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Abstract 

Background: The growing interest in developing new bioactive agents from natural 
sources led to medicinal and aromatic plants. These plants provide valuable phytochem-
icals that can serve as natural preservatives, food additives, and flavorings, with various 
applications. The aim of this study is to evaluate the potential of Juniperus oxycedrus ber-
ries’ supercritical extract through preliminary screenings related to in vitro antibacterial 
activity, as well as bioinformatics assessments of absorption and toxicity. Methods: Su-
percritical carbon dioxide (CO2) was used to extract the bioactive phytochemical com-
pounds from the berries. The extract was characterized using spectrophotometric meth-
ods and reverse-phase high-performance liquid chromatography (RP-HPLC). The anti-
bacterial potential was tested against Staphylococcus aureus ATCC 25923, where the Mini-
mal Inhibitory Concentration and the Minimal Bactericidal Concentration were deter-
mined. Additionally, the influence of the extract on the growth curve kinetics of S. aureus 
was assessed. For the bioinformatics analyses, SwissADME and ProTox-3.0 prediction 
software were utilized, focusing on the identified phenolic compounds as fingerprint mol-
ecules. Results: The results demonstrated that exposure to the juniper extract inhibited 
bacterial growth, resulting in a prolonged lag phase of 6 to 8 h, depending on the concen-
tration of the extract. The software predictions revealed that the investigated phenolic 
compounds might exhibit high gastrointestinal absorption, along with potential interac-
tions with metabolic mediators and pathways. Conclusions: The in vitro and in silico 
findings support the application of J. oxycedrus berries extract as an alternative or comple-
mentary strategy for pharmacological treatment and food applications aimed at targeting 
S. aureus. 

Keywords: medicinal and aromatic plant; green extraction; antioxidant activity;  
antibacterial activity 
 

1. Introduction 
Staphylococcus aureus is a Gram-positive, facultative anaerobic bacterium with opti-

mal growth conditions of 37 °C and pH 7.4 [1]. It is commonly found in skin and mucosal 
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microbiota of humans and animals, with 20–30% of the healthy population acting as per-
sistent carriers [2,3]. S. aureus is an opportunistic pathogen capable of causing a broad 
spectrum of infections, ranging from minor skin and soft tissue lesions to severe invasive 
diseases such as bacteremia, endocarditis, osteomyelitis, and sepsis [4,5]. The pathogenic 
potential of S. aureus is primarily associated with its virulence factors, including pore-
forming toxins (hemolysins, Panton–Valentine leukocidin, and phenol-soluble modulins), 
exfoliative toxins, and superantigens such as enterotoxins and toxic shock syndrome 
toxin-1 [1,4]. These molecules are able to evade host immune defenses, disrupt cellular 
integrity, and induce severe systemic conditions such as toxic shock syndrome and staph-
ylococcal food poisoning. The increasing emergence of methicillin-resistant S. aureus 
(MRSA) represents a critical global health concern. MRSA is one of the six ESKAPE path-
ogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species), recognized for its high adapta-
bility and resistance to β-lactam antibiotics and other antimicrobial classes, leading to per-
sistent infections and therapeutic failures. Overuse of antibiotics in clinical and veterinary 
seĴings has accelerated the selection of multidrug-resistant (MDR) S. aureus strains, in-
cluding vancomycin-resistant isolates [3,5]. 

Other than clinical infections, S. aureus poses a significant risk to food safety. It is 
frequently isolated from high-protein foods such as meat, dairy, and bakery products. 
Foodborne intoxication caused by staphylococcal enterotoxins, which are heat-stable mol-
ecules that remain active even after cooking or pasteurization, are major concern in food-
borne outbreaks [2,5]. Inadequate hygiene practices, temperature abuse, and contamina-
tion from asymptomatic nasal carriers during food handling further increase the risk of 
staphylococcal food poisoning [2,6]. According to the European Union (EU) One Health Zo-
onoses Report, published in 2024 from the European Food Safety Authority (EFSA) and the 
European Centre for Disease Prevention and Control (ECDC), Staphylococcus spp. contam-
ination has been reported across diverse food categories in multiple EU Member States, 
emphasizing the need for enhanced surveillance and preventive strategies [7]. 

As antibiotic resistance continues to be a significant issue, recent research has focused 
on alternative antimicrobial strategies. Studies on plant-derived natural products have 
shown their potential as effective antibacterial agents against S. aureus. Compounds such 
as terpenoids, flavonoids, and organosulfur compounds act by interfering with bacterial 
cell wall synthesis and can be effective either alone or synergistically with conventional 
antibiotics. Their broad antibacterial activity, coupled with low toxicity toward mamma-
lian cells, makes these compounds aĴractive candidates for new therapeutic approaches. 
The systematic use of natural molecules is strongly encouraged, as it may help address 
the rising challenge of antimicrobial resistance [2,8]. Several studies have provided em-
pirical evidence of the antimicrobial activity of Juniperus oxycedrus L. extract and essential 
oils (EOs) against various microorganisms, particularly against S. aureus and MRSA 
strains [9–13] 

Juniperus oxycedrus L. is a medicinal and aromatic plant (MAP) that belongs to the 
Juniperus L. genus of the Cupressaceae family. This small tree or shrub is widely distrib-
uted across the Mediterranean region, around the Black Sea, and in the Middle East, and 
grows in a rocky soil at elevations of up to 1600 m above sea level [9,12,14]. Juniperus spe-
cies contains various phytochemical compounds, including terpenes, flavonoids, phenolic 
acids, resin, tannins, and organic acids, which provide antimicrobial, antioxidant, anti-
inflammatory, antidiabetic, hepatoprotective, insecticidal, and cytotoxic properties [15]. 
The female cones/galbulus of Juniperus, commonly referred to as “fruits” or “berries”, are 
primarily used as a spice in cuisine, providing a strong and distinctive flavor. In tradi-
tional medicine, the berries of J. oxycedrus have been utilized to treat common colds, gas-
trointestinal issues, calcinosis in joints, hemorrhoids, and urinary inflammation. The 
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berries also serve as an expectorant for coughs, a hypoglycemic agent, and a diuretic for 
passing kidney stones. Additionally, the berries and leaves can be applied externally to 
address parasitic diseases [12,14]. 

Supercritical fluid extraction (SFE) is an efficient and environmentally friendly alter-
native to traditional extraction methods. In SFE, CO2 is the most common choice due to 
its advantageous properties. CO2 has a low critical temperature of 31.1 °C and pressure of 
7.38 MPa, is inert, non-toxic, non-flammable, affordable, and easily removable. This aligns 
with the global movement towards sustainable “green” extraction methods. Additionally, 
supercritical plant extraction systems function within a closed-loop configuration, allow-
ing for CO2 recycling, which provides cost-effectiveness for industrial applications. In the 
supercritical state, CO2 diffuses through materials like a gas while simultaneously dissolv-
ing compounds like a liquid. This versatility enables the extraction of a wide range of 
bioactive phytochemical compounds, in particular thermosensitive volatile and non-vol-
atile substances, without compromising their integrity, an issue often encountered in con-
ventional extraction methods. Through precise control of temperature and pressure, SFE 
facilitates the selective isolation of target compounds based on differences in solubility 
and polarity [16–19]. 

Continuing from our previous study involving the same raw material extracted by 
ultrasound-assisted extraction with acidified hydroethanolic solvent [11], the present re-
search aims to explore the potential of a “green” extraction method suitable for industrial-
scale extraction. This preliminary screening focuses on the supercritical extract of J. ox-
ycedrus berries, evaluating its in vitro antibacterial activity against S. aureus ATCC 25923, 
given the risks associated with this bacterium. This particular strain is well-characterized, 
antibiotic-sensitive, and commonly used as a quality control standard in microbiology la-
boratories for antibiotic susceptibility testing. In addition to improvements in the Minimal 
Inhibitory Concentration (MIC) and the Minimal Bactericidal Concentration (MBC) values 
of the J. oxycedrus berries supercritical extract (JoB-SFE) compared to our previous study, 
theoretical and computational investigations were conducted here to predict the absorp-
tion and toxicity of the phenolic compounds identified in the extract. This serves as a sup-
porting means for the application of this medicinal and aromatic plant, as an alternative 
bioactive agent derived from natural sources for controlling and preventing S. aureus in 
therapeutic applications (either alone or in combination with antibiotics) and food safety 
strategies. 

2. Results 
2.1. Extraction Yield, Global and Individual Characterization of Phenolic Compounds 

The concentrated extract obtained from the Juniperus oxycedrus berries (JoB) exhibited 
a pronounced aromatic profile and a creamy, semi-solid consistency. Upon refrigeration, 
the extract formed crystals, suggesting the presence of compounds with low solubility at 
reduced temperatures. Considering the extraction conditions employed (45 °C and 30 
MPa using supercritical CO2), these characteristics indicate a complex mixture of both vol-
atile terpenoids and heavier, non-volatile lipophilic components, including waxes, long-
chain terpenes, faĴy acids, and phytosterols. These substances tend to co-extract under 
SFE conditions due to the enhanced solvating power of CO2 at elevated pressures [17]. 

Table 1 shows the extraction yield and phenolic composition (global and individual) 
of the JoB-SFE. The extraction yield obtained in our work was 4.35%, which is higher than 
those typically obtained using conventional techniques. For instance, hydrodistillation of 
J. oxycedrus ssp. macrocarpa aerial parts, collected in Sardinia, yielded 0.18% EO [12]. Com-
parable studies using supercritical CO2 extraction have reported lower yields for the ber-
ries of related Juniperus species: 0.7% for J. communis L. ssp. nana at 50 °C and 9 MPa [20], 
and 0.9% for J. communis extracted at 45 °C and 11.8 MPa [21]. The highest extraction yield 
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among junipers was obtained from the ripe fruits of J. oblonga, at 30 MPa and 311 K (37.85 
°C), with an extraction yield of 7% [22]. These comparisons indicate that the JoB-SFE pa-
rameters employed in the present work co-extracted both volatile and non-volatile con-
stituents and yielded an efficient extract from an economical point of view compared to 
the conventional methods. 

Table 1. Extraction yield, and global and individual phenolic characterizations. 

Assessment Result 
Extraction yield (%) 4.35 

Global phenolic characterization 
TPC (mg GAE/g DW) 16.42 ± 0.86 
TFC (mg QE/g DW) 0.61 ± 0.02 

Individual phenolic characterization (µg/g DW) 
Ferulic acid 0.32 ± 0.01 D 

Protocatechuic acid 0.85 ± 0.03 A 
Syringic acid 0.37 ± 0.02 D 

Apigenin 0.47 ± 0.02 C 
Luteolin 0.58 ± 0.04 B 

Note: the uppercase leĴers are used for statistical comparison between the RP-HPLC identified com-
pounds, which means that those that do not share a leĴer are significantly different (p < 0.05), ac-
cording to Tukey’s post hoc tests. 

The global phytochemical characterization (Table 1) of the JoB-SFE extract revealed 
a total phenolic content (TPC) of 16.42 ± 0.86 mg GAE/g DW and a total flavonoid content 
(TFC) of 0.61 ± 0.02 mg QE/g DW. In our previous work [11], ultrasound-assisted extrac-
tion of the same J. oxycedrus raw material using a hydroethanolic solvent acidified with 
acetic acid showed lower values, with a TPC of 2.12 ± 0.05 mg GAE/g DW, and a TFC of 
0.17 ± 0.09 mg QE/g DW. The markedly higher total phenolic and flavonoid contents ob-
tained from the JoB-SFE extract compared to the ultrasound-assisted hydroethanolic ex-
tract suggest that the SFE provided more efficient solubilization of total lipophilic phe-
nolic and flavonoid compounds. 

In the phenolic profile chromatograph of the extract (Figure 1), the RP-HPLC sensor 
detector recorded 20 peaks. Among these, five phenolic compounds were successfully 
identified and quantified using the RP-HPLC system database at our research center. The 
remaining peaks failed to significantly match with available calibration curves with stand-
ard compounds available in our RP-HPLC system database and, as a result, could not be 
identified. Among the identified compounds (Table 1), protocatechuic acid was the pre-
dominant phenolic compound at a content of 0.85 ± 0.03 µg/g DW, followed by luteolin 
and apigenin (0.58 ± 0.04 and 0.47 ± 0.02 µg/g DW, respectively), whereas ferulic and sy-
ringic acids were present in lower concentrations. 
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Figure 1. Phenolic profile chromatograph of juniper extract at 280 nm. Note: The 2D structures of 
the identified compounds were obtained from PubChem. 

2.2. Antioxidant Activity and Correlation with Phenolic Content 

The bar chart shown in Figure 2 illustrates the antioxidant activity of the JoB-SFE 
extract. The extract exhibited higher antioxidant activity in the ABTS assay (7.26 ± 0.55 mg 
TE/g DW) than in the DPPH assay (2.52 ± 0.30 mg TE/g DW). This difference reflects the 
distinct radical-scavenging mechanisms and solvent compatibilities of the two assays. The 
ABTS+ radical cation is soluble in both aqueous and organic media and responds to a wide 
spectrum of antioxidants, including both hydrophilic and lipophilic compounds, while 
the DPPH radical is soluble mainly in organic solvents and reacts preferentially with lip-
ophilic hydrogen donors. The ABTS assay involves both electron transfer and hydrogen 
atom transfer mechanisms, thus capturing the total antioxidant capacity of compounds 
across a broader polarity range [23,24]. Similar trends, where ABTS activity exceeds DPPH 
activity, have been reported previously. Mrid et al. [25] reported higher ABTS than DPPH 
activity responses in hydromethanolic and aqueous extracts of unripe JoB. In our previous 
work [11], the acidified hydroethanolic extract of JoB exhibited a similar paĴern 

The antioxidant capacity of the extract was further evaluated through statistical anal-
yses integrating the Pearson correlation to elucidate the relationships among the TPC, 
TFC, and antioxidant assays (ABTS and DPPH). The Pearson correlation analysis revealed 
that ABTS activity was strongly and positively correlated with TPC (r = 0.996, p = 0.058) 
and negatively correlated with TFC (r = −0.991, p = 0.086). Based on the investigated rela-
tionships between different classes of phenolic compounds and the antioxidant response 
from JoB-SFE, phenolic compounds appeared to play a dominant role in scavenging ABTS 
radicals, while flavonoids appeared to contribute inversely to this activity. In contrast, 
DPPH activity showed a strong positive correlation with TFC (r = 0.999, p = 0.016) and a 
negative correlation with TPC (r = −0.969, p = 0.160). This suggests that among the phenolic 
compounds examined, flavonoids are the primary contributors to the reduction in DPPH 
radicals. The significant positive correlation between DPPH and TFC (p < 0.05) sustains 
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the quantitative relationship between flavonoid concentration and hydrogen-donating 
antioxidant capacity. However, it is important to note that the antioxidant activity in com-
plex plant extracts results from multiple phytochemicals compounds that exert antioxi-
dant potential [26]. 

 

Figure 2. Antioxidant activity of juniper extract. 

2.3. Antibacterial Activity 

2.3.1. Minimum Inhibitory and Bactericidal Concentration 

Table 2 presents the MIC and MBC of JoB-SFE against Staphylococcus aureus ATCC 
25923, determined through microdilution assay. The extract exhibited an MIC of 1.56 
mg/mL and an MBC of 6.25 mg/mL. To provide a reference framework, these values were 
compared with the clinical MIC breakpoints (Version 16.0, 2026) reported by the European 
CommiĴee on Antimicrobial Susceptibility Testing (EUCAST). The lowest MIC of 0.001 
mg/L was reported for fluoroquinolone antibiotics, ciprofloxacin and levofloxacin, while 
the highest of 16 mg/L was reported for amikacin [27]. Although these differences are 
several orders of magnitude, such variation is expected given that JoB-SFE is a crude plant 
extract, not a purified antibiotic compound. Nonetheless, the ability of JoB-SFE to inhibit S. 
aureus growth demonstrates the presence of bioactive constituents with antibacterial activity 
potential. 

The MBC/MIC ratio is an important indicator of antibacterial action and classifica-
tion. Bacteriostatic agents exhibit an MBC/MIC ratio greater than 4 and act as bacterial 
growth inhibitors. Meanwhile, bactericidal agents, with an MBC/MIC ratio of 4 or less, kill 
bacteria directly [28,29]. In our case, the MBC/MIC ratio is 4.00, which, according to the 
definitions, could be classified as bactericidal. 

The bactericidal activity is clinically significant, as it directly kills bacterial cells, re-
sulting in faster infection resolution and improved clinical outcomes. Rapid elimination 
of bacterial pathogens may also help reduce the development of antibiotic resistance and 
limit the spread of infections [29]. 
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Table 2. Minimal Inhibitory and Bactericidal Concentration of juniper extract against S. aureus. 

Concentration of 
JoB-SFE (mg/mL) 50.00 25.00 12.50 6.25 3.13 1.56 0.78 0.39 0.20 0.10 0.05 0.02 

Growth result − − − MBC  MIC + + + + + + 
Note: “−” indicates absence of bacterial growth, while “+” indicates bacterial growth. 

2.3.2. Growth Curve Kinetic 

The growth kinetic of S. aureus, illustrated in Figure 3, reveal typical bacterial behav-
ior in both control and solvent-treated cells, characterized by a short adaptation period 
followed by rapid exponential proliferation from 4 to 8 h and transitions into the station-
ary phase after 8 to 10 h. In contrast, exposure to JoB-SFE caused an inhibition of bacterial 
growth, manifested as a prolonged lag phase lasting 6 to 8 h and delayed entry into the 
exponential phase, highlighting the antibacterial properties of the extract at subinhibitory 
(0.78 mg/mL) and inhibitory (1.56 mg/mL) concentrations. 

 

Figure 3. Staphylococcus aureus growth curb kinetic. 

2.4. Bioinformatics Prediction of ADME and Toxicity of the Identified Phenolic Compounds 

The bioinformatic tools, SwissADME and ProTox-3.0, were further used for assessing 
the absorption, distribution, metabolism, and excretion (ADME), as well as toxicity of the 
phenolic compounds identified through RP-HPLC analysis, such as to estimate the poten-
tial of using the JoB-SFE as a functional food ingredient, dietary supplement, or pharma-
cological agent. The results of the pharmacokinetic parameters predicted by the theoreti-
cal and computational models are presented in Figure 4 and Table A1 (in the Appendix A 
section). 

The BOILED-Egg (Brain Or IntestinaL EstimateD) permeation predictive model, il-
lustrated in Figure 4, provides a visual representation of the passive absorption and 
blood–brain barrier penetration of the investigated molecules identified in JoB-SFE. The 
white region of the model represents the physicochemical space for compounds with a 
high probability of human intestinal absorption (HIA), while the yellow region indicates 
the space for compounds likely to penetrate the blood–brain barrier (BBB) [30]. Among 
the five investigated phytochemicals, ferulic acid is situated in the BBB region, suggesting 
its potential to cross the blood–brain barrier and exert neuroprotective or cognitive-en-
hancing effects within the central nervous system. In contrast, the protocatechuic acid, 
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syringic acid, apigenin, and luteolin are located in the HIA area. This positioning suggests 
that, while they are likely to be highly absorbed in the gastrointestinal tract, they may not reach 
significant concentrations in the brain, indicating that their effects are more likely peripheral. 

The SwissADME results (Table A1) indicate that the phenolic compounds prevailing 
in the JoB-SFE possess physicochemical characteristics with favorable pharmacokinetic 
behavior. All compounds have molecular weights ranging between 154.12 and 286.24 
g/mol, complying with Lipinski’s rule of five and indicating potential oral bioavailability. 
Their number of hydrogen bond donors (between 2 and 4) and acceptors (between 4 and 
6), along with moderate lipophilicity (WLOGP between 0.80 and 2.58), support good 
membrane permeability and solubility balance. The topological polar surface area (TPSA) 
values ranging from 66.76 to 111.13 Å2 fall within the compatible range of effective highly 
gastrointestinal (GI) absorption. According to the SwissADME predictions, none of the 
investigated compounds are substrates for P-glycoprotein (P-gp). This suggests that the 
compounds prevailing in the JoB-SFE are less likely to be effluxed out of cells, resulting in 
greater absorption and systemic bioavailability after oral intake. P-gp stands for the gly-
cosylated membrane-bound protein found throughout the body (intestine, liver, kidney, 
pancreas, brain, and placenta) with particularly high expression in the epithelial cells of 
the colon and ileum. During the process of oral absorption, the properties of pharmaco-
logical agents (solubility and permeability), along with P-gp efflux across the intestinal 
apical membrane, determine the rate and quantity of active agents that diffuse across the 
basolateral membrane into general circulation. Therefore, evaluating P-gp efflux is a cru-
cial step in the preliminary screening stage of pharmacological agent discovery and de-
velopment [31]. The bioavailability scores (between 0.55 and 0.85) are moderate to high, 
with ferulic acid showing the most favorable pharmacokinetic profile. 

 

Figure 4. The BOILED-Egg model prediction for the identified phenolic compounds. Note: “HIA” 
indicates human intestinal absorption, while “BBB” indicates the blood–brain barrier. 
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The ProTox-3.0 toxicity predictions (Table A1) suggest that all investigated com-
pounds have a generally safe profile. The lowest predicted median lethal dose (LD50), 
which is the amount at which 50% of test subjects die from exposure to a compound, was 
estimated at 1700 mg/kg body weight for syringic acid, with an accuracy of 69.26%. Mean-
while, the highest LD50 was estimated at 3919 mg/kg body weight for luteolin, with an 
accuracy of 70.97%. It is important to note that these LD50 values are predicted for single 
pure compounds. Considering the quantified content of each compound in the JoB-SFE, 
as well as the possible quantities in dietary products or applied as pharmacological agents, 
the likelihood of oral toxicity is low. 

None of the phytochemicals were predicted to be hepatotoxic, neurotoxic, or cardio-
toxic, suggesting a low risk for side effects in these organs with probabilities ranging from 
0.51 to 0.99. However, all compounds displayed potential nephrotoxic activity, with mod-
erate probabilities between 0.60 and 0.66. This prediction may reflect the renal excretion 
pathway typically associated with phenolic metabolites rather than a true toxic effect [32]. 
Nonetheless, caution is advised in cases of concentrated doses or chronic exposure. Addi-
tionally, apigenin and luteolin exhibited potential respiratory toxicity, with probabilities 
ranging from 0.58 to 0.83. 

Carcinogenicity predictions indicated a positive risk for protocatechuic acid and lu-
teolin, with probabilities of 0.72 and 0.68, respectively. However, the literature supports 
their anticarcinogenic and cytoprotective roles [33–35], suggesting that these in silico 
alerts may reflect limitations of the model rather than the actual risk. All compounds were 
predicted to be non-cytotoxic; however, ferulic and syringic acids were predicted to ex-
ceed clinical toxicity with probabilities of 0.52 and 0.55, respectively. Additionally, ferulic 
acid and apigenin were predicted to be immunotoxic and exotoxic (probability of 0.91), 
respectively, while luteolin was predicted to present nutritional toxicity (probability of 
0.63). 

Analysis of the Tox21 receptor pathway predictions highlighted significant biological 
interactions for apigenin and luteolin. Both compounds appeared to be active toward the 
aryl hydrocarbon receptor (AhR), estrogen receptors (ERα and ER-LBD), and the peroxi-
some proliferator-activated receptor gamma (PPAR-γ), as also from literature reports [35–
37]. These pathways are essential for antioxidant defense, hormonal regulation, and met-
abolic balance, providing mechanistic support for their reported anti-inflammatory, anti-
diabetic, and anticancer properties [38–40]. 

Furthermore, apigenin was predicted to interact with the mitochondrial membrane 
potential (MMP) and p53 tumor suppressor pathways, suggesting a potential for inducing 
apoptosis and chemopreventive activity. 

Predictions regarding cytochrome P450 interactions indicate that all the investigated 
phenolic compounds are likely substrates or modulators of CYP2C9, with probabilities 
ranging from 0.54 to 0.99. Apigenin and luteolin potentially interact with CYP1A2 and 
CYP2C19, with probabilities ranging between 0.77 and 1.00. Additionally, apigenin may 
potentially interact with CYP3A4, showing a high probability of 0.99, suggesting meta-
bolic involvement and potential for drug–nutrient interactions. In contrast, protocate-
chuic, ferulic, and syringic acids were potentially inactive with CYP isoforms, indicating 
faster metabolism and reduced interaction potential. While cytochrome P450 modulation 
could affect drug metabolism at pharmacological doses, such effects are less likely to occur 
at dietary concentrations. Furthermore, flavonoid-mediated regulation of CYP enzymes 
may offer hepatoprotective and detoxifying benefits, thereby enhancing the functional 
value of the extract [41,42]. However, Křížková et al. [42], noted that while selected flavo-
noids can modulate the activity of cytochromes P450 in rat liver and small intestine, the 
intake of CYP1A inducers might increase the risk of cancer development in humans. 
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Therefore, the consumption of dietary supplements containing flavonoids without limita-
tions should be approached with caution. 

3. Discussion 
A bibliometric analysis examining publications from 1995 to 2024 reveals a continued 

research interest in using SFE for extracting phytochemical compounds from aromatic and 
medicinal plants. This analysis highlights the broader selectivity of SFE compared to tra-
ditional steam or hydrodistillation techniques [19]. 

Related to global characterization, comparative data from the literature show sub-
stantial variations depending on the extraction method, solvent polarity, and plant ma-
turity. Mrid et al. [25] investigated unripe JoB extracted using maceration with hydro-
methanolic and aqueous solvents, reporting TPC values of 28.11 ± 3.11 and 131.48 ± 4.58 
mg GAE/g DW, and TFC values of 3.20 ± 0.79 and 8.28 ± 0.74 mg QE/g DW, respectively. 
Similarly, Živić et al. [43] obtained TPC values ranging from 15.68 ± 0.14 to 58.73 ± 0.14 
mg GAE/g DW in Soxhlet extracts of JoB using ethanol, ethyl acetate, and chloroform as 
extraction solvents. These variations in content are aĴributable to differences in solvent 
compositions, extraction techniques, and geographical environmental factors. 

In terms of individual phytochemical characterization, a comparison with previously 
published studies highlights significant differences in phenolic composition, reflecting the 
influence of extraction technique and solvent polarity. Zlatanović et al. [44] identified pro-
tocatechuic acid (5.36 mg/g DE), rutin (0.73 mg/g DE), apigenin (0.31 mg/g DE), cupresso-
flavone (3.25 mg/g DE), amentoflavone (3.70 mg/g DE), and a biflavone derivative (1.40 
mg/g DE) in JoB extract obtained by ultrasound-assisted maceration using methanol as 
the solvent, whereas syringic acid and luteolin derivatives were not detected. In contrast, 
Kachmar et al. [45] reported the presence of protocatechuic acid glucoside isomer and 
ferulic acid glucuronide isomer in the JoB infusion. However, their concentrations were 
below the quantification limit of HPLC-PDA/ESI-MS. Similarly, Mrid et al. [25] detected 
caffeic acid, salicylic acid, p-hydroxybenzoic acid, hesperidin, naringenin, rutin, and thy-
moquinone in unripe JoB extract analyzed by HPLC-DAD, but syringic acid was also ab-
sent in the extract. 

Taken together, these results suggest that the SFE conditions used in the present 
study favored the selective recovery of low- and medium-polar phenolic acids and flavo-
noids (protocatechuic acid, luteolin) while excluding high-polar glycosides that are more 
efficiently extracted by aqueous or hydroalcoholic solvents. 

Antioxidant agents are important mediators for cellular redox processes, which 
maintain cellular homeostasis. Free radicals, including reactive oxygen species (ROS) and 
reactive nitrogen species (RNS), can emerge from normal physiological processes or dis-
eases, serving both beneficial and harmful roles, such as triggering cancer cell apoptosis 
or promoting cancer cells. The body regulates free radicals through various signaling 
pathways to prevent cellular damage. In this context, a balance between enzymatic and 
non-enzymatic antioxidants is vital for maintaining redox homeostasis. Increased ROS 
production or reduced antioxidant efficiency leads to oxidative stress, which is linked to 
all stages of cancer development. Consequently, antioxidants are being studied as poten-
tial cancer prevention and treatment options. Non-enzymatic antioxidants, such as flavo-
noids, carotenoids, and vitamins A, C, and E, as well as uric acid and glutathione, help 
protect cells from excess free radicals. J. oxycedrus berries are particularly rich in free rad-
ical-scavenging compounds and exhibit high antioxidant activity. Incorporating these 
phenolic compounds into the diet may enhance cellular defenses and also offer therapeu-
tic benefits worth exploring [25,46]. 

The MIC and MBC results obtained from our JoB-SFE demonstrated stronger anti-
bacterial activity than some of the works previously reported for J. oxycedrus extracts. For 
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instance, Ertürk [13] reported a MIC value of 5 mg/mL against S. aureus ATCC 25923 using 
hydroethanolic extract, while in our prior study [11], the acidified hydroethanolic extract 
showed a MIC of 6.25 mg/mL and a MBC of 12.50 mg/mL. The lower MIC can be aĴributed 
to the efficiency of supercritical CO2 to extract selective bioactive compounds of volatile 
terpenoids and non-volatile lipophilic compounds with antimicrobial properties. 

The antimicrobial activity of bioactive compounds can occur through various mech-
anisms, including (a) disruption or structural modification of the cell membrane; (b) alter-
ation of gene expression; (c) impact on DNA, RNA, and certain proteins essential for cell 
function; (d) chelation of metal ions, which affects the activity of ATP synthase; and (e) 
influence on cellular metabolic pathways, leading to reduced cell efficiency and ultimately 
causing bacterial death [47]. 

Similar findings have been reported in the literature regarding antibacterial activity 
of plant extracts against S. aureus. Zhou et al. [48] studied the effect of Chimonanthus sali-
cifolius S. Y. Hu hydroethanolic extract on S. aureus ATCC 25923. Their extract demon-
strated MIC and MBC values of 1.25 mg/mL and 6.25 mg/mL, respectively, which are sim-
ilar to those reported in our study for JoB-SFE. The authors reported that the lag phase of 
S. aureus treated with the MIC concentration was extended by 8 h. Additionally, the study 
suggested that the extract caused disruption of the cell wall membrane, leakage of intra-
cellular components, DNA damage, and alterations in gene expression. 

The presence of phenolic acids (ferulic and syringic acid) and flavonoid aglycones 
(luteolin and apigenin) detected in the JoB-SFE may further contribute to its bactericidal 
effect through membrane destabilization, enzyme inhibition, and interference with bacte-
rial signaling pathways [47,49]. Spengler et al. [12] studied the effects of EO from the aerial 
parts of J. oxycedrus ssp. macrocarpa against S. aureus ATCC 25923, MRSA ATCC 44300, 
and other microorganisms. The EO of J. oxycedrus had limited activity against biofilm pro-
duction, but exhibited MIC-modulating effects when combined with certain antibiotics 
against S. aureus and the MRSA strain. The most pronounced synergistic effect was ob-
served with ciprofloxacin, where MIC values were reduced 4 to 8 times when the EO was 
applied at a fixed concentration of 0.25%. Additionally, the EO displayed strong efflux 
pump inhibitory properties in the case of S. aureus and Escherichia coli. 

In modern medicine, drugs are primarily developed and synthesized as single bioac-
tive compounds designed to target specific mechanisms. In contrast, traditional medicine 
utilizes MAP, which provides a wide variety of bioactive compounds. This diversity offers 
the potential for synergism and multiple targeting mechanisms [8]. Synergism occurs 
when two or more agents combine to produce a greater effect than they would individu-
ally. This approach is particularly useful for treating infections linked to multidrug re-
sistance or when a single-agent treatment may fail. Combining plant extracts/infusion be-
tween them or with pharmacological drugs can enhance their effectiveness by achieving 
synergism and acting on multiple targets, reducing the dosages needed, and minimizing 
side effects [12,29]. In this context, the JoB-SFE may serve as a promising source of a syn-
ergistic agent to enhance antibiotic action and mitigate resistance development. 

The combined results from SwissADME and ProTox-3.0 predictions support the 
safety and functionality of the JoB-SFE in terms of the investigated phytochemical com-
pounds. The phenolic compounds exhibit high gastrointestinal absorption, low systemic 
toxicity, and favorable receptor activity profiles. The safety predictions on hepatic, neu-
ronal, and cardiac systems, along with antioxidant and anti-inflammatory properties, re-
inforce their suitability for nutraceutical and therapeutic applications. However, the mild 
nephrotoxicity predictions suggest that caution should be exercised regarding dosage and 
long-term exposure, highlighting the need for further in vitro and in vivo validation. Ad-
ditionally, the metabolic involvement of apigenin and luteolin suggests that drug interac-
tion studies should be further elucidated. 
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It is important to note that the predictions obtained by SwissADME and ProTox-3.0 
refer to individual compounds, regardless of their concentration in the extracts. Moreover, 
these predictions do not take into account the matrix effects or compound interactions, 
whether synergistic or antagonistic, and may not fully reflect the pharmacokinetic behav-
ior of the plant extract complex mixture. Therefore, the conclusions drawn from these in 
silico predictions require validation through in vitro and in vivo studies to confirm the 
safety, stability, and functional efficacy of the extract in actual food systems or synergistic 
pharmacological agents. 

4. Materials and Methods 
4.1. Reagents 

The reagents used for this study were as follows: aluminum chloride, sodium car-
bonate, diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-
fonicacid) (ABTS), standards for HPLC, and dimethyl sulfoxide anhydrous (99.9%) were 
purchased from Sigma-Aldrich (Sigma-Aldrich; Damstadt, Germany). Tween-40 (Sigma-
Aldrich; St. Louis, MO, USA), methanol, formic acid, acetonitrile, and ethyl acetate of 
HPLC grade were purchased from Honeywell (Honeywell; Seelze, Germany). From Bu-
charest, Romania, the following were purchased: methanol, ethanol of analytical grade 
(S.C. Chimreactiv, S.R.L.; Bucharest, Romania), Folin–Ciocâlteu (Remed Prodimpex 
S.R.L.; Bucharest, Romania), and CO2 (99.997% w/w) used for supercritical fluid extraction 
(Messer S.A.; Bucharest, Romania). The media used for microbiological assays include 
Brain Heart Infusion Broth (Millipore, Sigma-Aldrich, Damstadt, Germany), Mueller–
Hinton Broth (Scharlab S.L., Gato Perez, Spain), and Agar (Scharlau Chemie S.A.; Barce-
lona, Spain). Water of purity 0.058 µS/cm was obtained from the SMART N-II Heal Force 
Purification System (Shanghai, China). 

4.2. Plant Material 

The wild Juniperus oxycedrus berries, shown in Figure 5A and identified by Prof. Dr. 
Lulëzim Shuka (Department of Biology; Faculty of Natural Science; University of Tirana; 
Albania), were collected in Albania in December 2022 in Has, Kukës (42°16′44.0″ N 
20°22′15.1″ E), as initially reported [11]. The berries were dried at room temperature. The 
dried berries (Figure 5B) sample had a moisture content of 14.73 ± 0.00%, water activity 
value of aw = 0.52 ± 0.00, and were kept in airtight paper containers that were stored in 
the dark at ambient temperature until the extraction. 
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Figure 5. Wild Juniperus oxycedrus tree (A), the dried berries (B), and the concentrated JoB-SFE (C). 

4.3. Supercritical Fluid Extraction 

Prior to extraction, the dried berries were ground using an electric grinder (Heinner 
HCG-150SS; Bucharest, Romania). The supercritical extraction of the bioactive com-
pounds from the berries was performed in pilot-plant equipment manufactured by Natex 
(Prozesstechnologie GesmbH, Fabrication No. 10-023/2011; Terniĵ, Austria) utilizing 
pure CO2 as a carrier. The pilot plant features a 2.0 L stainless steel extractor vessel along 
with two separators, S40 and S45, each with a volume of 1.5 L. Both separators have inde-
pendent controls for temperature and pressure. The extraction conditions involved a tem-
perature of 45 °C, a pressure of 30 MPa, and a dynamic extraction period of 1.5 h, adapted 
from the literature studying similar raw material [21,50]. The extraction batch consisted 
of 300 g of ground dried sample mixed with Raschig rings at a 1:1 w/w ratio before being 
loaded into the extractor vessel. The CO2 flow rate was 22.8 kg/h, and it was monitored 
using a Sitrans F C Mass 2100 flow meter (Siemens A/S Flow Instruments; Nordborg, Den-
mark). Based on previous experience with similar raw material, it was decided that the 
extracts from the two separators would be combined after being collected from the sepa-
rators using ethanol. The extract was centrifuged at 7000 rpm for 10 min at 4 °C (Universal 
320R; HeĴich, Germany), and the supernatant was concentrated using a rotary vacuum 
concentrator with an integrated vacuum pump and cooling trap (RVC 2-18 CDplus; Mar-
tin Christ, Germany) until constant weight. Following solvent evaporation, the extraction 
yield was determined gravimetrically as a percentage (% w/w) of the concentrated extract 
relative to the initial raw material. The concentrated extract (Figure 5C) was stored at 4 °C 
in a dark container until further analysis. 

4.4. Global Phytochemical Characterization and Antioxidant Activity 

The global phytochemical characterization and antioxidant activity of the SFE were 
assessed using spectrophotometric methods (Biochrom; Libra 22 UV–Vis Spectrophotom-
eter; Holliston, MA, USA), following the procedures described previously [11]. 
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Concentrated extracts were redissolved in 70% ethanol (v/v) prior to analysis. Total phe-
nolic content (TPC) is expressed as milligrams of gallic acid equivalents per gram of dry 
weight (DW) of concentrated extract (mg GAE/g DW). Total flavonoid content (TFC) is 
expressed in milligrams of quercetin/g DW (mg QE/g DW). The antioxidant activity was 
determined using the DPPH and ABTS radical-scavenging assays, with results expressed in 
milligrams of Trolox equivalent/g DW (mg TE/g DW). Results were calculated from calibra-
tion curves and presented as mean values of triplicate measurements ± standard deviation 
(SD). 

4.5. Chromatographic Characterization of Phenolic Compounds 

The individual phenolic compounds in the extract were analyzed using Reversed-
Phase High-Performance Liquid Chromatography (RP-HPLC). The characterization was 
conducted on an Agilent 1200 HPLC system equipped with an autosampler, degasser, 
quaternary pump, multi-wavelength detector, and column thermostat (Agilent Technol-
ogies; Santa Clara, CA, USA) following a previously described protocol [16,51]. Identified 
compounds were quantified using calibration curves of standard references, with results 
expressed as µg/g DW and reported as mean values of duplicate measurements ± SD. 

4.6. Determination of Minimal Inhibitory and Bactericidal Concentration 

To evaluate the antibacterial activity of the concentrated extract against Staphylococ-
cus aureus ATCC 25923, a stock solution was prepared by dissolving the concentrated ex-
tract (100 mg/mL) in a mixture of solvents prepared in ultrapure water, including acetone 
(5%), DMSO (7%), and Tween-40 (15%). 

The working bacterial culture was prepared by resuspending one colony of S. aureus 
in 10 mL of Brain Heart Infusion (BHI) broth and incubating it overnight at 37 °C. The 
inoculum size of the overnight culture was determined by measuring the absorbance at 
600 nm using a Biowave CO8000 cell density meter (Biochrom Ltd., Cambridge, UK). This 
measurement was correlated with the number of colonies grown by inoculating 1 mL of 
a decimal dilution into BHI agar media. The overnight culture was estimated to have a 
concentration of 107 CFU/mL. 

The MIC of JoB-SFE was determined using a microdilution assay in a 96-well micro-
plate. A serial two-fold dilution was performed by mixing 100 µL of the extract with 100 
µL of Mueller–Hinton (MH) broth media, resulting in concentrations ranging from 50.00 
mg/mL to 0.02 mg/mL. To each well, 100 µL of diluted overnight S. aureus culture (5 × 105 
CFU/mL, as advised in ISO 20776-1:2019 [52]) and 10 µL of resazurin solution (2 mg/mL) 
were added. Control conditions included the bacteria culture treated with 10 µL of ampi-
cillin (10 mg/mL) and 10 µL of erythromycin (10 mg/mL) as a negative control, along with 
a positive control that included the culture treated with the same solubilization solvent 
mixture, as in the case of the working samples, to validate the assay. The microplate was 
incubated for 18 h at 37 °C. To assess bacterial growth inhibition without interference from 
the color of So-SFE affecting the visual changes of resazurin due to bacterial metabolic 
activity, 10 µL from each well was inoculated onto the surface of an MH agar plate and 
incubated for an additional 24 h at 37 °C. The MIC was defined as the lowest concentration 
of the extract at which bacterial growth was inhibited [16]. Meanwhile, to determine the 
MBC, 100 µL from each well of the microplate was further inoculated in 900 µL of fresh 
BHI and incubated for an additional 24 h at 37 °C. Following this incubation, 10 µL was 
transferred to the surface of a BHI agar plate and incubated for 24 h at 37 °C [53]. The MBC 
was defined as the lowest concentration of the extract at which no bacterial growth was 
observed. 
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4.7. Growth Curve Kinetics 

The influence of JoB-SFE on the growth kinetic of S. aureus was investigated by fol-
lowing previously reported methods [16,54,55]. The overnight culture of S. aureus, pre-
pared as described in Section 4.6, was inoculated into BHI broth to achieve an initial opti-
cal density (OD600) of 0.04 ± 0.01. The extract was then added at inhibitory and subinhibi-
tory concentrations. The solvent used to solubilize the extract was added to the media 
under the same conditions and served as a control to validate the assay. The cultures were 
incubated at 37 °C, and bacterial growth was monitored spectrophotometrically using a 
cell density meter (Biowave CO8000; Biochrom Ltd., Cambridge, UK) by measuring ab-
sorbance at 600 nm every two hours for a total of 12 h. 

4.8. In Silico ADME and Toxicity Estimation 

The predictions of the ADME for the identified phenolic compounds in the JoB-SFE 
were performed on the SwissADME online server (hĴps://www.swissadme.ch/ 28 Janu-
ary 2026). Meanwhile, toxicity predictions were conducted using the ProTox-3.0 online 
server (hĴps://tox.charite.de/protox3/ 28 January 2026). The SMILES codes of the phenolic 
compounds for the in silico assessment were obtained from the PubChem database (last 
accessed on 28 January 2026) according to Güven and Hancı [56]. 

4.9. Statistical Analyses 

Statistical analyses were conducted using Minitab software (Version 19.1 for Win-
dows). The data were tested for normality with the Ryan–Joiner test. One-Way ANOVA 
was performed to compare concentration differences among the identified RP-HPLC com-
pounds, with Tukey’s post hoc test (p > 0.05) at a 95% confidence level. The relationships 
between phenolic content and antioxidant assays were investigated by performing a Pear-
son correlation. 

5. Conclusions 
The results obtained from Juniperus oxycedrus berries extracted using supercritical 

fluid extraction (JoB-SFE) indicate that the extract possesses antioxidant and antibacterial 
potential. Statistical analysis suggests that, from the investigated compounds, the extract’s 
antioxidant potential arises from distinct classes of phytochemicals, with phenolic com-
pounds primarily influencing the ABTS scavenging assay and flavonoids on the DPPH 
scavenging assay. The in vitro antibacterial activity against Staphylococcus aureus supports 
the idea that the phytochemical compounds extracted from the JoB-SFE, depending on the 
concentration, delay bacterial cell replication, inhibit growth, and lead to bacterial death. 
These findings suggest potential applications of the extract as an alternative or comple-
mentary agent for controlling and preventive strategies against S. aureus. The bioinfor-
matics investigations focused on the phytochemical compounds identified in J. oxycedrus 
extract indicated the potential as a candidate for functional foods, dietary supplements, 
and pharmacological applications. 

However, further experimental evaluations are necessary to fully characterize the ex-
tract, elucidate the synergistic effects, investigate the mechanisms responsible for the an-
timicrobial properties, and determine safety margins and bioactivities. 
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Appendix A 

Table A1. SwissADME and ProTox-3.0 predictions for the identified phenolic compounds in JoB-
SFE. 

 Protocatechuic Acid Ferulic Acid Syringic Acid Apigenin Luteolin 

Ph
ys

ic
oc

he
m

ic
al

 
Pr

op
er

tie
s 

Formula C7H6O4 C10H10O4 C9H10O5 C15H10O5 C15H10O6 
Molecular weight (g/mol) 154.12 194.18 198.17 270.24 286.24 

Heavy atoms 11 14 14 20 21 
Aromatic heavy atoms 6 6 6 16 16 

Nr. Rotatable bonds 1 3 3 1 1 
Nr. H-bond acceptors 4 4 5 5 6 

Nr. H-bond donors 3 2 2 3 4 

BO
IL

ED
–E

gg
 

M
od

el
 O

ut
pu

ts
 TPSA (Å2) 77.76 66.76 75.99 90.90 111.13 

WLOGP (Log Po/w) 0.80 1.39 1.11 2.58 2.28 
GI absorption High High High High High 
BBB permeant − + − − − 
P-gp substrate − − − − − 

Bioavailability Score 0.56 0.85 0.56 0.55 0.55 

O
ra

l 
  

  
  

 
to

xi
ci

ty
 

LD50 (mg/kg) 2000 1772 1700 2500 3919 
Toxicity Class IV IV IV V V 
Accuracy (%) 70.97 70.97 69.26 70.97 70.97 

O
rg

an
 to

xi
ci

ty
 

Hepatotoxicity 
Pred. − − − − − 
Prob. 0.59 0.51 0.58 0.68 0.69 

Neurotoxicity 
Pred. − − − − − 
Prob. 0.86 0.74 0.76 0.86 0.89 

Nephrotoxicity 
Pred. + + + + + 
Prob. 0.61 0.62 0.66 0.60 0.62 

Respiratory toxicity 
Pred. − − − + + 
Prob. 0.58 0.77 0.77 0.75 0.83 

Cardiotoxicity 
Pred. − − − − − 
Prob. 0.90 0.85 0.91 0.63 0.99 

To
xi

ci
ty

 
en

dp
oi

nt
s 

Carcinogenicity 
Pred. + − − − + 
Prob. 0.72 0.61 0.70 0.62 0.68 

Immunotoxicity 
Pred. − + − − − 
Prob. 0.99 0.91 0.97 0.99 0.97 
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Mutagenicity 
Pred. − − − − + 
Prob. 0.97 0.96 0.93 0.57 0.51 

Cytotoxicity 
Pred. − − − − − 
Prob. 0.90 0.88 0.97 0.87 0.99 

Ecotoxicity 
Pred. − − − + − 
Prob. 0.82 0.87 0.83 0.51 0.53 

Clinical toxicity 
Pred. − + + − − 
Prob. 0.51 0.52 0.55 0.54 0.53 

Nutritional toxicity 
Pred. − − − − + 
Prob. 0.80 0.82 0.86 0.55 0.63 

To
x2

1-
N

uc
le

ar
 re

ce
pt

or
  

si
gn

al
in

g 
  

  
pa

th
w

ay
s 

AhR 
Pred. − − − + + 
Prob. 0.96 0.94 0.88 1.00 0.91 

AR 
Pred. − − − − − 
Prob. 0.84 0.83 0.99 0.99 0.99 

AR-LBD 
Pred. − − − − − 
Prob. 1.00 0.99 1.00 1.00 0.97 

Aromatase 
Pred. − − − + − 
Prob. 0.99 0.99 1.00 0.61 0.91 

ERα 
Pred. − − − + + 
Prob. 0.99 0.96 0.83 1.00 0.87 

ER-LBD 
Pred. − − − + + 
Prob. 0.95 0.96 0.89 1.00 0.95 

PPAR-γ 
Pred. − − − + − 
Prob. 1.00 0.94 0.96 1.00 0.98 

To
x2

1-
St

re
ss

 re
sp

on
se

  
  

  
 

pa
th

w
ay

s 

Nrf2/ARE 
Pred. − − − − − 
Prob. 0.98 0.90 0.92 0.99 0.99 

HSE 
Pred. − − − − − 
Prob. 0.98 0.90 0.92 0.99 0.99 

MMP 
Pred. − − − + + 
Prob. 0.99 0.92 0.78 1.00 1.00 

p53 
Pred. − − − + − 
Prob. 0.99 0.93 0.98 1.00 0.97 

ATAD5 
Pred. − − − + − 
Prob. 1.00 0.93 0.95 0.96 0.99 

M
ol

ec
ul

ar
 In

iti
at

in
g 

Ev
en

ts
 

THRα 
Pred. − − − − − 
Prob. 0.90 0.90 0.90 0.90 0.90 

THRβ 
Pred. − − − − − 
Prob. 0.78 0.78 0.78 0.78 0.78 

TTR 
Pred. − − − − − 
Prob. 0.97 0.97 0.97 0.97 0.97 

RYR 
Pred. − − − − − 
Prob. 0.98 0.98 0.98 0.98 0.98 

GABAR 
Pred. − − − − − 
Prob. 0.96 0.96 0.96 0.96 0.96 

NMDAR 
Pred. − − − − − 
Prob. 0.92 0.92 0.92 0.92 0.92 

AMPAR 
Pred. − − − − − 
Prob. 0.97 0.97 0.97 0.97 0.97 

KAR 
Pred. − − − − − 
Prob. 0.99 0.99 0.99 0.99 0.99 

AChE Pred. − − − − − 
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Prob. 0.59 0.51 0.58 0.68 0.69 

CAR 
Pred. − − − − − 
Prob. 0.98 0.98 0.98 0.98 0.98 

PXR 
Pred. − − − − − 
Prob. 0.92 0.92 0.92 0.92 0.92 

NADHOX 
Pred. − − − − − 
Prob. 0.97 0.97 0.97 0.97 0.97 

VGSC 
Pred. − − − − − 
Prob. 0.95 0.95 0.95 0.95 0.95 

NIS 
Pred. − − − − − 
Prob. 0.98 0.98 0.98 0.98 0.98 

M
et

ab
ol

is
m

  
  

  
  

  
  

  
  

  
  

  
  

 
(C

yt
oc

hr
om

e 
P4

50
 e

nz
ym

es
) CYP1A2 

Pred. − − − + + 
Prob. 0.97 0.95 0.89 1.00 1.00 

CYP2C19 
Pred. − − − + + 
Prob. 0.97 0.92 0.88 0.99 0.77 

CYP2C9 
Pred. + + + + + 
Prob. 0.58 0.77 0.54 0.81 0.99 

CYP2D6 
Pred. − − − − − 
Prob. 0.87 0.81 0.80 0.89 0.85 

CYP3A4 
Pred. − − − + − 
Prob. 0.98 0.95 0.96 0.99 0.79 

CYP2E1 
Pred. − − − − − 
Prob. 1.00 1.00 1.00 0.98 1.00 

Note: “−” indicates negative; “+” indicates positive; TPSA—Topological polar surface area; 
WLOGP—Wildman–Crippen logP, used to calculate a molecule’s lipophilicity, represented by the 
partition coefficient between n-octanol and water; GI—gastrointestinal; BBB—blood–brain barrier; 
P-gp—P-glycoprotein; LD50—Median Lethal Dose amount of a substance required to kill 50% of a 
test population, expressed in milligrams per kilogram (mg/kg) of body weight; Toxicity classes and 
their corresponding colors are presented according to ProTox-3.0, following the globally harmo-
nized system for the classification and labeling of chemicals (GHS); Pred.—prediction; Prob.—prob-
ability; AhR—Aryl hydrocarbon Receptor; AR—Androgen Receptor; AR-LBD—Androgen Recep-
tor Ligand Binding Domain; ERα—Estrogen Receptor Alpha; ER-LBD—Estrogen Receptor Ligand 
Binding Domain; PPAR-γ—Peroxisome Proliferator Activated Receptor Gamma; Nrf2/ARE—Nu-
clear factor (erythroid-derived 2)-like 2/antioxidant responsive element; HSE—Heat shock factor 
response element; MMP—Mitochondrial Membrane Potential; p53—Phosphoprotein (Tumor Sup-
pressor); ATAD5—ATPase family AAA domain containing protein 5; THRα—Thyroid hormone 
receptor alpha; THRβ—Thyroid hormone receptor beta; TTR—Transthyretin; RYR—Ryanodine re-
ceptor; GABAR—GABA receptor; NMDAR—Glutamate N-methyl-D-aspartate receptor; AM-
PAR—alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor; KAR—Kainate receptor; 
AChE—Acetylcholinesterase; CAR—Constitutive androstane receptor; PXR—Pregnane X receptor; 
NADHOX—NADH-quinone oxidoreductase; VGSC—Voltage gated sodium channel; NIS—Na+/I- 
symporter; CYP—Cytochrome P450 enzymes involved in drug metabolism and toxicity in the liver. 
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