 0.05). The antioxidant activity of
the extract in the treatment of AGS cells is only visible after 24 h, at 0.050 mg mL−1. In Caco-
2 cells, a statistically (p < 0.05) significant antioxidant effect of MG extract at 0.050 mg mL−1

was observed after 2 h of treatment, which persisted even after prolonged exposure (24 h),
while the treatment with 0.500 mg mL−1 showed statistically significant (p < 0.05) antioxi-
dant activity only after 2 h. On the contrary, after 24 h, a statistically significant (p < 0.05)
pro-oxidant effect of a concentration of 0.500 mg mL−1 was observed. In HepG2 cells, a
statistically significant (p < 0.05) antioxidant activity was observed, with a longer incubation
of the cells (24 h) compared to a shorter exposure to the extract, with extract concentrations
of 0.050 and 0.500 mg mL−1 leading to the most pronounced effect, i.e., a reduction in the
generation of ROS by approximately 60% and 54%, respectively. Based on the results ob-
tained, a statistically significant (p < 0.05) trend between the antioxidant effect of the extract
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and prolonged time exposure (24 h) in CAL 27 and HepG2 can be noticed. Furthermore,
no statistically significant (p > 0.05) dependence of ROS generation on the reduction of
cell viability was observed in the tested cell lines compared to the control. On the other
hand, it should be noted that a statistically significant (p < 0.05) reduction in reactive radical
induction was observed in HepG2 cells at all concentrations, and partially in CAL 27 and
Caco-2, while the percentage of cell survival (%) remained relatively unchanged. A similar
trend was observed in the study by Stanković et al. (2011) [27], in which the correlation
between the increased formation of superoxide (O2−) and nitrite (NO2−) radicals and the
decrease in proliferation of HCT-116 colon tumor cells in the presence of a methanolic
extract of MG extract (0.050−1 mg mL−1) was investigated. The results did not indicate
a statistically significant increase in generated radicals, while an increase in viable cells
was observed at lower concentrations during the same treatment (72 h), which implies that
the proliferative effect is independent of the ROS presence. On the other hand, Živanović
et al. (2016) [53] investigated the migration potential of MG extract (1–100 µg mL−1) on
human colon cancer cell lines, SW-480 and breast cancer MDA-MB-231, depending on
the change in redox status measured by the concentrations of reduced glutathione (GSH),
superoxide, and nitrite radicals after 24 and 72 h of treatment. Generally, the migration
potential is the first step in cancer metastasis. By penetrating into the surrounding tissue
and bloodstream, it creates the conditions for the formation of secondary tumors. The
results showed that only the lowest concentration of the extract (1 µg mL−1 for SW-480;
10 µg mL−1 for MDA-MB-231) reduced the migration potential, while a further increase
in concentration had the opposite effect. Additionally, no correlation was found between
the reduction in migration potential and the pro-oxidant effect of the extract due to the
increased formation of the tested radicals, indicating a possible modulation of tumor cell
migration by mechanisms independent of the redox status. It is known that polyphenols
have the ability to have a very selective pro-oxidant effect on cancer cells by inducing the
formation of free radicals, leading to a toxic effect and cell death, while not damaging
normal cells [30]. On the other hand, their antioxidant role is based on the elimination
and reduction of free radical formation, which is the main role in the regulation of oxida-
tive stress and the prevention of cancer. The lack of a positive correlation between the
ROS induction and the cytotoxic effect during treatment with MG extract can be partly
explained by the extract’s pronounced antioxidant properties after 24 h of treatment, such
as the ability to chelate metals in a cancer environment, activate the defense system, and
regenerate cells [27]. In this context, it can be partially concluded that the polyphenolic
compounds of MG extract play a role in the prevention of pathogenesis, which can be used
for chemopreventive purposes [54]. In contrast to some phenolic acids (gallic acid, ellagic
acid) and flavonoids (epigallocatechin gallate, rutin, myristic acid, resveratrol), for which
both antioxidant and pro-oxidant roles have been demonstrated, the available research on
various phenylethanoid glycosides, such as echinacoside and salidroside, points to their
preventive, antioxidant role by reducing lipid peroxidation, improving mitochondrial func-
tions, inhibiting oxidative stress, improving intercellular communication, regulating the
MAPK signaling pathway (mitogen-activated protein kinase/extracellular signal-regulated
kinase), as one of the fundamental cascade reactions in the proliferation, differentiation,
survival, and apoptosis of inflammatory cells and others [55,56].

3.5. Genotoxic/Genoprotective Effect of Mountain Germander Extract on Human Cell Lines

The induction of oxidative DNA damage of the tested human cell with MG extract
was evaluated by the following parameters of the alkaline comet assay: tail length and
intensity. In CAL 27 cells, no statistically significant (p > 0.05) effect on genetic material was
observed for any of the tested extract concentrations (Figure 6).

In other cell lines, concentrations of 0.050 and 0.500 mg mL−1 were found to be
statistically significant (p < 0.05) in exhibiting genoprotective or genotoxic effects. In AGS
cells, a statistically significant (p < 0.05) genoprotective effect of tested polyphenolic extract
was found at concentrations of 0.025 and 0.050 mg mL−1 when considering the reduction
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in the size of oxidation damage (tail length) after a shorter treatment time, which was
prolonged with a 24 h treatment. Treatment with the extract showed a genotoxic effect
on Caco-2 cells, considering that the size of the measured DNA fragments (tail length)
increased statistically significantly (p < 0.05) after 2 h at a concentration of 0.050 mg mL−1

compared to the control. In HepG2, a statistically significant (p < 0.05) genotoxic effect of
the extract was observed during a shorter exposure time (2 h) by analyzing the tail length
results, where the concentrations of 0.050 and 0.500 mg mL−1 again stood out. Based on the
measured intensity of the tail, an increase in the amount of oxidative damage to DNA can
be observed after prolonged treatment (24 h) at concentrations of 0.050 and 0.150 mg mL−1.
The oxidative effect of treatment with aqueous, ethanolic, and methanolic extracts from
selected plant species of the genera Tyhmus, Origanum, and Teucrium on the genetic material
of normal human lung fibroblasts (MRC-5) was investigated in the study by Oald̄e et al.
(2020) [19]. The following concentrations were used—0.025, 0.05, and 0.1 mg mL−1—and
the results of the comet assay were compared to the negative (water, ethanol, or methanol)
and positive controls (H202). According to the tail intensity results for all prepared extracts,
a decrease in the percentage of DNA fragments generated was observed, which is as follows:
0.025 mg mL−1 for the methanol extract, 0.05 mg mL−1 for the ethanol extract, and 0.05
mg mL−1 for the aqueous extract. Furthermore, the results were positively correlated with
certain proportions of phenolic acids and flavonoids, with rosmarinic acid, i.e., luteolin-
7-O-glucoside, dominating. In a more recent study by Tureyen et al. (2023) [57], ovarian
cancer cells (A2780) were found to have a significant increase in tail intensity when treated
with tubuloside A, one of the major phenylethanoid glycosides from the traditional Chinese
plant Cistanche tubulosa, at a concentration of 100 µM (p < 0.05), compared to the standard
chemotherapeutic agent (100 µM 5-fluorouracil), with the confirmed induction of apoptosis
of cancer cells through activation of the transcription factor p53 and the cascade of caspase
enzyme reactions for programmed cell death.

Figure 6. Cont.
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DNA tail length and tail intensity of the cell lines: (a,b) CAL 27; (c,d) AGS; (e,f) Caco-2; and
(g,h) HepG2 cells after 2 and 24 h of treatment. One-way analysis of variance was carried out
between the tested concentrations with Tukey’s post hoc test. The values marked with the sign
# are statistically significantly (p < 0.05) different in regard to the treatment time for each extract
concentration, and were obtained by performing the Mann–Whitney test (p < 0.05). * = statistically
significantly different (p < 0.05) compared to negative control (culture medium); a = statistically
significantly different (p < 0.05) compared to 0.025 mg mL−1; b = significantly different (p < 0.05)
compared to 0.050 mg mL−1; c = statistically significantly different (p < 0.05) compared to 0.150 mg
mL−1; d = statistically significantly different (p < 0.05) compared to 0.500 mg mL−1.

3.6. Bacteriostatic/Proliferative Effect of Mountain Germander Extract on Representative Bacterial
Strains of Human Microbiota

To gain insight into the potential of MG extract as a bacteriostatic agent, the percentage
of survival of bacterial cultures of E. coli, S. aureus, and L. plantarum was determined when
they were exposed to the extract for 60 min. A statistically significant (p < 0.05) effect of
all applied extract concentrations on reducing the viability of E. coli cells compared to the
control was found, with the concentration of 0.150 mg mL−1 showing the strongest effect,
inhibiting its growth by 56% (p < 0.05) (Figure 7).

Although a statistically significant (p < 0.05) inhibitory effect of MG extract on the
growth of S. aureus cells was observed at concentrations of 0.025, 0.150, and 0.500 mg mL−1

(p < 0.05), it was relatively small (inhibition of growth by only 10–20%). In L. plantarum,
a statistically significant decrease (p < 0.05) in bacterial viability was observed at higher
concentrations (0.150 and 0.500 mg mL−1). The observed inhibitory potential of E. coli
during treatment with MG extract certainly represents a result of the greatest interest for
further research, given the known facts related to the high antimicrobial resistance of this
Gram-negative bacterium, which is significantly manifested in the ability of E. coli to partic-
ipate in the transfer of its genes, but also in the uptake and accumulation of resistant genes
from other microorganisms in the living environment [58]. In addition, the high resistance
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of S. aureus also poses a challenge in the search for alternative antibacterial agents, as it
has a thick peptidoglycan layer that is resistant to damage [59]. Previous studies have
also confirmed the antimicrobial activity of methanolic polyphenolic extracts from other
Lamiaceae species, such as pennyroyal (Mentha pulgeum), horehound (Marrubium vulgare),
southern bugle (Ajuga iva), and felty germander (T. polium), compared to gallic acid and
tannic acid as standards. A positive correlation was found between the enlargement of
the inhibition zone and a certain MIC concentration for E. coli and S. aureus, depending on
certain proportions of the total TPC, tannins, the total flavonoids, and antioxidant capac-
ity [60]. In addition, Jerusalem artichoke sage (Phlomis fruticose L.) extract with a qualitative
profile characterized in detail by HR MS-MS, in which the presence of phenylethanoid
glycosides (nine compounds), flavonoids (sixteen compounds), and phenolic acids (fifteen
compounds) was determined, showed moderate bacteriostatic activity against S. aureus
and E. coli, but also a bactericidal effect against the methicillin-resistant strain of S. aureus,
in contrast to the commercial antibiotic ampicillin, which did not even show an inhibitory
effect [61]. On the other hand, in the same work, using the agar diffusion method, a greater
antimicrobial activity of the metabolites of forsytoside A, more precisely hydroxytyrosol
and dihydrocaffeic acid, against S. aureus was found than the tested component itself,
which could partly indicate the relatively low bacteriostatic effect of the MG extract that is
rich in phenylethanoid glycosides. However, recent findings related to the antimicrobial
activity of these compounds indicate, for example, the synergistic effect of verbascoside
with the commercial antibiotics vancomycin and ceftazidime in inhibiting certain strains of
S. aureus and P. aeruginosa [62], or the inhibitory effect of echinacoside in combination with
vancomycin on S. aureus activity [63].

Appl. Sci. 2024, 14, x FOR PEER REVIEW 15 of 19 
 

al. (2020) [19]. The following concentrations were used—0.025, 0.05, and 0.1 mg mL−1—
and the results of the comet assay were compared to the negative (water, ethanol, or meth-
anol) and positive controls (H202). According to the tail intensity results for all prepared 
extracts, a decrease in the percentage of DNA fragments generated was observed, which 
is as follows: 0.025 mg mL−1 for the methanol extract, 0.05 mg mL−1 for the ethanol extract, 
and 0.05 mg mL−1 for the aqueous extract. Furthermore, the results were positively corre-
lated with certain proportions of phenolic acids and flavonoids, with rosmarinic acid, i.e., 
luteolin-7-O-glucoside, dominating. In a more recent study by Tureyen et al. (2023) [57], 
ovarian cancer cells (A2780) were found to have a significant increase in tail intensity 
when treated with tubuloside A, one of the major phenylethanoid glycosides from the 
traditional Chinese plant Cistanche tubulosa, at a concentration of 100 µM (p < 0.05), com-
pared to the standard chemotherapeutic agent (100 µM 5-fluorouracil), with the confirmed 
induction of apoptosis of cancer cells through activation of the transcription factor p53 
and the cascade of caspase enzyme reactions for programmed cell death. 

3.6. Bacteriostatic/Proliferative Effect of Mountain Germander Extract on Representative 
Bacterial Strains of Human Microbiota 

To gain insight into the potential of MG extract as a bacteriostatic agent, the percent-
age of survival of bacterial cultures of E. coli, S. aureus, and L. plantarum was determined 
when they were exposed to the extract for 60 min. A statistically significant (p < 0.05) effect 
of all applied extract concentrations on reducing the viability of E. coli cells compared to 
the control was found, with the concentration of 0.150 mg mL−1 showing the strongest 
effect, inhibiting its growth by 56% (p < 0.05) (Figure 7). 

 
Figure 7. Cell viability of tested bacterial strains treated with Mountain Germander extract concen-
trations (0.025–0.500 mg mL−1). One-way analysis of variance was carried out with Tukey’s post hoc 
test. * = statistically significantly different (p < 0.05) compared to negative control (PBS buffer); a = 
statistically significantly different (p < 0.05) compared to 0.025 mg mL−1; b = significantly different (p 
< 0.05) compared to 0.050 mg mL−1; c = statistically significantly different (p < 0.05) compared to 0.150 
mg mL−1; d = statistically significantly different (p < 0.05) compared to 0.500 mg mL−1. 

Although a statistically significant (p < 0.05) inhibitory effect of MG extract on the 
growth of S. aureus cells was observed at concentrations of 0.025, 0.150, and 0.500 mg mL−1 
(p < 0.05), it was relatively small (inhibition of growth by only 10–20%). In L. plantarum, a 
statistically significant decrease (p < 0.05) in bacterial viability was observed at higher con-
centrations (0.150 and 0.500 mg mL−1). The observed inhibitory potential of E. coli during 
treatment with MG extract certainly represents a result of the greatest interest for further 
research, given the known facts related to the high antimicrobial resistance of this Gram-
negative bacterium, which is significantly manifested in the ability of E. coli to participate in 
the transfer of its genes, but also in the uptake and accumulation of resistant genes from 
other microorganisms in the living environment [58]. In addition, the high resistance of S. 

Figure 7. Cell viability of tested bacterial strains treated with Mountain Germander extract concen-
trations (0.025–0.500 mg mL−1). One-way analysis of variance was carried out with Tukey’s post
hoc test. * = statistically significantly different (p < 0.05) compared to negative control (PBS buffer);
a = statistically significantly different (p < 0.05) compared to 0.025 mg mL−1; b = significantly different
(p < 0.05) compared to 0.050 mg mL−1; c = statistically significantly different (p < 0.05) compared to
0.150 mg mL−1; d = statistically significantly different (p < 0.05) compared to 0.500 mg mL−1.

4. Conclusions

According to this study, the polyphenolic MG extract showed a dose-dependent dual
effect on tested cellular macromolecules, i.e., it had a pro-oxidant effect by increasing the
rate of BSA carbonyl protein formation at 0.125 and 0.500 mg mL−1 of the extract and, on
the contrary, acted as an efficient genoprotective agent on DNA plasmid at the highest
tested concentration of MG extract (0.500 mg mL−1). The most pronounced cytotoxic
effect of the polyphenolic MG extract was observed on AGS, Caco-2, and HepG2 cells
after 24 h of exposure at 0.500 mg mL−1, while the genotoxic effect was significantly
dependent on the concentration and exposure time for each cell line tested. However, the
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lack of correlation between the percentage of induced ROS and reduced cell viability after
treatment could indicate a possible antiproliferative effect of the polyphenolic MG extract,
independent of ROS formation, as well as its dominant preventive and antioxidant role
after prolonged treatment (24 h). In terms of the cell viability of the tested bacterial strains,
the MG extract (0.150 and 0.500 mg mL−1) showed remarkable bacteriostatic potential on E.
coli, with the inhibition of the bacterial strain reducing viability by 56%. The present study
expands the limited knowledge of Mountain Germander as an understudied medicinal
plant species in terms of its biological activity at the gastrointestinal level as a primary route
of administration, and provides the basis for further studies to discover the mechanisms of
the demonstrated pro-oxidant, cytotoxic, and bacteriostatic activity.
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15. Zlatković, B.; Bogosavljević, S.; Radivojević, A.; Pavlović, M. Traditional use of the native medicinal plant resource of Mt. Rtanj
(Eastern Serbia): Ethnobotanical evaluation and comparison. J. Ethnopharmacol. 2014, 151, 704–713. [CrossRef]
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