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Introduction 

In recent years, there has been an increased interest in plants used as herbs and spices due 

to their diverse functional properties and potential health benefits. The World Health 

Organization (WHO) lists 21,000 plant species as medicinal plants worldwide, with a 

significant proportion of them being used in traditional medicine in various countries, as well 

as in the production of modern pharmaceutical products. According to WHO studies, 

approximately 70–80% of the world's population uses herbal medicines as natural remedies in 

the treatment of many diseases. Herbs and spices are a rich source of biologically active 

substances that contribute to their medicinal and functional properties and health benefits. 

The plant species Echinophora tenuifolia L. subsp. sibthorpiana (Guss.) Tutin (E. 

tenuifolia subsp. sibthorpiana), Apiaceae, is a medicinal and aromatic plant with a long history 

of culinary and medicinal use. The plant is employed as a flavoring agent in various foods, in 

which, in addition to influencing the flavour, it also plays a role as a natural preservative. Due 

to its beneficial effects, it is often included as a flavoring agent in the traditional fermented 

cereal food tarhana, in which it has been shown to increase the nutritional value and improve 

fermentation processes. The species is also used in folk medicine to treat various medical 

conditions, including digestive disorders due to its antispasmodic, antiulcer and digestive-

improving effects, respiratory disorders such as shortness of breath and common cold, and in 

the treatment of wounds. Despite its traditional medicine use, there is a lack of comprehensive 

data on the pharmacological effects and phytochemical composition of this plant species. So 

far, no studies have been carried out examining the biological effects and the chemical 

composition of essential oil and extracts of this species growing in Bulgaria. 

The subject of this dissertation is plant material from wild-growing in Bulgaria E. 

tenuifolia subsp. sibthorpiana and the obtained from it essential oil and extract. The chemical 

composition of E. tenuifolia subsp. sibthorpiana has been studied and methods for analytical 

characterization of essential oil and extract from the plant have been proposed. The therapeutic 

potential of this species has been assessed in terms of its antioxidant and antibacterial properties, 

as well as the ability to improve lipid metabolism, mitochondrial function and to influence the 

natural resistance under stress conditions. The obtained results lay the foundation for further 

studies on the pharmacological activity of this species and outline its potential application in 

various conditions, including cardiovascular and neurodegenerative diseases. 
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Aim and objectives 

1. Aim 

Echinophora tenuifolia subsp. sibthorpiana is a poorly studied plant species. Currently, 

there is no data on the therapeutic potential and chemical composition of this plant species 

growing in Bulgaria. The aim of the thesis is to characterize the chemical profile of the extract 

and essential oil obtained and isolated from Echinophora tenuifolia subsp. sibthorpiana, as well 

as to evaluate the therapeutic potential of the plant. 

 

2. Objectives 

To achieve the aim of the current thesis, the following objectives were set: 

2.1. Collection of plant material and preparation of E. tenuifolia subsp. sibthorpiana 

extract. 

2.2. Microscopic histochemical analysis for the localization of secretory structures and 

essential oil in aerial parts of E. tenuifolia subsp. sibthorpiana. 

2.3. Isolation of essential oil from E. tenuifolia subsp. sibthorpiana and analysis of its 

chemical composition by GC-MS 

2.4.  Metabolic profiling of E. tenuifolia subsp. sibthorpiana  extract by nuclear magnetic 

resonance (NMR) spectroscopy.  

2.5. Development and validation of HPLC-PDA method for monitoring of flavonoids and 

phenolic acids in plant extracts 

2.6. In vitro investigation of antioxidant and antimicrobial activity of the obtained E. 

tenuifolia subsp. sibthorpiana  extract. 

2.7. Investigation of the E. tenuifolia subsp. sibthorpiana extract's ability to modulate 

natural stress resistance, lipid metabolism, mitochondrial function and lifespan in 

Caenorhabditis elegans. 
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Materials and methods 

1. Materials 

1.1. Plant material 

For the present study, the flowering aerial parts of Echinophora tenuifolia L. subsp. 

sibthorpiana (Guss.) Tutin, Apiaceae, were used, collected from the Thracian Lowland floristic 

region, Bulgaria. 

 

1.2. Reagents and chemicals 

• α-Naphtol, obtained from Merck KgaA (Darmstadt, Germany); 

• N,N-dimethyl-p- phenylenediamine, obtained from Merck KgaA (Darmstadt, Germany); 

• Sodium phosphate buffer solution pH 7.2, obtained from Merck KgaA (Darmstadt, 

Germany); 

• Sudan III, obtained from Merck KgaA (Darmstadt, Germany); 

• Ethanol 99%, obtained from „Chemax Pharma“ Ltd. (Sofia, Bulgaria);  

• Glycerol, obtained from „Chemax Pharma“ Ltd. (Sofia, Bulgaria);  

• Anhydrous sodium sulfate, obtained from Merck KgaA (Darmstadt, Germany); 

• Dichloromethane (GC grade), obtained from Sigma-Aldrich (Steinheim, Germany);  

• Nonane (99%), decane (≥99%), undecane (≥99%), dodecane (99%), tridecane (≥99%), 

tetradecane (≥99%), hexadecane (≥99%), obtained from Merck KgaA (Darmstadt, 

Germany); 

• Acetonitrile (LC-MS grade), obtained from Merck KgaA (Darmstadt, Germany);  

• Methanol (LC-MS grade), obtained from Merck KgaA (Darmstadt, Germany); 

• Formic acid (НСООН) (HPLC-MS), obtained from Merck KgaA (Darmstadt, 

Germany); 

• Folin-Ciocalteu reagent, obtained from Merck KgaA (Darmstadt, Germany); 

• Sodium carbonate, anhydrous (Na2CO3), obtained from Merck KgaA (Darmstadt, 

Germany);  

• 2,2-Diphenyl-1-picrylhydrazyl (DPPH), obtained from Sigma-Aldrich (Steinheim, 

Germany);  

• 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4’,4’’-disulfonic acid sodium salt, (Ferrozine), 

obtained from Sigma-Aldrich (Steinheim, Germany);  

• Iron(III) chloride hexahydrate (FeCl3.6H2O), obtained from Sigma-Aldrich (Steinheim, 

Germany);  

• Sodium acetate (CH3COONa) and acetic acid (CH3COOH), obtained from Sigma-

Aldrich (Steinheim, Germany);  

• 3-Trimethylsilylpropanoic-2,2,3,3-d4 acid sodium salt (TSPA-d4), obtained from 

Sigma-Aldrich (Steinheim, Germany);  

 

1.3. Standards 

•  6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), obtained from 

Sigma-Aldrich (Steinheim, Germany);  
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• Gallic acid (molecular weight 170.12 g/mol; purity HPLC ≥95%, #89198), obtained 

from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Chlorogenic acid (molecular weight 354,.31 g/mol; purity HPLC ≥95%, кат. № 89175), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• (+)-Catechin (molecular weight 290.27 g/mol; purity HPLC ≥95%, кат. № 89172), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• trans-Caffeic acid (molecular weight 180.16 g/mol; purity HPLC ≥95%, кат. № 89547), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Rutin (molecular weight 610.53 g/mol; purity HPLC ≥95%, кат. № 89270), obtained 

from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• p-Coumaric acid (molecular weight 164.16 g/mol; purity HPLC ≥95%, кат. № 89498), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• trans-Ferulic acid (molecular weight 194.19 g/mol; purity HPLC ≥95%, кат. № 89663), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Hesperidin (molecular weight 610.57 g/mol; purity HPLC ≥95%, кат. № 89707), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Rosmarinic acid (molecular weight 360.32 g/mol; purity HPLC ≥95%, кат. № 89266), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Salicylic acid (molecular weight 138.12 g/mol; purity HPLC ≥95%, кат. № 80529), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Quercetin (molecular weight 302.24 g/mol; purity HPLC ≥95%, кат. № 89262), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Luteolin (molecular weight 286.24 g/mol; purity HPLC ≥95%, кат. № 89245), obtained 

from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Kaempferol (molecular weight 286.24 g/mol; purity HPLC ≥95%, кат. № 89235), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Apigenin (molecular weight 270.24 g/mol; purity HPLC ≥95%, кат. № 89159), 

obtained from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Casticin (molecular weight 374.35 g/mol; purity HPLC ≥95%, кат. № 89173), obtained 

from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany); 

• Acacetin (molecular weight 284.27 g/mol; purity HPLC ≥95%, кат. № 89482), obtained 

from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany). 

 

1.4. Microbial strains and culture media for the determination of antimicrobial activity 

• Escherichia coli ATCC 25922, obtained from Ridacom Ltd. (Sofia, Bulgaria); 

• Staphylococсus aureus ATCC 25913, obtained from Ridacom Ltd. (Sofia, Bulgaria); 

• Candida albicans ATCC10231, obtained from Ridacom Ltd. (Sofia, Bulgaria); 

• Mueller Hinton Broth (MHB) HiMedia, obtained from Ridacom Ltd. (Sofia, Bulgaria); 

• Mueller Hinton Agar (MHA) HiMedia, obtained from Ridacom Ltd. (Sofia, Bulgaria); 

• Blood Agat HiMedia, obtained from Ridacom Ltd. (Sofia, Bulgaria). 
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1.5. Consumables, reagents and culture media for determining activity in C. elegans 

• Nematode Growth Medium (NGM; Cat. № MBS652667), obtained from MyBiosource 

Inc. (San Diego, CA, USA); 

• Growth medium LB Broth Lennox (Cat. № L3022), obtained from Sigma-Aldrich (St. 

Louis, MO, USA);  

• Growth medium M9, minimal salts (Cat. № M6030), obtained from Sigma-Aldrich (St. 

Louis, MO, USA);  

• Agar powder (Cat. № 05039), obtained from Sigma-Aldrich (St. Louis, MO, USA);  

• Fluoroshield histology mounting medium (Cat. № F6182), obtained from Sigma-

Aldrich (St. Louis, MO, USA);  

• 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (МТТ; Cat. № M2128), 

obtained from Sigma-Aldrich (St. Louis, MO, USA); 

• Nile Red solution(NR; Cat. № 72485), obtained from Sigma-Aldrich (St. Louis, MO, 

USA);  

• Paraquat (purity ≥ 98%), obtained from Sigma-Aldrich (St. Louis, MO, USA); 

• Sodium hydroxide, obtained from Sigma-Aldrich (St. Louis, MO, USA); 

• Triglyceride Quantification Kit (Cat. № MAK266), obtained from Sigma-Aldrich (St. 

Louis, MO, USA); 

• Tetramethylrhodamine, ethyl ester (TMRE, Cat. № 11560796) Invitrogen™, obtained 

from Thermo Fisher Scientific (Waltham, MA, USA); 

• MitoView™ Green (MVG, Cat. № 70054), obtained from Biotium, Inc. (Fremont, CA, 

USA). 

 

2. Methods 

2.1. Microscopic histochemical analysis 

Stem and leaf samples of E. tenuifolia subsp. sibthorpiana were fixed in a solution of 50% 

ethanol and glycerol in a ratio of 7:3 for 24 hours to soften the tissues. Transverse and tangential 

longitudinal sections were made by hand from the stem and leaves of the plant. Histochemically, 

the accumulation of terpenes in the plant tissues was examined using NADI reagent (0.5 mL 

0.1% α-naphthol, 0.5 mL 1% N,N-dimethyl-p-phenylenediamine and 49 mL 0.1 M sodium 

phosphate buffer, pH 7.2) (Demarco, 2017). Lipid histochemistry was examined using Sudan 

III staining solution. Sections were treated with Sudan III in 70% ethanol for 30 min, briefly 

washed in 80% ethanol, and mounted in 50% glycerol (Yeung, 2015). After histochemical 

staining, sections were observed with a light microscope (Leica DM 2000 LED, Leica 

Microsystems, Wetzlar, Germany) equipped with a digital camera (Leica DMC 2900, Wetzlar, 

Germany) and image processing software (Leica Application Suite, LAS, Wetzlar, Germany).  

 

2.2. Essential oil isolation 

The essential oil (EO) was isolated from dried aerial parts (stems, leaves and flowers) of 

E. tenuifolia subsp. sibthorpiana. Dried and chopped plant material (100 g) was subjected to 

hydrodistillation for 4 hours using a Clevenger-type apparatus for the extraction of the EO. The 

obtained EO was dried over anhydrous sodium sulfate and stored in dark glass vials at 4 °C 
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prior to analysis. The EO yield (in %) was calculated based on the dry weight of the plant 

according to the formula: 

Yield (%) = (
Mass of extracted EO (g)

Mass of plant material (g)
) ×100 

2.3. Gac chromatography 

The extracted EO was analyzed using gas chromatography with mass spectrometry (GC-

MS). GC-MS analysis was performed on a Bruker Scion 436-GC SQ MS gas chromatograph 

(Bremen, Germany) equipped with a Bruker BR-5ms (Bremen, Germany) silica capillary 

column with a length of 15 m, an internal diameter of 0.25 mm and a stationary phase film 

thickness of 0.25 µm. Helium was used as the mobile phase carrier gas with a constant flow 

rate of 1 mL/min. The samples (prepared by dissolving 20 µL of EO in 980 µL of 

dichloromethane) were injected in split mode (split ratio 1:50) with an injection volume of 1 

µL and an injector temperature set at 250 °C. The oven temperature was initially set at 50 °C 

for 1 min, then increased to 140 °C at a rate of 4 °C/min, and then increased to 290 °C at a rate 

of 15 °C/min and held for 1 min. The detector temperature was set at 300 °C. Mass spectra were 

acquired in full scan mode with a mass range of 50–350 m/z and an ionization energy (EI) of 

70 eV. Identification of the separated EO components was achieved by comparing their MS 

spectra and retention indices (RI) with spectral data from the Wiley NIST11 mass spectral 

library (NIST11/2011/EPA/NIH) and literature data (Adams, 2017). The relative percentage of 

areas under the peaks of the separated components is shown as the average of three independent 

measurements, with the standard error of the mean removed and not exceeding 2%. The RI 

values were calculated from the retention times of hydrocarbon (HC) standards from the n-

alkane series C9-C16, injected and analyzed under the same conditions described above, 

according to the formula: 

RI = 100 ×
tcompound - tn

tm - tn
 + 100 × n, където 

tcompound – retention time of the compound 

tn – retention time of HC with lower number C-atoms 

tm – retention time of HC with higher number C-atoms 

n – number of C-atoms of HC with lower number C-atoms 

 

2.4. E. tenuifolia subsp. sibthorpiana extract preparation 

The extract was prepared from aerial parts (stems, leaves and flowers) of E. tenuifolia 

subsp. sibthorpiana. The lyophilized plant material was extracted by ultrasonic extraction with 

50% methanol (containing equal parts methanol and water). The resulting extract was subjected 

to vacuum evaporation using a rotary vacuum evaporator (IKA-Werke GmbH & Co. KG, 

Staufen, Germany) and subsequently lyophilized using a lyophilizer (LGJ-18, China) to obtain 

a dry extract. 
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2.5. Nuclear Magnetic Resonance (NMR) spectroscopy 

About 50 mg of the dried extract was dissolved in 50% deuterated methanol (CD3OD) in 

deuterated water (D2O) with an internal standard of trimethylsilyl propanoic acid sodium salt 

d4 (TSPA-d4). The proton (1H NMR) NMR spectrum, two-dimensional 1H-1H homonuclear 

correlation (COSY) spectrum, and two-dimensional heteronuclear correlation (1H-13C HSQC) 

spectrum were recorded using a Bruker AVII+ 600 spectrometer (Karlsruhe, Germany). The 

obtained data were processed with the MestReNova software version 12.0.0 from Mestrelab 

Research (Santiago de Compostela, Spain). The main compounds were identified after 

comparison with published spectral data (Georgiev et al., 2015; Wolfender et al., 2013). 

 

2.6. UV-Vis spectroscopy – determination of total phenolic content 

The total phenolic content of the extract was determined spectrophotometrically 

according to the Folin–Ciocalteu colorimetric method using gallic acid as a standard (Latimer, 

2023). The analysis was performed with a Spectronic Camspec M550 spectrophotometer 

(Spectronic Camspec Ltd., Leeds, United Kingdom). 

 

2.7. High-Performance Liquid Chromatography with Photodiode Array detection 

(HPLC-PDA) 

2.7.1. Preparing Standard Solutions 

The stock solutions of the analytes (chlorogenic acid, caffeic acid, p-coumaric acid, 

ferulic acid, rosmarinic acid, salicylic acid, catechin, rutin, hesperidin, quercetin, luteolin, 

kaempferol, apigenin, casticin, and acacetin) for the HPLC-PDA analysis were prepared at 

concentration of 1 mg/mL with methanol. An ultrasonic bath (Bandelin, Berlin, Germany) was 

used for better dissolution. Before use, the stock solutions were stored in brown vials, protected 

from light, at 4 °C. Working standard solutions were prepared by serial dilution with deionized 

water.  

2.7.2. Preparing Extract Solutions 

For the quantification of the analytes in the lyophilized extract, a solution of the extract 

with concentration of 1 mg/mL was prepared with water and subsequently diluted according to 

the concentration range of the developed method. Before the analysis the solutions were filtered 

through a 0.45 µm syringe filter (Isolab, Eschau, Germany).  

2.7.3. Instrumentation 

The HPLC-PDA method was developed and validated using Shimadzu LC40 system 

equipped with a photodiode array (PDA) detector SPD-M40 (Shimadzu, Kyoto, Japan). For the 

separation of the compounds a Shim-pack C18 (4.6 × 150 mm, 3 μm) column (Shimadzu, Kyoto, 

Japan) was used. 

2.7.4. Chromatographic Conditions 

The separation of the compounds was performed using gradient elution. The mobile phase 

was comprised of 0.1% formic acid in water (A), methanol (B), and acetonitrile (C) with 

constant flow rate of 0.5 mL/min. The column temperature was set at 40 °C. The used gradient 

is presented in Table 1. The injected sample volume was 10 µL. Ultraviolet spectra were 
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recorded in the range of 190 to 800 nm. Chromatograms were obtained at the absorption 

maximum of each compound. LabSolutions software (Shimadzu, Kyoto, Japan) was used for 

data analysis. 

Table 1. Mobile phase composition of the developed HPLC-PDA method. 

Time (min) Water (%) Methanol (%) Acetonitrile (%) 

0 75 5 20 

15 60 40 0 

24 50 50 0 

40 50 50 0 

60 20 80 0 

70 75 5 20 

 

2.7.5. Validation of HPLC-PDA Method 

After achieving optimal chromatographic conditions and successful separation, the 

method was validated according to the International Council for Harmonisation of Technical 

Requirements for the Registration of Medicinal Products for Human Use (ICH) guidelines for 

linearity, accuracy, precision, limits of detection, limits of quantification, and robustness (EMA, 

2024). 

• Linearity 

The external standard method was employed for the quantification of the selected 

phenolic acids and flavonoids. Calibration curves were generated using five standard solutions 

and injected in triplicate. The linearity was assessed by correlating the measured areas of the 

chromatographic peaks with the concentrations of the standard solutions and calculating the 

coefficient of determination (R2). 

• Accuracy 

Evaluation of the accuracy of the developed method was carried out by calculating the 

percentage recovery at three concentration levels (low, medium, and high).   

• Precision 

The method’s precision was investigated through intra-day repeatability and inter-day 

reproducibility evaluations. Results are presented as a coefficient of variation (CV%). 

• Limit of detection (LD) and limit of quantification (LQ) 

For the calculation of Limit of Detection (LD) and limit of quantification (LQ), the 

linear response and the slope from the linearity data were used. The LD and LQ were calculated 

by the formulas where σ is the standard deviation of the response and S is the slope of the 

calibration curve: 

LD = 3,3 ×
σ

S
     и     LQ = 10 ×

σ

S
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• Robustness 

The robustness of the method was assessed by varying the column temperature and 

observing its effect on chromatographic performance.  

 

2.8. In vitro evaluation of antioxidant activity 

The antioxidant activity of the extract, including its radical scavenging activity and 

antioxidant capacity, was evaluated in vitro using two methods – DPPH-assay and Ferric-

ferrozine-assay. 

2.8.1. DPPH-assay 

DPPH radical scavenging activity of the extract was determined spectrophotometrically 

according to the procedure described by Paun et al. (Paun et al., 2016). The results are presented 

as IC50 value (concentration of the extract in μg/mL required to inhibit the formation of DPPH 

radicals by 50%). 

2.8.2. Ferric-ferrozine-assay 

The total antioxidant capacity of the extract was determined by monitoring the reduction 

of Fe(III)-ferrozine agent to the stable Fe(II)-ferrozine complex, according to Berker et al. 

(Berker et al., 2010). The results are presented as Trolox Equivalents (TE) - µmol Trolox 

leading to the same degree of reduction of the iron-ferrozin complex as 1 gram of the dry extract. 

2.9. Determination of antibacterial and antifungal activity 

The antimicrobial activity (antibacterial and antifungal activity) of the E. tenuifolia subsp. 

sibthorpiana extract against E. coli ATCC 25922, S. aureus ATCC 25913, and C. albicans 

ATCC 10231 was evaluated using the serial dilution method for determining the minimum 

inhibitory concentration (MIC), determination of the minimum bactericidal concentration 

(MBC) in agar medium and the “cup plate” technique for the detection of the zones of inhibition. 

2.9.1. Serial dilution method for the determination of MIC 

For the determination of the MICs, the serial two-fold dilution method was used. Two-

fold serial dilutions of the E. tenuifolia subsp. sibthorpiana extract in Mueller Hinton broth 

(MHB) at concentrations of 29.6–0.925 mg/mL were prepared and added to six wells, each 

containing 0.2 mL suspension. In each well, 0.02 mL of densitometer-standardized 0.5 MF 

microbial suspension of the test strain was added. The samples were cultured under aerobic 

conditions at 37 °C for 24 hours for E. coli ATCC25922 and S. aureus ATCC25713, and at 

35 °C for 48 hours – for C. albicans ATCC 10231. After the cultivation period, the suspension 

with the lowest concentration of E. tenuifolia subsp. sibthorpiana extract, at which no visual 

turbidity was recorded, was determined as the MIC against the respective strain.  

2.9.2. Determination of MBC 

For the determination of minimum bactericidal concentration (MBC)/minimum 

fungicidal concentration (MFC), an equal amount of each sample was seeded on blood agar 

plates and cultivated under the same incubation conditions as described above. The lowest 

concentration of E. tenuifolia subsp. sibthorpiana extract, at which microbial growth was 

inhibited by 99.9%, was reported as MBC. 
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2.9.3. Determination of antimicrobial activity in agar medium using the “cup plate” 

technique  

The antimicrobial activity was assessed by the agar diffusion method (cup-plate 

technique). Mueller-Hinton agar (MHA) plates (HiMedia, Ridacom, Bulgaria) were seeded 

with each of the test microbes. In the center of each agar plate, a well with a 7 mm diameter 

was made, in which a 200 µL suspension of E. tenuifolia subsp. sibthorpiana extract (11.84 

mg/mL) was placed, and then the plates were incubated under the same conditions described 

above. DMSO (5%) was used as a negative control. After the incubation period, the resulting 

inhibition zones were measured (d = mm). All the assays were performed in triplicate. 

 

2.10. In vivo evaluation of lifespan, stress resistance and mitochondrial function in C. 

elegans 

2.10.1. C. elegans maintenance and treatment 

The Bristol N2 wild-type, SJ4100 zcIs13 [hsp-6p::GFP + lin-15(+)], and SJ4005 zcIs4 

[hsp-4::GFP] V strains used in this study were sourced from the Caenorhabditis Genetics Center 

(CGC) at the University of Minnesota, USA, supported by the NIH Office of Research 

Infrastructure Programs (P40 OD010440). Worms were cultured under standard laboratory 

conditions on Nematode Growth Medium (NGM) agar plates, with Escherichia coli OP50 

provided as a food source.  

For the assays synchronized population of C. elegans was used. Synchronized worms 

were obtained by the bleaching method (M. N. Todorova et al., 2024b). For experimental 

treatments, heat-inactivated E. coli OP50 was used at a tenfold concentrated final dose. 

Echinophora tenuifolia extract was dissolved at DMSO (final concentration of 0.2%) and 

administered at final concentrations of 10, 25, and 50 μg/mL. These concentrations were 

selected based on a 48-hour MTT viability assay to ensure the use of non-toxic doses. In 

phenotypic, lifespan, and stress assays, the vehicle group contained 0.2% DMSO. For analyses 

of lipid accumulation, mitochondrial function, and GFP reporter strains, glucose was added to 

the NGM medium to a final concentration of 2% (Priboyska et al., 2025). All experiments were 

performed three times independently. 

2.10.2. Locomotion assay 

The locomotion of extract-supplemented worms was assessed on both the 5th and 10th 

days of their lifespan, according to previously developed protocols (M. N. Todorova et al., 

2024b). et al., 2024b).  

2.10.3. Lifespan measurement 

Synchronized late L4 stage larvae (30 worms per group) were transferred to NGM plates 

contained either E. tenuifolia extract (10, 25, and 50 μg/mL) or vehicle, defined as day 0 of 

their lifespan. The extract effects on lifespan were evaluated according to  Mladenova et al. and 

Todorova et al. (Mladenova et al., 2023; M. N. Todorova et al., 2024b).  

2.10.4. Chemotaxis assessment 

Chemotaxis assessment was carried out according to Mladenova et al. (Mladenova et al., 

2023) and the chemotaxis index (CI) was calculated using the formula: CI = (Quadrant test area 
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1 + Quadrant test area 2) - (Quadrant control area 1 + Quadrant control area 2)/ Total number 

of nematodes. 

2.10.5. Nile Red staining and triglycerides quantification 

Staining was performed as previously described using Nile Red dye (Mladenova et al., 

2023; Priboyska et al., 2024). Imaging was conducted with a Stellaris 5 confocal system 

equipped with an inverted DMi8 microscope (Leica, Wetzlar, Germany). Fluorescence intensity 

was quantified using ImageJ software, and the results were expressed as normalized corrected 

total cell fluorescence (CTCF) in arbitrary units (a.u.).  

Measurement of triglyceride content performed using the Triglyceride Quantification Kit 

(MAK266, Sigma-Aldrich, St. Louis, MO, USA). Sample preparation, measurement, and data 

calculations were carried out according to the manufacturer’s protocol. The obtained 

triglyceride values (nM) for each treatment group were normalized to the vehicle (+G) group 

and presented in arbitrary units (a.u.). 

2.10.6. Thermotolerance assay 

The effect of the extarct on C. elegans in heat stress was evaluated according to Todorova 

et al. (M. N. Todorova et al., 2024b).  

2.10.7. Oxidative stress assay  

The tests were performed according to previously reported protocols (M. N. Todorova et 

al., 2024b). For the oxidative stress assay, at least 30 nematodes pre-treated with either E. 

tenuifolia subsp. sibthorpiana extract or vehicle were transferred to fresh NGM plates 

containing 50 mM paraquat on the 5th and 10th days of their lifespan and their survival was 

evaluated. 

2.10.8. Confocal imaging of transgenic reporter strains 

To assess the mitochondrial unfolded protein response (UPRmt) and endoplasmic 

reticulum (ER) stress under conditions of excessive glucose and E. tenuifolia extract 

supplementation, the following reporter strains were used: the mitochondrial Hsp70 chaperone 

hsp-6 (SJ4100) and the BiP homologue hsp-4 (SJ4005). Worms from each strain and 

experimental group were pre-treated with the extract for 24 hours, collected, washed with M9 

buffer, and mounted onto microscope slides. All experiments were performed in at least three 

independent biological replicates. Imaging was conducted using a Stellaris 5 confocal system 

coupled with an inverted DMi8 microscope (Leica, Wetzlar, Germany). Quantification of 

fluorescence intensity was carried out using ImageJ software (version 1.53t; Priboyska et al., 

2025, Todorova et al., 2024).  

2.10.9. Mitochondrial staining  

To measure mitochondrial function, including mitochondrial membrane potential (ΔΨm) 

and mitochondrial mass in conditions of glucose-induced mitochondrial stress, co-staining with 

the mitochondrial dyes TMRE and MVG was performed (Priboyska et al., 2025; M. N. 

Todorova et al., 2024). Imaging was performed using a Stellaris 5 confocal system coupled 

with an inverted DMi8 microscope (Leica, Wetzlar, Germany). Quantification of fluorescence 

intensity was carried out using ImageJ software (version 1.53t) (Priboyska et al., 2025; M. N. 

Todorova et al., 2024).  
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2.10.10. Statistical analysis 

Statistical analyses were performed in SigmaPlot v11.0 from Systat software GmbH 

(Erkrath, Germany) and the data were represented as mean ± SEM. Variations between the 

experimental groups were calculated by one-way ANOVA, followed by Tukey’s post hoc test. 

The statistical significance levels were set at p < 0.05 and p < 0. The Kaplan-Meier survival 

curves of the different groups were compared using the log-rank test to assess statistical 

significance between them. The experimental data presented are representative of at least three 

independent biological experiments. 
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Results and discussion 

1. Collection of plant material and preparation of E. tenuifolia subsp. sibthorpiana extract. 

For the study, plant material from Echinophora tenuifolia L. subsp. sibthorpiana (Guss.) 

Tutin, Apiaceae (E. tenuifolia subsp. sibthorpiana) (Figure 1) was used. The flowering aerial 

parts of this species, including stems, leaves and inflorescences, were collected during full 

flowering stage in August 2022 in Southeast Bulgaria, near the village of Raykova Mogila, 

Haskovo District (41°50'14.9"N 26°18'17.3"E), floristic region Thracian Lowland. The plant 

material was identified and characterized macroscopically at the Department of Pharmacognosy 

and Pharmaceutical Chemistry, Medical University – Plovdiv according to Flora of Bulgaria 

(Kozhukharov, 1982). A herbarium specimen was prepared from the species and deposited in 

the Herbarium of the Agricultural University – Plovdiv (SOA) – No. 063306.  

The collected plant material was dried at room temperature, protected from direct sunlight. 

After drying, the material was cut and subsequently frozen and lyophilized. The lyophilized 

plant material was stored at -20 °C prior to further processing and use, 

For the preparation of the extract, the lyophilized plant mass was further ground and 

subjected to ultrasonic extraction with 50% methanol (containing equal parts methanol and 

water). The extraction using ultrasound was repeated three times for a total of 60 minutes (20 

minutes for each repetition) until the complete depletion of the lyophilized plant drug. The 

obtained extract was filtered under vacuum and subjected to vacuum evaporation at 40 °C using 

a rotary vacuum evaporator. After evaporation, the concentrated extract was further lyophilized 

using a lyophilizer to obtain a dry extract. The obtained dry extract was stored at -20 °C before 

use.  

 

 

 

Figure 1. Wild-growing population of Echinophora tenuifolia subsp. sibthorpiana (Southeast 

Bulgaria). 
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2. Microscopic histochemical analysis 

Histochemical analyses represent a methodological approach that allows for the chemical 

analysis of cells and tissues in the context of their structural organization and is essential for 

the study of plant secretory structures, which are classified depending on the chemical nature 

of their secretion (Demarco, 2017). 

Due to limited data on the anatomical structure of different parts of E. tenuifolia subsp. 

sibthorpiana, a thorough microscopic anatomical analysis of stems and leaves of this species 

was initially carried out. Microscopic observations of the stem revealed the presence of a cortex, 

consisting of cortical and chlorophyllous parenchyma and sclerenchyma tissue, phloem 

parenchyma and xylem in the interior (Figure 2 A, B, C). Secretory canals are observed, located 

near the phloem parenchyma and surrounded by the cortex. Anatomical features observed in 

the cross-section of a leaf of E. tenuifolia subsp. sibthorpiana are the presence of an epidermis, 

on which are located covering trichomes, usually unicellular. In the interior, the presence of 

spongy and palisade mesophyll, as well as bundles of conductive tissue (Figure 2 D, E, F). In 

the leaves, the secretory canals are located among the mesophyll cells near the conductive 

bundles. The deposition of lipid droplets was observed in the cavities of the channels and in the 

tissues around them (Figure 2 G, H, I).  

Microscopic histochemical analysis was performed to detect and localize lipids and 

terpene compounds in the plant material. Hand-cut transverse and longitudinal sections of the 

stem and leaves of E. tenuifolia subsp. sibthorpiana were stained with NADI reagent for terpene 

detection and Sudan III for lipid detection. NADI reagent produces differential staining in plant 

histology to demonstrate different classes of terpenes. Staining is blue with essential oils (EOs) 

and red with resins (diterpenes, triterpenes, and derivatives) (Demarco, 2017). Positive blue 

staining indicates the presence of essential oil, mainly containing mono- and sesquiterpenes. In 

the Sudan III test, the formation of red or orange staining indicates the presence of lipid 

compounds (Yeung, 2015).  
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The results of the histochemical analysis showed that in the stem the essential oil 

secretory structures were located in a ring between the phloem parenchyma and the surrounding 

cortex (Figure 3 A and Figure 4 A), and in the leaves the ducts were located among the 

mesophyll cells, accompanying the vascular bundles (Figure 3 D, E and Figure 4 E, F). The 

NADI reaction resulted in a blue staining of the secreted droplets in the ducts and the associated 

Figure 2. Microscopic observations in cross-sections of stem and leaf of E. tenuifolia L. subsp. 

sibthorpiana (Guss.) Tutin. (A, B, C) Anatomical features in a microscopic preparation of a 

stem, showing the presence of epidermis (Ep), cortex, phloem (Ph) and xylem (Xy); The cortex 

is made up of cortical parenchyma (CP) and several layers of chlorenchyma (chlorophyll 

parenchyma, ChP), between which are located bundles of sclerenchyma fibers (fibers, F). 

Secretory ducts (SD) located in the cortex between phloem, cortical parenchyma and 

chlorenchyma. (D, E, F) Anatomical features in a microscopic preparation of a leaf, showing 

the presence of epidermis (Ep), on which are located covering trichomes (Tr), spongy 

mesophyll (SM) and palisade mesophyll (PM); Secretory ducts (SD) are located in the spongy 

mesophyll near the vascular bundles (VB). (G, H, I) Details of secretory ducts (SD) from a leaf 

showing the presence of lipid deposits in the epithelial cells (G) as well as yellow oil droplets 

in the mesophyll cells surrounding the secretory ducts (H) and in the duct cavity (I). Scale 

bars: (B, D) = 10 µm; (A, C, E, F) = 20 µm; (G, H) = 40 µm; (I) = 100 µm. 
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surrounding cells in the samples from the two analyzed plant organs, which confirmed the 

presence of essential oil (Figure 3 B, C, E, F). As for the Sudan III test, the lipid nature of the 

secretory ducts was confirmed by the positive red-orange staining of the epithelial cells grouped 

as a layer around the duct and responsible for oil secretion (Figure 4 B, C, F). Additionally, 

numerous red-orange colored lipid droplets were observed in the mesophyll cells of the leaves 

adjacent to the canals (Figure 4 G, H) as well as in a tangential section of the stem in the cortical 

region (Figure 4 D). Due to the lipophilic nature of the essential oil compounds, their presence 

was confirmed in both analyses. 

Essential oils can be produced in a variety of secretory structures, which can be external, 

consisting of secretory glandular trichomes, and internal, consisting of secretory cavities, ducts, 

and individual essential oil cells (parenchyma cells that secrete and store essential oil) 

(Demarco, 2017). These secretory structures can vary depending on the botanical family. The 

secretory ducts in the family Apiaceae, and in particular the subfamily Apioideae, to which the 

genus Echinophora belongs, are a typical example of schizogenous secretory ducts, which are 

Figure 3. Histochemical observations of terpenes stained with NADI reagent in cross-sections of 

stem and leaf of E. tenuifolia L. subsp. sibthorpiana (Guss.) Tutin. (A) General aspect of stem 

showing the presence of secretory ducts (SD) arranged in a ring between the cortex, secondary 

phloem (Ph) and chlorophyll parenchyma (ChP). (B, C) Details of stem secretory ducts (SD) and 

presence of droplets with positive blue staining. (D) General aspect of leaf showing the presence 

of palisade mesophyll (PM) and spongy mesophyll (SM) with secretory ducts (SD) adjacent to 

conducting bundles (VB). (E, F) Details of leaf secretory ducts (SD) with positive blue staining of 

the monolayer epithelium and droplets in the intercellular space. Scale bars: (A, D) = 10 µm; (B, 

E) = 20 µm; (C, F) = 40 µm. 
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composed of epithelial cells surrounding a central cavity. (Sousa et al., 2021). In the present 

histochemical analysis of E. tenuifolia subsp. sibthorpiana, such internal secretory channels 

were observed in both plant organs studied. The histochemical analysis demonstrated the lipid 

and terpene chemical nature of the secreted and tissue-accumulating EO. 

 

 

 

3. Isolation and characterization of E. tenuifolia subsp. sibthorpiana EO 

The essential oil obtained from the aerial parts of E. tenuifolia subsp. sibthorpiana is pale 

yellow in color with an average yield of 1.3%. The chemical profile of the EO was determined 

by GC-MS. As a result of the analysis, 16 compounds were identified in the EO, representing 

92% of the total oil content. Table 2 presents the chemical composition of the isolated EO, and 

in Figure 5 a chromatogram from the GC-MS analysis of the EO is presented 

 

 

 

 

 

 

Figure 4. Histochemical observations of lipids stained with Sudan III in sections of stem and 

leaf of E. tenuifolia L. subsp. sibthorpiana (Guss.) Tutin. (A) General aspect of a transverse 

section of the stem showing the presence of secretory ducts (SD) located in the cortex near the 

secondary phloem (Ph) and chlorophyll parenchyma (ChP). (B, C) Details of secretory ducts 

of the stem with positive red-orange staining of the surrounding epithelial cells. (D) 

Tangential longitudinal section of the cortical region showing the presence of lipid droplets 

with positive red-orange staining. (E) Transverse section of the leaf showing the presence of 

secretory ducts (SD) with red-stained lipid droplets located in the spongy mesophyll (SM) and 

palisade mesophyll (PM). (F) Positive red staining of the epithelial cells surrounding the leaf 

ducts. (G, H) Details of the leaf secretory ducts with positive red staining of lipid deposits. 

Scale bars: (A, E) = 20 µm; (B, D, F, G) = 40 µm; (C, H) = 100 µm. 
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Table 2. Volatile compounds, identified in EO, isolated from wild Bulgarian population 

of E. tenuifolia subsp. sibthorpiana, as a percentage of the total EO, tr traces (less than 0.05%). 

The percentage distribution of the main terpene classes found in EM is summarized at the end 

of the table. 

№ Compound RI Formula 
Class of 

Compound 

 % of Total 

EO) 

1 α- Thujene 947 C10H16 MH Tr 

2 α-Pinene 952 C10H16 MH 0.56 

3 β-Pinene 982 C10H16 MH Tr 

4 β-Myrcene 993 C10H16 MH 0.24 

5 α-Phellandrene 1007 C10H16 MH 20.51 

6 α-Terpinene 1014 C10H16 MH 1.66 

7 o-Cymene 1022 C10H14 MH 12.30 

8 β-Phellandrene 1026 C10H16 MH 6.00 

9 γ-Terpinene 1051 C10H16 MH 0.20 

10 α-Terpinolene 1085 C10H16 MH 0.21 

11 β-Terpineol 1149 C10H18O MO 0.96 

12 Cryptone 1175 C9H14O MO 0.12 

13 p-Menth-1(7)-en-2-one 1240 C10H16O MO 0.08 

14 Isocarveol 1290 C10H16O MO 0.35 

15 Carvacrol 1298 C10H14O MO 0.71 

16 Methyleugenol 1405 C11H14O PP 48.13 

 Terpene classes     

 
Monoterpene 

hydrocarbons (MH) 
   41.68 

 
Oxygenated  

monoterpenes (MO) 
   2.22 

 Phenylpropanoids (PP)    48.13 

 Total identified    92.03 
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The identified compounds in the EO belong to the phenylpropanoids, monoterpene 

hydrocarbons and oxygenated monoterpenes classes. The phenylpropanoid methyleugenol was 

the main identified compound in the analyzed EO, representing 48.13% of the total EO 

composition. Significant amounts of monoterpene hydrocarbons were also found, representing 

41.68% of the total oil composition. α-Phellandrene, o-cymene and β-phellandrene were the 

most abundant monoterpene hydrocarbons, representing 20.51%, 12.29% and 6% of the total 

EO, respectively. Oxygenated monoterpenes represented 2.22% of the total oil composition. 

Sesquiterpenes were not detected in the EO. 

Literature data shows that the main volatile components identified in EOs from E. 

tenuifolia subsp. sibthorpiana from some regions of Turkey are methyleugenol and α-

phellandrene. The content of methyleugenol ranges from 9.61% to 90.16%, and that of α-

phellandrene ranges from 6.10% to 66.39% (Akgül & Chialva, 1989; J. Chalchat et al., 2011; 

J.-C. Chalchat et al., 2007; Gokbulut et al., 2013; Özcan & Akgül, 2003; Sanli & Ok, 2023; 

Telci & Hisil, 2008), which is consistent with the results of the present study. Methyleugenol 

has also been identified as the main compound in EO of this species, distributed in some regions 

of Iran (50.40%) and the Republic of North Macedonia (60.40%) (Ahmad et al., 1999; Mileski 

et al., 2014). Furthermore, in previously reported studies, α-phellandrene (10.23–43.80%) was 

among the main volatile compounds identified in E. tenuifolia subsp. sibthorpiana EO from 

regions of Iran, Macedonia and Greece (Ahmad et al., 1999; Georgiou et al., 2010; Mileski et 

al., 2014; Sefidkon, 2004). Despite the different factors influencing the chemical composition 

of EO (collection period, environmental conditions and geographical variations), 

methyleugenol is the main component detected in EO from Bulgaria, Turkey and Macedonia. 

The monoterpene δ-3-carene has been identified as a major constituent of EO from Turkey 

(Gokbulut et al., 2013; Özcan & Akgül, 2003). However, this compound was not detected in 

Figure 5. GC-MS chromatogram of the analyzed EO from a Bulgarian population of E. 

teniofolia subsp. sibthorpiana, where GCps-Giga Counts per second, 1-methyleugenol, 2-α-

phellandrene, 3-o-cymene, and 4-β-phellandrene. 
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the presented analysis of EO, isolated from Bulgarian E. tenuifolia subsp. sibthorpiana. While 

sesquiterpenes were also not detected, germacrene D, β-selinene, β-ionone and caryophyllene 

oxide have been identified in small amounts in previous studies (Mileski et al., 2014; Telci & 

Hisil, 2008).  

 

4. Metabolic profiling of E. tenuifolia subsp. sibthorpiana extract by NMR-spectrometry 

The E. tenuifolia subsp. sibthorpiana extract was subjected to metabolic profiling by 

NMR-spectrometry. This is the first time that metabolic profiling has been conducted among 

representatives of the genus Echinophora using this approach. The main primary and secondary 

metabolites in the extract were identified by analysis of the proton 1H NMR spectra (Figure 6), 

comparing the obtained spectra with spectral data from the literature (Georgiev et al., 2015; 

Wolfender et al., 2013). The corresponding chemical shifts (δ, ppm) and coupling constants (J, 

Hz) are listed in Table 3.  

Figure 6. Proton NMR (1H NMR) spectrum of E. tenuifolia subsp. sibthorpiana aerial parts 

extract and assignments of identified primary and secondary metabolites in the proton NMR 

spectra zoomed regions for δ 1-3.1 ppm, δ 4.1-5.5 ppm, and δ 6.1-8.5 ppm. 
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Table 3. Chemical shifts (δ) and coupling constants (J) of the common primary and some 

secondary metabolites identified by their relevant 1H NMR spectra in E. tenuifolia subsp. 

sibthorpiana extract.  

 

Among the specialized metabolites, within the proton spectra were assigned some signals 

of phenolic compounds – ferulic acid and rutin (Figure 6). To further confirm the presence of 

the most abundant secondary metabolites, analysis of 1H-1H-COSY, 1H-1H-TOCSY and 1H-
13C-HSQC) were performed. Comparing with literature (Mai et. al., 2024) the cross peaks 

between corresponding carbon and hydrogen atoms within the rutin structure were assigned in 

E. tenuifolia extract HSQC spectra (Figure 7). The correlation within the COSY and TOCSY 

spectra (Figure 8) confirmed the presence of characteristic spin system of rutin disaccharide 

moiety in accordance with the available data (Cedeño et al., 2019). 

Metabolites 
Chemical shifts (δ, 

ppm) 
Coupling constants (J, Hz) 

Aminoacids   

Alanine 1.49 (d, J = 7.3) 

Valine 1.01/1.06 (d, J = 7.0)/ (d, J = 7.0) 

Threonine 1.33 (d, J = 6.8) 

Carbohydrates 
  

α-Glucose 5.19 (d, J = 3.8) 

β-Glucose 4.59 (d, J = 7.9) 

Sucrose 5.41/418 (d, J = 3.9)/(d, J = 8.7) 

Organic acids 
  

γ- Amino-butyrate (GABA) 1.94/2.30/3.01 (m)/(d, J = 7.5)/ (d, J = 7.4) 

Formic acid 8.47 (s) 

Pyruvic acid 2.43 (s) 

Malic acid 2.38/2.68/4.28 
(d, J = 15, 9.9)/(d, J = 15.5, 3.3)/(d, 

J = 9.6, 3.19) 

Phenolic acids   

Ferulic acid 6.36 (d, J = 15.9) 

Flavonoids 
  

Rutin 

7.67/7.61/6.98/6.51/ 

6.30/4.99/4.54/ 

3.80/3.62/3.54/3.52/ 

3.51/3.44/3.40/ 

3.38/3.37/3.31/1.09 

(d, J = 8.7)/(dd, J = 8.5, 2)/(d, J = 

8.5) /(d, J = 2)/(d, J = 2)/(d, J = 

7.89)/(d, J = 1.49)/(dd*)/(dd*)/(d, J 

= 7.5)/(dd, J = 9.5, 3.5)/ 

(dd*)/(m*)/(m)/ (d, J = 9)/ (d, J = 

9)/ (d, J = d*)/(d, J = 6) 
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Figure 7. Representative 1H–13C heteronuclear single quantum coherence (HSQC) NMR 

spectrum of E. tenuifolia subsp. sibthorpiana extract with annotated characteristic signals of 

rutin (Molecular weight 610.517 g/M; IUPAC name 2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-

[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-[[(2R,3R, 4R,5R,6S)-3,4,5-trihydroxy-6-methyloxan-2-

yl]oxymethyl]oxan-2-yl]oxychromen-4-one). 

Figure 8. Representative NMR spectra of E. tenuifolia subsp. sibthorphiana extract. (А) 
1H–1H homonuclear correlation (COSY) spectrum and (B) 1H–1H TOCSY spectra with the 

assignments of spin system signals from rhamnosyl and glucosyl moiety in the rutin 

structure. 
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5. Development and validation of HPLC-PDA method for identification and 

quantification of flavonoids and phenolic acids in plant extracts 

5.1. Determination of total phenolic content 

The total phenolic content of the extract was determined by the Folin–Ciocalteu 

colorimetric method. The results were calculated based on a gallic acid calibration curve with 

determination coefficients R2 = 0.9759 and are presented as milligrams of gallic acid 

equivalents (GAE) per gram of dry weight of the plant extract (mg GAE/g). The content of total 

phenols in the dry aqueous-methanol extract was 111.3±9.1 mg GAE/g, which indicates that 

the extract is rich in phenolic compounds. Due to the high content of phenolic compounds and 

in order to determine the content of individual plant phenols in the extract, an HPLC-PDA 

method was developed for the identification and quantification of plant flavonoids and phenolic 

acids. 

5.2. Method development 

To establish optimal mobile phase conditions, various gradient methods were evaluated 

using different solvents and solvent ratios, including water/methanol, water/acetonitrile, 

acidified water/methanol, and acidified water/methanol/acetonitrile. Chromatograms 

illustrating the different tested mobile phases during the development of the method are 

presented in Figure 9. Well-resolved chromatographic peaks, demonstrating good symmetry 

and peak shape, were achieved with a mobile phase consisting of acidified water (0.1% formic 

acid), methanol, and acetonitrile under gradient conditions described in the Materials and 

Methods section (2.7.4.). 

 The absorption maxima of the studied analytes, at which the analyses were to be 

performed, were determined based on their UV-Vis spectra, measured by a PDA detector after 

successful separation  was  achieved. The  UV-Vis  spectra of the analytes were recorded in the 

Figure 9. HPLC-PDA chromatograms of a representative mixture of flavonoids at 

different composition and gradient of the mobile phase. (1) Methanol:water 30:70→90:10. 

(2) Methanol:water:acetonitrile 10:70:20→70:10:20. (3) Methanol:water:acetonitrile 

10:70:20→25:55:20→45:55:0→90:10:0. (4) Methanol:water:acetonitrile 10:70:20→

50:50:0→90:10:0. (5) Methanol:water:acetonitrile 5:75:20→40:60:0→50:50:0→50:50:0

→80:20:10. 
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Figure 10. UV-Vis spectra of the analyzed phenolic acids and flavonoid glycosides in the region 

between 200 and 800 nm. 
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Figure 11. UV-Vis spectra of the analyzed flavonoid aglycones in the region between 200 and 

800 nm 
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Figure 12. HPLC-PDA chromatograms of a standard solution containing the analyzed 

flavonoids and phenolic acids (50 µg/mL) at different wavelengths. 
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wavelength range between 200 and 800 nm and are presented in Figure 10 and Figure 11. The 

determined absorption maxima for the analytes are as follows: chlorogenic acid – 327 nm, 

caffeic acid – 324 nm, p-coumaric acid – 310 nm, ferulic acid – 323 nm, rosmarinic acid – 329 

nm, salicylic acid – 239 nm, catechin – 280 nm, rutin 256 nm, hesperidin – 284 nm, quercetin 

– 256 nm, luteolin – 350 nm, kaempferol – 366 nm, apigenin – 338 nm, casticin – 351 nm, and 

acacetin – 333 nm. Representative chromatograms of the analyzed flavonoids and phenolic 

acids at different wavelengths are presented in Figure 12. 

After the separation of the compounds, system suitability test was carried out for 

evaluation of analytical system performance and effectiveness of the separation of the analyzed 

compounds. The process included calculation of separation factor, resolution, number of 

theoretical plates, and symmetry factor (tailing factor). Tha calculated values are presented in 

Table 4. The efficiency of the system was evaluated by the number of theoretical plates, and 

the selectivity by the separation factor and resolution. The calculations were carried out 

according to the United States Pharmacopoeia (USP, 2022).  

 

 

Table 4. System suitability parameters for the developed HPLC-PDA method for analysis 

of flavonoids and phenolic acids. 

 
Separation 

factor 
Resolution 

Number of 

theoretical 

plates 

Symmetry 

factor 

Chlorogenic acid – – 8590 1.07 

Catechin 1.27 1.79 9480 0.92 

Caffeic acid 1.88 6.67 10783 1.08 

Rutin 1.55 5.49 6832 1.06 

p-Coumaric acid 1.37 3.05 9978 1.08 

Ferulic acid 1.24 14.65 10746 1.04 

Hesperidin 1.43 6.09 6724 1.04 

Rosmarinic acid 1.18 3.23 14536 1.02 

Salicylic acid 1.16 3.52 12897 1.04 

Quercetin 1.66 18.56 62819 1.11 

Luteolin 1.09 4.82 49986 1.08 

Kaempferol 1.27 11.12 36653 1.11 

Apigenin 1.05 2.19 33482 1.07 

Casticin 1.30 17.43 264355 1.06 

Acacetin 1.08 10.59 354986 1.09 
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According to the acceptance criteria, the separation factor values should be higher than 1, 

the resolution values – above 1.5, the number of theoretical plates – above 2000, and the 

symmetry factor should take values in the range of 0.8 to 1.8 (U.S. Food and Drug 

Administration, 1994; USP, 2022). The calculated values, presented in Table 4, show that the 

chromatographic system meets the requirements for selectivity and effectiveness, and that good 

separation of the peaks was achieved. 

After the development and the successful separation of the analytes, the method was 

subsequently validated. 

 

5.3. Method validation 

• Linearity 

The external standard method was used to quantify the selected phenolic acids and 

flavonoids. Calibration curves for each analyte were generated using five standard solutions 

prepared at concentrations of 5, 10, 25, 50 and 75 µg/mL. Linearity was assessed by correlating 

the measured chromatographic peak areas with the concentrations of the standard solutions, 

determining linear regression lines and calculating coefficients of determination (R2). The 

equations of the linear regression lines and the R2 values for each analyte are presented in Table 

5. 

Table 5. Assessment of the linearity of the developed method for identification and 

quantification of phenolic acids and flavonoids. 

 Linear regression line R2 

Chlorogenic acid y = 41832x + 107954 0.9999 

Catechin y = 14060x - 6028,1 0.9999 

Caffeic acid y = 118421x - 69302 0.9999 

Rutin y = 41585x + 8179 0.9999 

p-Coumaric acid y = 143605x + 5083,5 0.9999 

Ferulic acid y = 97780x - 18558 0.9999 

Hesperidin y = 25762x - 13528 0.9999 

Rosmarinic acid y = 59765x - 32572 0.9999 

Salicylic acid y = 61091x - 43374 0.9999 

Quercetin y = 76898x - 45411 0.9999 

Luteolin y = 77836x - 21524 0.9999 

Kaempferol y = 72582x - 34084 0.9999 

Apigenin y = 101010x - 102720 0.9999 

Casticin y = 69468x - 36057 0.9999 

Acacetin y = 73470x - 87956 0.9999 
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• Accuracy and precision 

Evaluation of the accuracy of the developed method was carried out by calculating the 

percentage recovery, defined as the difference between the mean and assumed true values. 

Three quality control concentration levels were selected for each of the analytes as follows: 

high (50 µg/mL), medium (25 µg/mL), and low (10 µg/mL). The recovery results demonstrated 

the method’s high accuracy across the defined analytical range. A summary of the accuracy 

evaluation for the tested flavonoids and phenolic acids is presented in Table 6. 

` 

Table 6. Evaluation of accuracy of the developed method for detection and quantification 

of phenolic acids and flavonoids. 

Concentration 

(µg/mL) 
Mean (µg/mL ± SD) Recovery % CV% 

Chlorogenic acid 

50 50.02 ± 0.01 100.04 0.03 

25 25.03 ± 0.05 100.13 0.19 

10 10.02 ± 0.03 100.22 0.25 

Catechin 

50 49.99 ± 0.08 99.99 0.16 

25 24.99 ± 0.08 99.99 0.34 

10 10.07 ± 0.01 100.72 0.14 

Caffeic acid 

50 49.75 ± 0.01 99.50 0.02 

25 25.52 ± 0.01 101.59 0.79 

10 10.17 ± 0.14 101.75 2.45 

Rutin 

50 50.79 ± 0.87 101.59 1.73 

25 25.39 ± 0.04 101.57 0.14 

10 10.04 ± 0.02 100.44 0.15 

p-Coumaric acid 

50 50.17 ± 0.04 100.34 0.07 

25 25.11 ± 0.01 100.42 0.03 

10 10.15 ± 0.06 101.54 0.60 

Ferulic acid 

50 50.10 ± 0.07 100.20 0.14 

25 25.21 ± 0.02 100.84 0.07 

10 10.22 ± 0.03 102.24 0.34 

Hesperidin 

50 50.14 ± 0.02 100.28 0.05 

25 25.38 ± 0.02 101.50 0.07 

10 10.02 ± 0.02 100.20 0.21 

Rosmarinic acid 

50 49.95 ± 0.02 99.90 0.05 

25 24.98 ± 0.01 99.93 0.02 

10 10.07 ± 0.01 100.75 0.09 

Salicylic acid 

50 50.44 ± 0.02 100.88 0.04 

25 25.17 ± 0.02 100.70 0.07 
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10 10.04 ± 0.01 100.37 0.07 

Quercetin 

50 50.49 ± 0.02 100.99 0.04 

25 25.10 ± 0.02 100.42 0.07 

10 10.01 ± 0.01 100.09 0.09 

Luteolin 

50 50.18 ± 0.01 100.35 0.02 

25 25.24 ± 0.01 100.96 0.02 

10 10.06 ± 0.01 100.60 0.08 

Kaempferol 

50 50.14 ± 0.01 100.28 0.02 

25 25.11 ± 0.01 100.48 0.05 

10 10.08 ± 0.01 100.77 0.06 

Apigenin 

50 50.04 ± 0.01 100.07 0.01 

25 25.05 ± 0.01 100.20 0.04 

10 10.09 ± 0.01 100.94 0.04 

Casticin 

50 50.24 ± 0.09 100.48 0.17 

25 25.06 ± 0.02 100.25 0.10 

10 10.04 ± 0.01 100.38 0.08 

Acacetin 

50 50.02 ± 0.01 100.04 0.01 

25 25.05 ± 0.05 100.22 0.20 

10 10.06 ± 0.01 100.55 0.06 

 

The method’s precision was investigated through intra-day repeatability and inter-day 

reproducibility evaluations. Intra-day precision was assessed by analyzing freshly prepared 

standard solutions at the three concentration levels described above, with five replicate 

measurements per level, conducted within a single analytical session. Intra-day precision was 

assessed by repeating the same protocol over three consecutive days, maintaining the same 

number of replicates per level. The obtained data confirmed the method’s precision and is 

presented in Table 7. 

 

Table 7. Evaluation of precision of the developed method for detection and quantification 

of phenolic acids and flavonoids. 

Concentration 

(µg/mL) 

Intra-Day Precision Inter-Day Precision 

Mean  

(µg/mL ± SD) 
SEM CV% 

Mean  

(µg/mL ± SD) 
SEM CV% 

Chlorogenic acid 

50 50.03 ± 0.01 0.01 0.02 50.02 ± 0.03 0.02 0.06 

25 24.70 ± 0.01 0.01 0.05 25.20 ± 0.14 0.08 0.56 

10 10.06 ± 0.01 0.01 0.14 10.04 ± 0.06 0.03 0.59 

Catechin 

50 49.58 ± 0.01 0.01 0.01 49.68 ± 0.14 0.08 0.30 

25 24.87 ± 0.02 0.01 0.06 25.05 ± 0.03 0.02 0.13 

10 10.13 ± 0.01 0.01 0.11 10.13 ± 0.02 0.02 0.26 
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Caffeic acid 

50 49.75 ± 0.01 0.01 0.04 50.01 ± 0.08 0.05 0.16 

25 25.52 ± 0.01 0.01 0.03 26.00 ± 0.05 0.03 0.20 

10 10.47 ± 0.01 0.01 0.11 10.15 ± 0.10 0.05 0.97 

Rutin 

50 51.31 ± 0.02 0.01 0.04 51.02 ± 0.50 0.26 0.88 

25 25.60 ± 0.02 0.01 0.08 25.56 ± 0.04 0.02 0.15 

10 10.09 ± 0.05 0.03 0.54 10.07 ± 0.02 0.01 0.23 

p-Coumaric acid 

50 50.19 ± 0.05 0.03 0.09 50.12 ± 0.05 0.03 0.10 

25 25.01 ± 0.01 0.01 0.03 25.11 ± 0.07 0.04 0.27 

10 10.13 ± 0.01 0.01 0.07 10.16 ± 0.01 0.01 0.15 

Ferulic acid 

50 50.02 ± 0.01 0.01 0.09 50.13 ± 0.08 0.04 0.17 

25 25.23 ± 0.02 0.01 0.08 25.18 ± 0.03 0.02 0.11 

10 10.29 ± 0.01 0.01 0.02 10.31 ± 0.01 0.03 0.03 

Hesperidin 

50 50.12 ± 0.04 0.02 0.09 50.03 ± 0.09 0.05 0.17 

25 25.37 ± 0.03 0.02 0.13 25.35 ± 0.06 0.04 0.25 

10 10.03 ± 0.02 0.01 0.22 10.04 ± 0.03 0.02 0.31 

Rosmarinic acid 

50 49.97 ± 0.06 0.03 0.11 50.19 ± 0.30 0.17 0.60 

25 25.10 ± 0.02 0.01 0.08 25.06 ± 0.03 0.02 0.14 

10 10.08 ± 0.01 0.01 0.02 10.07 ± 0.01 0.01 0.13 

Salicylic acid 

50 50.49 ± 0.02 0.01 0.04 50.38 ± 0.04 0.02 0.08 

25 25.23 ± 0.02 0.01 0.10 25.00 ± 0.04 0.02 0.17 

10 10.03 ± 0.01 0.01 0.10 10.00 ± 0.02 0.01 0.16 

Quercetin 

50 50.50 ± 0.02 0.01 0.04 50.52 ± 0.03 0.02 0.06 

25 25.14 ± 0.01 0.01 0.04 25.08 ± 0.05 0.03 0.21 

10 10.01 ± 0.01 0.01 0.07 10.01 ± 0.01 0.01 0.07 

Luteolin 

50 50.22 ± 0.02 0.01 0.03 50.21 ± 0.02 0.01 0.06 

25 25.24 ± 0.01 0.01 0.04 25.25 ± 0.01 0.01 0.03 

10 10.08 ± 0.01 0.01 0.06 10.09 ± 0.01 0.01 0.11 

Kaempferol 

50 50.17 ± 0.02 0.01 0.04 50.16 ± 0.03 0.02 0.07 

25 25.10 ± 0.01 0.01 0.06 25.06 ± 0.05 0.02 0.19 

10 10.05 ± 0.01 0.01 0.11 10.05 ± 0.04 0.02 0.40 

Apigenin 

50 50.07 ± 0.03 0.02 0.06 50.08 ± 0.06 0.04 0.13 

25 25.03 ± 0.04 0.02 0.16 25.25 ± 0.16 0.10 0.66 

10 10.08 ± 0.01 0.01 0.07 10.09 ± 0.02 0.01 0.17 

Casticin 

50 50.22 ± 0.03 0.02 0.05 50.32 ± 0.11 0.06 0.22 

25 25.09 ± 0.02 0.01 0.06 25.03 ± 0.09 0.05 0.34 

10 10.02 ± 0.01 0.01 0.05 10.02 ± 0.02 0.01 0.16 
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Acacetin 

50 50.05 ± 0.02 0.01 0.05 49.94 ± 0.06 0.03 0.12 

25 25.10 ± 0.01 0.01 0.06 25.08 ± 0.07 0.04 0.27 

10 10.05 ± 0.01 0.01 0.06 10.05 ± 0.02 0.01 0.20 

 

As demonstrated by the high accuracy percentages, the low values of the standard 

deviation, and the correlation coefficients close to unity, the developed method is accurate, 

precise, and linear for the determination of flavonoids and phenolic acids. 

 

• Limit of detection (LD) and quantification (LQ) 

From the linearity data, the linear response and the slope were used for the calculation of 

the LD and LQ values of each of the analytes. The determined values for the two limits are 

presented in Table 8. 

 

Table 8. Evaluation of limit of detection (LD) and limit of quantification (LQ) of the 

developed method for detection and quantification of phenolic acids and flavonoids. 

 LD (µg/mL) LQ (µg/mL) 

Chlorogenic acid 1.13 3.41 

Catechin 0.96 2.90 

Caffeic acid 1.18 3.57 

Rutin 1.27 3.86 

p-Coumaric acid 0.84 2.54 

Ferulic acid 0.94 2.85 

Hesperidin 0.80 2.43 

Rosmarinic acid 0.79 2.39 

Salicylic acid 1.19 3.59 

Quercetin 1.07 3.23 

Luteolin 0.85 2.57 

Kaempferol 0.96 2.96 

Apigenin 1.02 3.09 

Casticin 1.09 3.31 

Acacetin 1.07 3.25 

 

• Robustness 

The robustness of the method was assessed by varying the column temperature and 

observing its effect on chromatographic performance. The retention times of the analytes were 

monitored while intentional temperature changes were applied to the method, with temperature 

varying between 37 °C and 43 °C. The temperature changes did not affect the resolution of the 
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analytes significantly and did not compromise the chromatographic separation, indicating the 

method’s robustness. 

 

• Stability 

The stability of the standard stock solutions of flavonoids and phenolic acids was 

evaluated by comparing the chromatograms of the freshly prepared solutions with solutions, 

stored at a controlled temperature of 2-8 °C for one week. After storing, the stock solutions 

were then diluted (to a concentration of 25µg/mL) and analyzed by the developed method. No 

evidence of degradation or changes in the chemical profiles of the solutions were observed 

during the storage period. This demonstrates the stability of the solutions and that they can be 

stored and analyzed using the developed HPLC-PDA method without degradation or changes 

in their chemical properties. 

 

5.4. Method application 

The method was applied to identify and quantify selected phenolic acids and flavonoids 

in the E. tenuifolia subsp. sibthorpiana extract. Six phenolic acids were identified, including 

chlorogenic acid, p-coumaric acid, ferulic acid, rosmarinic acid, salicylic acid, and caffeic acid, 

as well as the flavonoid rutin. Their content in the extract was also determined. The highest 

amount in the extract was found for rutin (43.86 mg/g dry extract). The calculated content of 

chlorogenic acid, p-coumaric acid, ferulic acid, rosmarinic acid, salicylic acid, and caffeic acid 

was 5.50 mg/g, 0.41 mg/g, 5.12 mg/g, 4.29 mg/g, 2.10 mg/g, 0.98 mg/g dry extract, respectively. 

All measurements were performed in triplicate, with a standard deviation not exceeding 2%. 

Studies on the chemical composition of individual non-volatile secondary plant 

metabolites, including phenolic compounds, in the genus Echinophora are limited. The 

phenolic composition of an extract of E. tenuifolia subsp. sibthorpiana has been evaluated in 

only one other study, showing that rutin and chlorogenic acid were the main components in the 

extract with concentrations of 127.0 and 39.6 mg/g extract, respectively (Ozdemir et al., 2025). 

Our results on the phenolic composition of E. tenuifolia subsp. sibthorpiana from Bulgaria are 

consistent with those described above. 

In other species of the genus Echinophora, quercetin and rutin were identified in the polar 

ethyl acetate fraction of a methanol extract of E. tenuifolia, while ferulic acid was identified in 

the dichloromethane fraction of the same extract (Marrelli et al. 2017). The flavonol glycosides 

quercetin-3-O-β-D-glucopyranoside and kaempferol-3-O-β-D-glucopyranoside were 

successfully isolated from an extract of E. cinerea (Shokoohinia et al. 2017). Thirty-three 

flavonoids and organic acids were identified in an extract of E. chrysantha, with rutin, 

quercetin-3-O-glucoside, hesperidin, quinic acid, and chlorogenic acid being the most abundant 

(Aksit et al. 2022). 
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6. In vitro evaluation of antioxidant and antimicrobial activity of Echinophora tenuifolia 

subsp. sibthorpiana extract. 

6.1. Antioxidant activity 

The antioxidant activity of the E. tenuifolia subsp. sibthorpiana extract, including its 

radical scavenging properties and antioxidant capacity, was evaluated in vitro using two 

methods – DPPH-test and Ferric-ferrozine test. The results of the DPPH-test were calculated 

based on a DPPH calibration curve with R2=0.9943 and showed a radical scavenging activity 

of the aqueous-methanol extract with an IC50 value of 71.3±0.01 µg/mL. The total reducing 

activity of the extract was calculated using a Trolox calibration curve with R2=0.9925 and the 

results, expressed as Trolox equivalents, were 405.1±39.9 µmol/g. 

6.2. Antimicrobial activity 

The antimicrobial activity of the E. tenuifolia subsp. sibthorpiana extract was evaluated 

by the method of serial dilutions for determining the minimum inhibitory concentration (MIC), 

determination of the minimum bactericidal concentration (MBC) in agar medium and the "cup 

plate" technique for the determination of zones of inhibition against three reference strains of 

pathogenic microorganisms, including the bacteria E. coli ATCC 25922 and S. aureus ATCC 

25913 and the fungus C. albicans ATCC 10231. 

The results of the serial dilution of the extract for MIC determination (Figure 13) show 

the highest antimicrobial activity against E. coli ATCC 25922 - with an MIC of 1.85 mg/mL. 

Against S. aureus ATCC 25913, visual growth was suppressed at the lowest extract 

concentration of 3.7 mg/mL, and against C. albicans ATCC 10231, no fungicidal activity was 

reported based on visual turbidity.   

All suspensions from the serial dilution for MIC determination were subcultured in agar 

media (Figure 14 A). This method allows for the assessment of the bactericidal effects of the 

extract. The results clearly show the more potent antimicrobial effect against E. coli ATCC 

25922, with microbial growth being completely inhibited with an MIC of 3.5 mg/mL. A strong 

reduction in microbial growth was also observed against S. aureus ATCC 25913 and C. 

Figure 13. Results of serial dilution of the E. tenuifolia subsp. sibthorpiana extract (in 

concentrations 0.925-29.6 mg/mL) for determination of MIC. 
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albicans ATCC 10231, but no total bactericidal or fungicidal effect were reported at the 

concentrations used in the study. 

Stronger antimicrobial effects against S. aureus ATCC 25913 were reported in the cup 

plate technique (Figure 14 B). In this study, antimicrobial activity was measured by the reported 

zone of inhibition after diffusion of the antimicrobial agent in Mueller-Hinton agar. In this 

method, S. aureus ATCC 25913 was the most sensitive microorganism to the extract and 

demonstrated a zone of inhibition of 25 mm at an extract concentration of 11.84 mg/mL. This 

zone is comparable to demonstrated effects of conventional antibiotics, in some cases even at 

higher test doses. Against E. coli ATCC 25922, the results were confirmed - a zone of inhibition 

of microbial growth with a diameter of 21 mm was reported. Against C. albicans ATCC 10231, 

no antifungal activity of the extract was reported in this assay. 

Two previous studies investigated the antibacterial and antioxidant activities of E. 

tenuifolia subsp. sibthorpiana extracts. The antioxidant and antibacterial activities of two 

extracts (acetone and ethyl acetate) from commercial samples of E. tenuifolia subsp. 

sibthorpiana from Turkey were evaluated (Aydin and Sümbül 2022). The ethyl acetate extract 

showed a higher total antioxidant capacity, while the acetone extract showed a higher radical 

scavenging activity. The two extracts demonstrated the highest antibacterial activity against 

Figure 14. Antimicrobial activity of E. tenuifolia subsp. sibthorpiana. (A) Subculturing of 

different concentrations of the extract (0.925-29.6 mg/mL) on blood agar for the 

determination of MBC. (B) Zones of inhibition after diffusion of the extract (11.84 mg/mL) in 

Mueller-Hinton agar. 
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Gordonia rubripertincta, in addition to activity against S. aureus subsp. aureus (Aydin and 

Sümbül 2022). Another study investigated the antioxidant and antimicrobial activities of 

methanolic, ethanolic and aqueous extracts from different parts (roots and aerial parts) of wild 

E. tenuifolia subsp. sibthorpiana from Macedonia (Mileski et al. 2014). The highest antioxidant 

activity was shown by the aqueous extract of the aerial parts in two tests evaluating the radical-

scavenging properties of the extracts. The strongest antibacterial effects were demonstrated by 

the ethanol extract of the roots (highest activity against Bacillus cereus with MIC 0.45 mg/mL 

and MBC 0.75 mg/mL) and the methanol extract of the aerial parts (highest activity against B. 

cereus, E. cloacae and S. aureus with MIC 3.00 mg/mL and MBC 4.00 mg/mL for each strain) 

(Mileski et al. 2014).  

In the present study, for the first time, the antioxidant and antibacterial activity of an 

extract, prepared from E. tenuifolia subsp. sibthorpiana, growing in Bulgaria, was determined. 

The results of the tests conducted show that the extract of Bulgarian E. tenuifolia subsp. 

sibthorpiana possesses excellent antioxidant properties. The high antioxidant activity is most 

likely due to the large amounts of phenolic compounds contained in the extract, including the 

well-known antioxidants rutin and chlorogenic acid. In addition, the extract demonstrated 

significant antibacterial activity against E. coli and S. aureus. The good antibacterial and 

antioxidant properties are an important factor for the future evaluation of various 

pharmacological activities of this plant species and present its potential application as a natural 

preservative. 

 

 

7. Evaluation of the acivity of E. tenuifolia subsp. sibthorpiana on lifespan, stress resistance, 

lipid metabolism and mitochondrial function in C. elegans 

7.1. E. tenuifolia subsp. sibthorpiana modulates the chemosensory network of C. elegans 

and increase early-life energy expenditure 

By evaluating the safety profile of E. tenuifolia subsp. sibthorpiana extract across a range 

of concentrations (10 to 200 μg/mL) for 48 hours, the results demonstrated no adverse effects 

on viability in any treatment group (Figure 15 A). Therefore, concentrations of 10, 25, and 50 

μg/mL were selected for further experiments. 

The chemotaxis assay revealed a significant enhancement in sensory-driven behavior at 

the highest tested concentration of 50 μg/mL (Figure 15 B). Worms exposed to E. tenuifolia 

subsp. sibthorpiana extract at this dose exhibited improved responses to sensory cues, 

suggesting that the extract may act as an attractant or modulate the chemosensory signaling 

pathways in C. elegans. Interestingly, lower concentrations (10 and 25 μg/mL) did not yield a 

comparable effect. 

Exposure to all tested concentrations of the extract significantly increased the body bends 

of 5-day-old C. elegans (Figure 15 C). In contrast, the extract did not influence locomotion in 

10-day-old worms (Figure 15 D). These findings suggest that E. tenuifolia subsp. sibthorpiana 

supplementation may enhance energy expenditure and exert a stimulatory effect on the nervous 

system in young worms. However, the absence of any observed effect in aged worms indicates 

that E. tenuifolia subsp. sibthorpiana extract may not provide benefits related to aging. 
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To access the potential role of the extract in longevity, we tested its effect on the lifespan 

of C. elegans. The analysis revealed no significant differences in lifespan across all tested 

concentrations (10, 25, and 50 μg/mL) compared to the control group (Figure 15 E). These 

results suggest that E. tenuifolia subsp. sibthorpiana extract does not exert a measurable 

influence on lifespan upon the tested conditions. 

 

 

 

 

 

Figure 15. The E. tenuifolia subsp. sibthorpiana extract enhances locomotion and modulates the 

chemosensory network in C. elegans. (A) Viability test upon treatment 10–200 μg/mL E. 

tenuifolia extract in C. elegans (n = 1500), ANOVA on ranks vs. to control group. (B) 

Chemotaxis analysis on worms pre-treated with the extract (n = 300–600), t-test vs. vehicle. (C, 

D) Locomotion of pre-treated worms (10, 25 and 50 μg/mL E. tenuifolia extract) for 5 and 10 

days. Results are presented as bending movements within 30 sec and compared to vehicle group 

(n = 45) one-way ANOVA. (E) Lifespan of treated worms (10, 25 and 50 μg/mL E. tenuifolia 

extract) represented as Kaplan-Meier survival curve (n = 30). Log-rank test was used to evaluate 

the statistical significance between experimental treatment survival curves, **p<0.01, *p<0.05, ns 

– not significant. 
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7.2. The E. tenuifolia subsp. sibthorpiana extract has antioxidant capacity and increases 

survival to acute heat stress 

Thermotolerance is a frequently studied marker in aging research, as increased lifespan 

often correlates with improved stress resilience across different model systems (Kovács et al., 

2024; M. N. Todorova et al., 2024a). Moreover, in age-related diseases such as cardiovascular 

and neurodegenerative disorders, the inability of the organism to adequately manage stress 

conditions leads to the accumulation of misfolded proteins and disrupted proteostasis (Kuzu et 

al., 2025; Papanagnou et al., 2022; Perino et al., 2025). To evaluate the stress-resistance 

potential of E. tenuifolia subsp. sibthorpiana extract, C. elegans were pre-treated with 10, 25, 

and 50 μg/mL of the extract for 5 and 10 days, respectively, before being exposed to 37 °C for 

2 hours. 

The results revealed that worms supplemented with E. tenuifolia subsp. sibthorpiana 

demonstrated improved thermotolerance compared to the vehicle group (Figure 16 A, B). 

Specifically, concentrations of 25 and 50 μg/mL significantly enhanced stress resistance at both 

time points. These findings suggest that the extract may interact with the stress-response 

network, potentially supporting repair processes following heat exposure, even in aged worms. 

Along with the accumulation of damaged proteins, antioxidant defense mechanisms are 

often compromised in cardiovascular diseases, leading to excessive oxidative stress and 

frequently to mitochondrial dysfunction (D’Oria et al., 2020; Peoples 2019). Paraquat, a 

commonly used herbicide, is widely employed as a reliable inducer of oxidative stress in C. 

elegans studies (Dilberger et al., 2019; V. Todorova et al., 2025). Acute paraquat exposure 

initiates a cascade of biochemical reactions that culminate in the disruption of cellular redox 

homeostasis. In this study, pre-treatment with the extract significantly mitigated the detrimental 

effects of 50 mM paraquat in young worms (Figure 16 C), indicating enhanced resistance to 

acute oxidative stress. In contrast, E. tenuifolia subsp. sibthorpiana extract supplementation did 

not improve the survival of aged worms challenged with paraquat (Figure 16 D) suggesting an 

age-dependent decline in the extract’s protective capacity with respect to oxidative stress-

induced damage.   
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7.3. The extract of E. tenuifolia subsp. sibthorpiana reduces lipid accumulation in a 

glucose-induced obesity model in C. elegans 

Excessive fat is a key driver of low-grade inflammation, insulin resistance, and altered 

lipid metabolism (Koskinas et al., 2024; Qi et al., 2024; Wen et al., 2022), all of which 

contribute to the progression of cardiovascular diseases (Koskinas et al., 2024; Ye et al., 2025). 

Given the complex composition of the extract and the presence of key bioactive compounds 

such as chlorogenic acid, caffeic acid, and rosmarinic acid – each with well-known biological 

activities related to obesity and lipid metabolism regulation (Fang et al., 2024; Kim et al., 2018; 

Figure 16. The E. tenuifolia subsp. sibthorpiana extract supplementation modulates stress-

response in C. elegans. (A, B) To assess thermotolerance, (A) 5-day-old and (B) 10-day-old 

worms pre-treated with E. tenuifolia extract were exposed to acute heat stress (37 °C for 2 

hours). Following a 20-hour recovery period, survival was recorded. (C, D) To evaluate 

oxidative stress resistance, worms pre-treated with E. tenuifolia extract were exposed to 50 

mM paraquat. Survival was monitored at 24-hour intervals in both (C) 5-day-old and (D) 

10-day-old worms. Data are presented as mean percentage survival ± SEM (n=90). 

Statistical significance: *p < 0.05, **p < 0.01 (one-way ANOVA). 
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Vasileva et al., 2020; Zhang et al., 2024) – we reasoned that the extract may influence metabolic 

regulation. To explore this possibility, we tested the effect of E. tenuifolia subsp. sibthorpiana 

extract on lipid accumulation in a glucose-supplemented obesity model in C. elegans, alongside 

triglyceride quantification. 

In agreement with our expectations, worms pre-treated with the extract for 24 h exhibited 

a significant reduction in lipid content compared to the vehicle-treated group, as demonstrated 

by both Nile Red staining (Figure 17 A, B) and triglyceride quantification (Figure 17 C). These 

findings also interestingly correspond with the traditional culinary use of the plant as a spice in 

Mediterranean and Middle Eastern cuisine. Overall, the results indicate that E. tenuifolia subsp. 

sibthorpiana extract modulates lipid metabolism and may counteract excessive fat storage 

under glucose-rich conditions. 

 

 

7.4. The extract of E. tenuifolia subsp. sibthorpiana restores mitochondrial membrane 

potential in a model of glucose-induced mitochondrial impairment. 

 

Mitochondria serve as central regulators of cellular bioenergetics, redox balance, and 

apoptosis, and their dysfunction has been increasingly recognized as a key contributor to 

cardiovascular aging (Wen et al., 2025; M. N. Todorova et al., 2024b). To determine whether 

E. tenuifolia subsp. sibthorpiana extract supplementation counteracts glucose-induced 

mitochondrial stress, we quantified mitochondrial membrane potential (ΔΨm) and 

mitochondrial mass using TMRE and MVG staining, respectively. Exposure to 2% glucose 

significantly reduced both ΔΨm and mitochondrial mass (Figure 18 A, B, C, D) compared to 

Figure 17. The E. tenuifolia subsp. sibthorpiana extract modulates lipid metabolism in C. 

elegans obesity model. (A) Representative confocal images at 20x magnification (scale bar: 

50 μm) of Nile red-stained lipids in glucose-supplemented (+G) wild-type N2 nematodes 

treated for 24 hours with E. tenuifolia extract at concentrations of 10, 25, and 50 μg/mL 

compared to the vehicle (+G). (B) Quantification of fluorescence intensity of Nile red lipid 

staining was represented as corrected total cell fluorescence (CTCF), normalised to vehicle 

(+G) expressed in arbitrary units (a.u.). (C) Triglyceride content for E. tenuifolia-treated 

groups were normalised to vehicle (+G) and expressed in a.u. Results are presented as mean 

± SEM (n=90), *p < 0.05, **p < 0.01 compared to the vehicle group (ANOVA on ranks). 
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the control group, although the TMRE/MVG ratio remained unchanged (Figure 18 E, F), 

indicating a proportional decline in mitochondrial function and content. 

The extract treatment restored mitochondrial membrane potential in a dose-dependent 

and statistically significant manner (Figure 18 E, F), with the highest concentration returning 

ΔΨm to levels comparable to the vehicle (–G) conditions. In contrast, mitochondrial mass 

remained unaffected by E. tenuifolia subsp. sibthorpiana extract at all tested concentrations 

(Figure 18 C, D), suggesting that the extract primarily enhances mitochondrial functional 

quality rather than altering mitochondrial abundance. 

Interestingly, the TMRE/MVG ratio was significantly increased only at the highest E. 

tenuifolia subsp. sibthorpiana extract concentration (50 μg/mL; Figure 18 E, F), both compared 

to vehicle +G and to vehicle –G, suggesting an improvement in mitochondrial efficiency or 

respiratory competence per mitochondrial unit. 

 

7.5. The extract of E. tenuifolia subsp. sibthorpiana attenuates glucose-induced 

endoplasmic reticulum and mitochondrial stress by regulating hsp-4 and hsp-6 expression. 

When mitochondrial integrity is compromised, cells activate protective mechanisms such 

as the mitochondrial unfolded protein response (UPRmt), which operates in close cooperation 

with endoplasmic reticulum (ER) stress pathways to restore protein folding capacity and 

maintain cellular function (Bhattarai et al., 2021; Chu et al., 2024). Taking into account that E. 

tenuifolia subsp. sibthorpiana supplementation improved thermotolerance in both young and 

aged worms – suggesting a potential modulation of the proteostatic network – and considering 

the central crosstalk between UPRmt and ER stress in mitochondrial quality control (Casas-

Martinez et al., 2025; Sarkar et al., 2022), we examined whether E. tenuifolia subsp. 

sibthorpiana extract could influence these two pathways by assessing the expression of the 

mitochondrial chaperone hsp-6 (UPRmt) and the ER stress marker hsp-4. 

Glucose supplementation induced a strong upregulation of hsp-4, reflecting activation of 

the ER stress response, likely due to glucose-induced metabolic or proteotoxic imbalance. 

Supplementation with E. tenuifolia subsp. sibthorpiana extract dose-dependently suppressed 

hsp-4 activation, restoring expression to baseline (Vehicle –G) levels (Figure 19 A, B). This 

normalization suggests that the extract either prevents the accumulation of misfolded proteins 

under metabolic stress or enhances their clearance, thereby reducing ER burden. 

Consistent with previous observations (Govindan et al., 2018; Tauffenberger et al., 2016), 

exposure to 2% glucose markedly increased hsp-6::GFP fluorescence, indicating activation of 

the mitochondrial unfolded protein response (Figure 19 C, D). The treatment with E. tenuifolia 

subsp. sibthorpiana extract significantly reduced hsp-6 expression in a dose-dependent manner 

(Figure 19 C, D), with all concentrations (10, 25, and 50 μg/mL) lowering fluorescence to levels 

comparable to the control group without glucose (Vehicle –G). These findings suggest that the 

extract effectively alleviates glucose-induced mitochondrial stress. 
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Together, these results indicate that E. tenuifolia subsp. sibthorpiana extract mitigates 

both mitochondrial and ER stress triggered by excess glucose, potentially contributing to the 

improved mitochondrial function and metabolic homeostasis observed in other assays. 

Figure 18. The extract of E. tenuifolia restores mitochondrial potential under glucose stress. 

Representative confocal images and CTCF normalized to the vehicle (–G) of (A, B) MVG, 

(C, D) TMRE-stained N2 worms, and (E, F) ratio of TMRE to MVG whole-body 

fluorescence. Worms were treated for 24 h with 10, 25, or 50 μg/mL E. tenuifolia extract or 

vehicle either with (+G) or without glucose (–G). The mean ± SEM, n=60; *p<0.05 

compared to vehicle (–G), and #p<0.05 compared to vehicle (+G), ANOVA on ranks. 
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The effects of Echinophora species, including E. tenuifolia subsp. sibthorpiana, on the 

model organism C. elegans have not been studied to date. The results obtained indicate that the 

extract exerts beneficial effects on health, mainly through modulation of metabolism and 

mitochondrial function. These effects are most likely due to either the multicomponent 

composition of the extract or its high rutin content. Treatment with E. tenuifolia subsp. 

sibthorpiana extract reduces lipid accumulation in glucose-fed C. elegans and restores 

mitochondrial function, as evidenced by the improvement in ΔΨm during glucose-induced 

stress. It should be noted that mitochondrial mass remains unchanged, suggesting that the 

extract does not induce mitochondrial proliferation, but rather improves the functional 

efficiency of existing mitochondria. Furthermore, the extract significantly reduces the levels of 

hsp-4 and hsp-6, returning their expression to baseline levels compared to glucose-treated 

Figure 19. The extract of E. tenuifolia subsp. sibthorpiana attenuates glucose-induced 

activation of UPRmt and ER stress markers. Representative confocal images and CTCF, 

normalized to the vehicle (–G) group, of (A, B) SJ4005 [zcIs4 (hsp-4::GFP)] and (C, D) 

SJ4100 [zcIs13 (hsp-6::GFP)] transgenic worms. Animals were treated for 24 h with 10, 25, 

or 50 μg/mL E. tenuifolia extract or vehicle (–G, +G). Data are presented as mean ± SEM, n 

= 60; *p<0.05 compared to vehicle (–G), and #p<0.05 compared to vehicle (+G), ANOVA on 

ranks. 
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nematodes, in which both markers are elevated. This suggests the involvement of the UPRmt 

and ER stress pathways in the mechanism of action of the extract. Given that impaired 

mitochondrial β-oxidation and reduced electron transport chain activity are major factors in 

lipid deposition, the restoration of mitochondrial function observed here may underlie the 

improved metabolic profile after treatment with the extract. 

These results highlight the potential of E. tenuifolia subsp. sibthorpiana to modulate lipid 

metabolism and improve the body's resistance to negative influences, which lays the foundation 

for the study of the future use of this plant species in socially significant cardiovascular, 

metabolic and neurodegenerative diseases. 
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Conclusion 

The focus of this multidisciplinary work is the poorly studied aromatic and medicinal 

plant species E. tenuifolia subsp. sibthorpiana, Apiaceae, which has a long history of use as a 

spice and medicinal plant in folk medicine. 

In this PhD thesis, microscopic histochemical analysis on E. tenuifolia subsp. 

sibthorpiana was carried out for the first time, which established the presence of secretory 

channels and the accumulation of terpenes and lipids in the stems and leaves of this plant species. 

For the first time, EO was isolated and characterized by GC-MS from a wild population of E. 

tenuifolia subsp. sibthorpiana in Bulgaria. The analysis revealed that EO from Bulgarian E. 

tenuifolia subsp. sibthorpiana is rich in the phenylpropanoid methyleugenol.  

Our results reveal a high phenolic content in the E. tenuifolia subsp. sibthorpiana extract 

and the presence of individual plant phenols, among which the quercetin glycoside rutin, found 

in the highest amount, chlorogenic acid, p-coumaric acid, ferulic acid, rosmarinic acid, salicylic 

acid, and caffeic acid. The extract demonstrated good antioxidant activity in terms of its radical-

scavenging properties and total antioxidant capacity. In addition, the extract demonstrated 

significant antibacterial activity against the pathogenic bacteria E. coli and S. aureus.  

In the implementation of the tasks of the dissertation work, the effects of the E. tenuifolia 

subsp. sibthorpiana extract on stress resistance, mitochondrial function, aging processes, and 

lipid metabolism were studied in the model organism C. elegans. It was found that E. tenuifolia 

subsp. sibthorpiana extract increases the stress resistance of C. elegans to heat and oxidative 

stress, improves their lipid metabolism by reducing lipid accumulation, and improves their 

mitochondrial function. 

The results of this study reveal the Bulgarian E. tenuifolia subsp. sibthorpiana as a 

potential source of EO and phenolic compounds for the pharmaceutical and food industries. 

The results could serve as a basis for evaluating various pharmacological activities of this 

species and highlight its potential to be included in innovative herbal medicinal products, 

functional foods and dietary supplements aimed at improving lipid metabolism, mitochondrial 

function and the body's natural resistance to stress. 
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Conclusions 

1. The histochemical analysis of the leaves and stems of E. tenuifolia subsp. sibthorpiana 

confirmed the presence of secretory channels and the accumulation of EO in different tissues 

of this aromatic plant species. 

2. The plant material from wild-growing in Bulgaria E. tenuifolia subsp. sibthorpiana 

showed a medium-high yield of EO (1.3%), with the major component identified in the isolated 

EO being methyleugenol (48.13% of the total composition of the identified components). 

3. NMR-metabolic profiling of an extract of E. tenuifolia subsp. sibthorpiana showed the 

presence of a number of primary and secondary metabolites. Among the specialized secondary 

metabolites, ferulic acid and rutin were identified, with the highest amount determined for rutin. 

4. The developed and validated HPLC-PDA method was successfully applied for the 

identification and quantitative determination of phenolic acids and flavonoids in an extract of 

E. tenuifolia subsp. sibthorpiana. The quercetin glycoside rutin and the acids chlorogenic acid, 

p-coumaric acid, ferulic acid, rosmarinic acid, salicylic acid and caffeic acid were identified in 

the extract. The highest content was determined for rutin (43.86 mg/g dry extract), confirming 

the results of the NMR analysis. 

5. The E. tenuifolia subsp. sibthorpiana extract shows high in vitro antioxidant activity, 

including radical-scavenging properties (IC50 71.3 ± 0.01 μg/mL in the DPPH-assay) and total 

antioxidant capacity (405.1 ± 39.9 μmol/g in the ferric-ferrozine assay). 

6. The E. tenuifolia subsp. sibthorpiana extract showes high antibacterial activity against 

E. coli (MIC 1.85 mg/mL, MBC 3.5 mg/mL and zone of inhibition 21 mm) and S. aureus (MIC 

3.7 mg/mL, and zone of inhibition 25 mm). In contrast, no antifungal activity was observed 

against C. albicans. 

7. The E. tenuifolia subsp. sibthorpiana extract increased the resistance to heat and 

oxidative stress in C. elegans, especially in young worms. In addition, the extract improved 

lipid metabolism, reducing lipid accumulation, and improving mitochondrial function under 

stress conditions in C. elegans induced by glucose-excess conditions. These results indicate that 

the extract may have potential applications as a modulator of cellular metabolism and cell 

signaling pathways under stress, which supports its further investigation as a candidate for 

managing metabolic imbalance and increasing the body’s resistance to stress.  
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Contributions 

1. For the first time, microscopic histochemical analysis was carried out for the 

localization of secretory channels, essential oil and lipid accumulations in different parts of E. 

tenuifolia subsp. sibthorpiana. 

2. This is the first report describing the characterization of EO, isolated from wild-

growing E. tenuifolia subsp. sibthorpiana in Bulgaria.  

3. For the first time, data on the phytochemical profile of a species of the genus 

Echinophora were obtained by NMR-metabolic profiling. 

4. A sensitive HPLC-PDA method was developed for the analysis of flavonoids and 

phenolic acids in plant extracts. 

6. The content of phenolic compounds in wild-growing in Bulgaria E. tenuifolia subsp. 

sibthorpiana was determined for the first time.  

7. The antioxidant and antibacterial activity of wild-growing in Bulgaria E. tenuifolia 

subsp. sibthorpiana was established. 

8. The influence of E. tenuifolia subsp. sibthorpiana on stress resistance, lipid metabolism 

and mitochondrial function in C. elegans was reported for the first time. 
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