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Abstract 

LC-DAD-ESI-MS analysis of the methanol extract from the flowering aerial parts of Hyssopus officinalis subsp. aristatus 

(Montenegro) revealed the predominance of hydroxycinnamic acid derivatives, flavonoid glycosides, and phenylethanoid gly-

cosides. The extract exhibited moderate antioxidant activity in ABTS, TRC, and BCB assays, with the strongest effect in ABTS 

(IC50 = 73.41 µg/mL), compared to L-ascorbic acid and BHT (31.59 and 40.37 µg/mL, respectively). Major phenolics, chloro-

genic and rosmarinic acids, showed potent antioxidant activity (IC50 = 24.00 and 12.23 µg/mL in the ABTS assay, respectively). 

The extract showed stronger inhibition of α-glucosidase (IC50 = 19.02 mg/mL) than α-amylase (26.41 mg/mL). The dominant 

phenolic acids showed potent α-glucosidase inhibition, comparable to acarbose. This study is the first to report inhibitory 

activity of this species against arginase (IC50 = 7.47 mg/mL) and elastase (IC50 = 26.24 mg/mL). Molecular docking indicated 

favorable binding of rosmarinic acid to α-glucosidase (ΔGbind = -7.56 kcal/mol) and arginase (ΔGbind = -7.77 kcal/mol), provid-

ing a theoretical rationale for the extract's activity. These findings highlight this plant as a promising source of multifunctional 

phenolics relevant to oxidative stress and metabolic disorders. 

 

Rezumat 

Analiza fizico-chimică a extractului metanolic obținut din părțile aeriene înflorite ale speciei Hyssopus officinalis subsp. aris-

tatus (Muntenegru) a evidențiat prezența derivaților acidului hidroxicinamic, a flavonoidelor și a feniletanoide glicozilate. Ex-

tractul a prezentat o activitate antioxidantă moderată, cu cel mai puternic efect în testul ABTS (IC50 = 73,41 µg/mL), comparativ 

cu acidul L-ascorbic și BHT (31,59 și, respectiv, 40,37 µg/mL). Principalii compuși fenolici, acizii clorogenici și rozmarinici, 

au prezentat o activitate antioxidantă puternică (IC50 = 24,00 și, respectiv, 12,23 µg/mL în testul ABTS). Extractul a inhibat 

mai puternic α-glucozidaza (IC50 = 19,02 mg/mL) decât α-amilaza (26,41 mg/mL). Acizii fenolici dominanți au prezentat o 

inhibare puternică a α-glucozidazei, comparabilă cu cea a acarbosei. Simularea de andocare moleculară a indicat o legare fa-

vorabilă a acidului rozmarinic de α-glucozidază (ΔGbind = -7,56 kcal/mol) și de arginază (ΔGbind = -7,77 kcal/mol), oferind o 

justificare teoretică pentru activitatea extractului. În concluzie, această plantă este o sursă promițătoare de compuși fenolici 

multifuncționali relevanți pentru stresul oxidativ și tulburările metabolice. 

 
Keywords: Hyssopus officinalis subsp. aristatus, antioxidant activity, α-glucosidase inhibition, arginase inhibition, molecular 

docking 

 

Introduction 

Plant secondary metabolites represent a highly di-

verse yet still underexplored source of bioactive 

molecules with significant pharmacological poten-

tial. In the context of the rising global prevalence of 

chronic non-communicable diseases, particularly 

type 2 diabetes, cardiovascular, inflammatory disor-

ders and degenerative conditions, research focus has 

increasingly shifted from synthetic drugs toward nat-

ural multifunctional agents capable of modulating 

multiple pathophysiological mechanisms, often with 

a more favourable safety profile (1, 2). 

This therapeutic concept, based on the application of 

plant secondary metabolites, primarily relies on two 

key mechanisms: neutralization of oxidative stress 

and modulation of metabolic enzymes. Phenolic ac-

ids and flavonoids, as major representatives of plant 

antioxidants, contribute to the mitigation of oxida-

tive stress, which plays a central role in the patho-

genesis of cardiovascular diseases, neurodegenera-

tive disorders, and aging processes (3). 
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In addition to antioxidant activity, targeted inhibition 

of key metabolic and proinflammatory enzymes rep-

resents another important pharmacological ap-

proach. The α-amylase and α-glucosidase are essen-

tial targets in the regulation of postprandial glycemia 

and the management of type 2 diabetes. Further-

more, arginase and elastase are involved in inflam-

matory processes, vascular dysfunction, and extra-

cellular matrix remodelling, thus being considered 

relevant targets for the development of anti-inflam-

matory and pro-endothelial agents (4-6). 

Plant polyphenols, with their ability to modulate key 

enzymes involved in metabolic and inflammatory 

disorders, have attracted growing scientific interest 

over the last few decades. Thus, aromatic and medic-

inal species of the Lamiaceae family have been in-

creasingly investigated as rich sources of bioactive 

phenolic compounds. Recent studies have further 

confirmed that phenolic-rich extracts of medicinal 

plants from the Lamiaceae family exhibit considera-

ble antioxidant potential and represent valuable 

sources of bioactive compounds with multifunc-

tional biological activities (7, 8). 

Among these, the Mediterranean medicinal and cul-

inary plant Hyssopus officinalis L., Lamiaceae (hys-

sop), has demonstrated multiple pharmacological 

properties, including antimicrobial, antioxidant, cy-

totoxic, antigenotoxic, and anti-inflammatory effects 

(9-15). Traditionally, the aerial parts of hyssop have 

been used in various cultures to treat digestive and 

respiratory ailments, rheumatism, and skin disorders 

(9, 16-18). 

The pharmacological potential and ethnomedicinal 

applications of hyssop are closely associated with 

the rich and complex chemical composition of its 

aerial parts. In addition to essential oils, the plant 

contains significant groups of secondary metabo-

lites, primarily flavonoids (e.g., isoquercitrin and di-

osmin) and phenolic acids (including ferulic, caffeic, 

chlorogenic and rosmarinic acids) (9, 12-14, 16). 

In our previous study (14), methanol extracts of 

flowering aerial parts of H. officinalis subsp. aris-

tatus (Godr.) Nyman, collected from five different 

natural habitats in Montenegro, were examined. 

Among them, the extract from the Piva locality ex-

hibited the highest total polyphenol content (112 mg 

GAE/g) and the strongest antioxidant activity in the 

2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric re-

ducing antioxidant power (FRAP) assays. Phyto-

chemical analysis revealed chlorogenic and rosma-

rinic acids as the dominant constituents, quantified at 

33.46 mg/g and 17.98 mg/g, respectively. However, 

the overall phytochemical characterization was lim-

ited to a small number of identified compounds, high-

lighting the need for more comprehensive profiling. 

Based on these findings, the Piva extract was se-

lected for further investigation. The aim of this study 

was to provide a detailed characterization of its pol-

yphenolic profile, to evaluate its antioxidant activity 

using complementary in vitro assays, to assess its in-

hibitory effects on key metabolic and proinflamma-

tory enzymes (including α-amylase, α-glucosidase, 

arginase and elastase), and to investigate potential 

molecular interactions through molecular docking 

simulations of its major phenolic constituents. 

To the best of our knowledge, such an integrated 

phytochemical, in vitro, and in silico approach has 

not previously been applied to this subspecies, high-

lighting the novelty and scientific relevance of the 

present study. 

 

Materials and Methods 

Tested material 

The methanol extract of the flowering aerial parts of 

Hyssopus officinalis subsp. aristatus was used for 

the bioactivity tests. The plant material was collected 

at the Piva locality, Montenegro (43°09′25″ N, 

18°50′46″ E; 750 m a.s.l.), during the flowering 

stage in September 2018. The species was taxonom-

ically identified by Dr. Danijela Stešević, Faculty of 

Natural Sciences and Mathematics, University of 

Montenegro, Podgorica, Montenegro. A voucher 

specimen (No. 1420162) was deposited in the Her-

barium of the same institution.  

The extract was prepared as previously described by 

Mićović et al. (14). Briefly, the dried and ground 

plant material was subjected to bimaceration. The 

obtained extract was filtered and evaporated to dry-

ness using a rotary evaporator, affording a dark 

green semisolid mass. Its yield was 9.05%, calcu-

lated relative to the dry plant material (14). Prior to 

analysis, the extracts were stored at 4ºC in tightly 

closed glass jars. 

Chemical analysis  

Liquid chromatography coupled with diode-array 

detection and electrospray ionization mass spec-

trometry (LC-DAD-ESI-MS) analysis of the metha-

nol extract of hyssop flowering aerial parts was con-

ducted on an Agilent LC/MS System 1260/6130 

(Agilent Technologies, Waldbronn, Germany) fol-

lowing the procedure previously described by 

Mićović et al. (14). The dry extract was dissolved in 

a suitable volume of methanol to obtain a final con-

centration of 5 mg/mL. After filtration through a 

0.45 μm membrane filter (Captive Syringe Filters, 

Agilent, Germany), 3 µL of the sample was injected. 

Chromatographic separation was performed on a re-

versed-phase column (Zorbax SB-Aq, 150 × 3.0 

mm, particle diameter 3.5 µm, Agilent Technolo-

gies) thermostated at 25°C. The binary mobile phase 

consisted of aqueous formic acid (solvent A) and ac-

etonitrile (solvent B). The elution program was: 0 - 

20 min (10 - 35% B), 20 - 24 min (35 - 90% B), 24 - 

25 min (90% B), and 25 - 30 min (90 - 10% B). The 
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flow rate was 0.35 mL/min. UV detection was set at 

210, 270, 320, and 350 nm, while UV spectra were 

recorded in the range 190 - 640 nm. Mass chromato-

grams were acquired in negative ion mode using 

fragmentation voltages of 100 and 250 V. Mass 

spectra were obtained in the range m/z 100 - 1000. 

The compounds were tentatively identified by com-

paring experimental UV and MS data with literature 

data (19-30). 

Antioxidant activity assays 

The antioxidant capacity of the methanol extract of 

H. officinalis subsp. aristatus and its two quantita-

tively dominant compounds, rosmarinic acid and 

chlorogenic acid, was assessed through a combina-

tion of complementary in vitro spectrophotometric 

methods, encompassing both radical scavenging and 

ferric reducing ability assays. Specifically, the 2,2'-

azinobis (3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS) assay and β-carotene bleaching (BCB) as-

say were employed to evaluate the free radical scav-

enging potential of the tested samples (extract, ros-

marinic acid, and chlorogenic acid), while the total 

reducing capacity (TRC) procedure served to esti-

mate the ability to reduce iron from Fe3+ to Fe2+ un-

der the applied conditions. 

The ABTS assay was performed according to Xiao 

et al. (31) with procedural adjustments to accommo-

date the extract and optimise sensitivity, thus ena-

bling a reliable estimation of antioxidant activity to-

ward both hydrophilic and lipophilic radical species. 

The BCB assay was carried out as outlined by 

Lekouaghet et al. (32), based on monitoring the in-

hibition of β-carotene discoloration in a linoleic acid 

emulsion system. This method reflects the capacity 

of antioxidants to protect unsaturated lipids from ox-

idative degradation.  

The TRC assay, performed in line with the procedure 

of Mokrani et al. (33), provided a comparative esti-

mation of the samples’ electron-donating capacity. 

Results obtained from the ABTS and BCB assays 

were expressed as IC₅₀ values (µg/mL and mg/mL, 

respectively), representing the concentration re-

quired to scavenge 50% of the respective radicals, 

whereas the IC₅₀ (mg/mL) obtained for the TRC test 

indicated the effective concentration required to 

reach an absorbance of 0.5. To determine these val-

ues, a linear regression analysis was applied. For 

each spectrophotometric and enzyme inhibitory as-

say, the percentages of inhibition or absorbance val-

ues were plotted against the corresponding concentra-

tions of the tested samples. The linear regression 

equation (y = ax + b) was generated from the resulting 

dose-response curves using Microsoft Excel software. 

The IC₅₀ values were mathematically derived from 

these equations by calculating the exact concentration 

that corresponds to a 50% inhibitory effect or the re-

quired absorbance threshold, respectively.  

To ensure consistency and comparative validity, the 

antioxidant performance of the tested samples was 

evaluated relative to the reference antioxidants – L-

ascorbic acid and butylated hydroxytoluene (BHT) – 

analysed under identical conditions. 

Enzyme inhibitory activity 

The enzyme inhibitory potential of the methanol ex-

tract was evaluated toward four physiologically rel-

evant enzymes involved in carbohydrate metabolism 

and inflammatory processes: α-amylase, α-gluco-

sidase, arginase and elastase. The two dominant 

compounds, rosmarinic acid and chlorogenic acid, 

were tested specifically against α-amylase and α-

glucosidase to determine their contribution to the 

carbohydrate-metabolism inhibitory activity, as the 

extract showed the most promising enzyme inhibi-

tory activity towards these enzymes compared to the 

appropriate reference compound. All assays were 

performed in 96-well microplates using spectropho-

tometric detection. Each test was conducted in trip-

licate, and results were expressed as IC₅₀ values 

(mg/mL) and compared with those of reference 

standards. Enzyme controls corresponding to 0% 

and 100% activity were prepared, where the com-

plete reaction mixture without inhibitor represented 

full enzymatic activity, and the blank without en-

zyme was used as the zero-activity control. Colour 

controls were also prepared for all tested concentra-

tions of the samples. 

α-Amylase inhibition assay 

The inhibition of α-amylase activity was determined 

following the modified Caraway–Somogyi iodine–

potassium iodide (I/KI) colorimetric method de-

scribed by Zengin et al. (34), optimised for micro-

plate application. Briefly, 25 µL of the sample solu-

tion (i.e., extract, rosmarinic acid, or chlorogenic 

acid) at various concentrations was mixed with α-

amylase enzyme solution (0.5 mg/mL) prepared in 

phosphate buffer, pH 6.8, containing 6 mM NaCl. 

The mixture was pre-incubated for 10 min at 37°C, 

followed by the addition of a starch solution to initi-

ate the reaction. After 15 minutes of incubation, the 

reaction was terminated by the addition of 25 µL of 

1 M HCl, and the colour was developed with I/KI 

reagent. The absorbance was recorded at 630 nm us-

ing a microplate reader. Percentage inhibition was 

calculated relative to a control without inhibitor. 

Acarbose was used as a positive control under iden-

tical conditions. 

α-Glucosidase inhibition assay 

The inhibition of α-glucosidase was assessed accord-

ing to the spectrophotometric method proposed by 

Wan et al. (35), based on the hydrolysis of p-nitro-

phenyl-α-D-glucopyranoside (PNPG). Tested sam-

ples (i.e., extract, rosmarinic acid, or chlorogenic 

acid) were pre-incubated with the enzyme solution 

in phosphate buffer (pH 6.8) at 37°C in the final vol-

ume of 145 µL to allow potential inhibitor–enzyme 
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interaction, after which the 3.5 mM pNPG substrate 

was added to initiate the reaction. The release of p-

nitrophenol, indicative of enzymatic activity, was 

quantified by measuring absorbance at 405 nm fol-

lowing reaction termination with 0.2 M sodium car-

bonate. Results were expressed as IC₅₀ values and 

compared with the standard inhibitor acarbose ana-

lysed in parallel. 

Arginase inhibitory activity assay 

Inhibitory activity of the H. officinalis methanol ex-

tract toward arginase enzyme was determined using 

a microplate-based colorimetric assay adapted from 

literature reports: Zedet et al. (36) and Marchisio et 

al. (37) with slight modifications. Briefly, the assay 

involved pre-incubation of varying concentrations of 

the extract with arginase enzyme (0.025 U/µL) in a 

suitable buffer (50 mM Tris-HCl, pH 7.5 with addi-

tion of NaCl, BSA, and glycerol), L-arginine as sub-

strate (50 mM), and MnCl2 as cofactor in Tris-HCl 

buffer at 37°C for 60 minutes. After equilibration, 

the reaction was stopped by adding a colour-forming 

reagent (a 1:1 mixture of a solution of o-phthalalde-

hyde 10 mM in 15% sulphuric acid with a solution 

of primaquine diphosphate 4 mM with boric acid 

130 mM and sulphuric acid 15%), and incubated for 

another 60 minutes at the same temperature. The 

amount of urea produced was quantified spectropho-

tometrically at 450 nm. A known arginase inhibitor, 

S-(2-boronoethyl)-L-cysteine (BEC), was included 

as a positive control.  

Elastase inhibitory activity assay 

The inhibitory effect of the H. officinalis methanol 

extract on elastase activity was evaluated using a 

protocol adapted from the study of Lee et al. (38). 

The varying concentrations of the extract were 

mixed with Tris-HCl buffer, pH 8, in a final volume 

of 160 µL and pre-incubated with elastase enzyme 

solution (10 µg/mL) for 20 minutes at 25°C. The re-

action was initiated by adding 8 mM N-succinyl-

Ala-Ala-Ala-p-nitroanilide (SANA) as substrate, 

and the mixture was incubated for an additional 20 

minutes at room temperature and measured at 410 

nm. The degree of inhibition was calculated by com-

paring enzyme activity in the presence and absence 

of the extract. Results were expressed as IC₅₀ values, 

and quercetin hydrate was used as a positive control. 

Molecular docking  

The molecular docking simulations were used for in 

silico prediction of the inhibitory potency of rosma-

rinic acid and chlorogenic acid, the two quantita-

tively dominant compounds identified in the metha-

nol extract, toward three selected enzymes: α-amyl-

ase, α-glucosidase, and arginase. These simulations 

aimed to further elucidate the binding mechanisms 

of the two dominant compounds. While docking was 

extended to include arginase to explore its interac-

tion with these phenolics, elastase was excluded 

from the study as the methanol extract exhibited the 

lowest in vitro activity toward this enzyme. All sim-

ulations were performed using AutoDock 4.2 soft-

ware (39). In the molecular docking simulations pre-

sented in this research, rosmarinic acid and chloro-

genic acid were used as ligands. The Protein Data 

Bank provided the three-dimensional (3D) crystal 

structures of α-amylase, α-glucosidase, and arginase 

enzymes (PDB IDs: 1OSE, 4J5T, and 3KV2, respec-

tively) (40, 41, 42). The chosen enzymes were pre-

pared in BIOVIA Discovery Studio 4.0 to be em-

ployed as receptors in molecular docking simula-

tions (43). Preparation of the targeted receptors was 

performed by removing the co-crystallized ligands, 

water molecules, and cofactors. The detection of 

pockets and cavities in the 3D structures of enzymes 

was performed using AutoGridFR (AGFR) soft-

ware, and the binding sites of the target proteins were 

defined (44). The binding pocket analyses were 

achieved after the native bound ligands were re-

moved from the structures of α-amylase, α-gluco-

sidase, and arginase enzymes. In addition, re-dock-

ing was completed with the ligand compounds, and 

the same docking modes were created as were found 

in co-crystallized forms of target enzymes. Auto-

DockTools (ADT) graphical user interface was used 

for the addition of polar hydrogen atoms and the cal-

culation of Kollman charges. The structures of target 

enzymes were kept rigid during the simulations, 

while the ligands were set as flexible and the bonds 

in the ligands were set to be rotatable. The Lamarck-

ian Genetic Algorithm (LGA) was used for flexible 

enzyme–ligand molecular docking simulations. The 

grid boxes, centred with dimensions 32.363Å x 

41.127Å x -0.901Å, -1.276Å x -17.236Å x -7.529Å, 

and 13.873Å x -11.394Å x -17.634Å in the -x, -y, 

and -z directions of α-amylase, α-glucosidase and ar-

ginase were applied to cover the enzyme's binding 

sites and allow ligands to move freely. The auto grid 

runs were performed with a grid point spacing of 

0.375 Å. All the molecular docking simulations were 

accomplished at a temperature of 298.15 K. BIOVIA 

Discovery Studio was used for the analysis of the re-

sults of the molecular docking simulation and for 

their visualization. 

The evaluation of the inhibitory potency was com-

monly based on two important parameters, free en-

ergy of binding (∆Gbind) and the inhibitory constant 

(Ki). AutoDock calculated the values of both of these 

parameters, but the value of Ki was calculated by 

AutoDock after the estimation of the value of ∆Gbind. 

The energy that is released during the formation of 

contacts between a ligand and a target protein is pre-

sented by the value of ∆Gbind. The value of ∆Gbind is 

a summary of the values of Final Intermolecular En-

ergy (FIE), Final Total Internal Energy (FTIE), Tor-

sional Free Energy (TFE), and Unbound System's 

Energy (USE) (Equation 1). The value of FIE is de-
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pendent on the Van der Waals energy, energy of hy-

drogen bonds, desolvation energy of the system, and 

electrostatic energy.  

∆Gbind = [(FIE) + (FTIE) + (TFE) - (USE)] (1) 

As regards the value of the inhibitory constant, it is 

calculated by the following equation: 

Ki = exp(∆Gbind /RT) (2) 

where R is the gas constant (R = 1.99 cal/molK), and 

T is the value of the room temperature (298.15 K).  

Statistical analysis 

All results from antioxidant and enzyme inhibitory 

assays were calculated using MS Office Excel and 

presented as mean ± standard deviation (SD) from 

three independent experiments (n = 3), each per-

formed in triplicate. Prior to evaluation of statistical 

differences among the obtained data their normal 

distribution and homogeneity of variance were con-

firmed by Shapiro-Wilk and Levene’s tests. Differ-

ences between the group means and their signifi-

cance were verified by one-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc test for 

multiple comparisons, and differences were consid-

ered statistically significant at p < 0.05. Data were 

acquired using PAST software (version 3.18). 

 

Results and Discussion 

Chemical composition  

The LC-DAD-ESI-MS analysis expanded the cur-

rent knowledge on the chemical profile of the meth-

anol extract of hyssop collected at the Piva locality 

in Montenegro. In total, including previously re-

ported phenolics by Mićović et al. (14), 14 constitu-

ents were identified (Table I), two of them (chloro-

genic acid and rosmarinic acid) by comparison with 

commercially available reference standards, while 

the remaining ones were tentatively identified. In addi-

tion to the previously documented compounds, the 

presence of danshensu (21, 25, 28), two esters of quinic 

acid with hydroxycinnamic acids (caffeoylquinic acid 

and p-coumaroylquinic acid) (27), one flavone glyco-

side (apigenin di-C-glycoside) (20), one hy-

droxycinnamic acid dimer (methyl derivative of ros-

marinic acid) (24, 30) and one tetramer (salvianolic 

acid B) (19, 26, 29), as well as the phenylethanoid 

glycoside martynoside and its acetylated derivative 

(22, 23), was revealed. Of the eight newly reported 

compounds, six (danshensu, caffeoylquinic acid, p-

coumaroylquinic acid, the methyl derivative of ros-

marinic acid, salvianolic acid B, and martynoside) 

have previously been reported in H. officinalis or 

other species of the same genus (13, 19, 45), while 

the remaining two (apigenin di-C-glycoside and 

acetylmartynoside) have been described as constitu-

ents of Lamiaceae species other than those of the ge-

nus Hyssopus (Origanum majorana, Salvia bulley-

ana, Thymbra capitata) (20, 46, 47). Overall, the 

chemical composition of the tested sample was in 

good agreement with the available literature.

Table I 

Compounds identified in the methanol extract of the flowering aerial parts of Hyssopus officinalis subsp. aris-

tatus, with their retention times (tR), UV and MS spectral data 

tR 

(min) 
UV λmax (nm) ESI-MS data (m/z) Assignment 

4.2 280 395 [2M-H]-, 197 [M-H]-, 179, 153, 135, 123 danshensubd 

5.9 298sh, 324 707 [2M-H]-, 353 [M-H]-, 191, 179, 135 caffeoylquinic acidbd 

9.1 298sh, 326 707 [2M-H]-, 353 [M-H]-, 191 
chlorogenic acid (5-O-caffeoylquinic 

acid)ac 

11.0 298sh, 328 623 [2M-H]−, 311 [M-H]−, 134 caffeoyl pentosidead 

11.1 270, 338 593 [M-H]−, 473, 353 apigenin di-C-hexosidebd 

11.3 312 337 [M-H]−, 173 p-coumaroylquinic acidbd 

12.1 296sh, 326 735 [2M-H]−, 367 [M-H]−, 173 feruloylquinic acidad 

15.3 256, 266sh, 356 463 [M-H]−, 300 quercetin O-hexosidead 

17.2 252, 266, 348 607 [M-H]−, 299, 284 
diosmetin O-deoxyhexosyl-hexo-

sidead 

18.5 286sh, 328 719 [2M-H]-, 359 [M-H]-, 197, 161 rosmarinic acidac 

19.7 286sh, 330 651 [M-H]-, 475, 193, 175, 160 martynosidebd 

20.4 254, 286, 308 717 [M-H]-, 537, 519, 493, 339, 321, 295 salvianolic acid Bbd 

21.6 288sh, 328 747 [M-H]-, 373, 197, 193, 179, 175, 160, 135, 134 methyl derivative of rosmarinic acidbd 

22.7 286sh, 330 693 [M-H]-, 651, 475, 193, 175, 160 acetylmartynosidebd 
a Compound previously identified by Mićović et al. (14); b compound identified in the current study; c compound identified using a reference 

standard; d compound tentatively identified through comparison of experimental and literature data. 

 

Antioxidant Activity 

The antioxidant activity of the methanol extract of 

H. officinalis subsp. aristatus and its quantitatively 

dominant compounds, evaluated by three assays 

(ABTS, TRC, and BCB), is presented in Table II.
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Table II 

Antioxidant activity of the methanol extract of Hyssopus officinalis subsp. aristatus and chlorogenic and rosma-

rinic acids 

Tested sample/ 

Reference compound 

ABTS 

IC50 (µg/mL) 

TRC 

IC50 (mg/mL) 

BCB 

IC50 (mg/mL) 

H. officinalis extract 73.41 ± 1.00a** 1.54 ± 0.13a 1.89 ± 0.18a 

Chlorogenic acid 24.00 ± 0.22b 0.22 ± 0.01b 9.03 ± 0.59b 

Rosmarinic acid 12.23 ± 0.15c 0.09 ± 0.00b 1.16 ± 0.07c 

L-ascorbic acid 31.59 ± 0.29d 0.08 ± 0.00b 0.60 ± 0.01d 

BHT 40.37 ± 2.28e 0.22 ± 0.02b 0.25 ± 0.03d 

*The results were obtained from three experiments. **Different letters in each column mean significant differences (p < 0.05). 

 

In the ABTS assay, the extract exhibited moderate 

radical-scavenging capacity with an IC₅₀ value that 

was significantly higher than those of the used refer-

ence compounds (73.41 μg/mL vs. 40.37 and 31.59 

μg/mL for BHT and L-ascorbic acid, respectively). 

Statistical analysis confirmed that all tested samples 

and standards differed significantly from one an-

other within this assay (p < 0.05). Literature on hys-

sop extracts mostly reports DPPH-based antioxidant 

activity, with IC₅₀ values varying widely due to ex-

traction methods, plant origin, and plant part used (9, 

12, 18, 48, 49). In the study by Hamoud and Maam-

meri (50), fractionated hyssop extracts (metha-

nol/water followed by ethyl acetate) exhibited lower 

ABTS IC₅₀ values (7.47 µg/mL for leaves and 15.65 

µg/mL for stems), which can be attributed to the se-

lective enrichment of phenolic components in the 

ethyl acetate fraction, whereas the results obtained in 

the present study reflected the antioxidant potential 

of the crude methanol extract. 

The reducing power of the extract, determined by the 

TRC assay (IC₅₀ = 1.54 mg/mL), further confirmed 

its ability to donate electrons. This finding is con-

sistent with previously reported FRAP results for the 

same extract (0.959 mmol Fe²⁺/g) (14), indicating 

the presence of compounds in the extract capable of 

participating in redox-based protective mechanisms. 

The methanol extract was also active in the BCB as-

say, with an IC₅₀ value of 1.89 mg/mL. Although this 

value was closest to that of pure rosmarinic acid (IC₅₀ 

= 1.16 mg/mL), post-hoc analysis indicated that the 

difference between the extract and rosmarinic acid 

remained statistically significant (p < 0.05). 

Analysis of the dominant phenolic components, 

chlorogenic acid and rosmarinic acid, showed that 

rosmarinic acid exhibited stronger antioxidant activ-

ity in the ABTS and BCB assays compared to 

chlorogenic acid, as evidenced by significantly 

lower IC₅₀ values (p < 0.05). However, in the TRC 

assay, no statistically significant difference was ob-

served between the reducing power of rosmarinic 

acid (IC50 = 0.09 mg/mL) and chlorogenic acid (IC50 

= 0.22 mg/mL), as well as in comparison to the ref-

erence standards (Table II). Compared to rosmarinic 

acid, the methanol extract displayed moderate activ-

ity, which is expected given its complex composition 

and the dilution of active components within the ma-

trix. The superior activity of rosmarinic acid in the 

ABTS (IC₅₀ = 12.23 μg/mL) assay can be attributed 

to its structural features, particularly the presence of 

two hydroxyl groups in the ortho position on both 

phenolic rings, which contribute to radical stabiliza-

tion and efficient electron donation (51). Previous 

studies indicate that rosmarinic acid can exhibit ac-

tivity comparable to or even higher than standard an-

tioxidants such as BHT and L-ascorbic acid (51, 52), 

which is consistent with the results obtained in this 

study in the ABTS and TRC assays (Table II). 

Although the literature reports that nonpolar extracts 

tend to exhibit higher efficacy in lipophilic systems 

(53), the activity of the methanol extract in the BCB 

assay can be explained by the amphiphilic nature of 

certain phenolic antioxidants, such as rosmarinic 

acid. This property allows rosmarinic acid to posi-

tion itself at the interface between lipid and aqueous 

phases, where it efficiently intercepts lipid radicals 

during the initial stages of oxidation (54, 55). 

Overall, the methanol extract of H. officinalis exhib-

ited moderate antioxidant activity. The role of ros-

marinic acid, together with possible synergistic ef-

fects of other phenolic components, suggests the po-

tential of this plant species as a source of natural an-

tioxidants. Future studies should include validation 

of these findings in cellular models of oxidative 

stress, as well as optimization of the extract’s phe-

nolic profile to enhance antioxidant efficacy. 

Enzyme Inhibitory Activity 

The inhibitory activity of the methanol extract of H. 

officinalis subsp. aristatus and its quantitatively 

dominant compounds against the tested enzymes is 

presented in Table III. 

The methanol extract of hyssop, compared to the ref-

erence inhibitors, showed the most favorable inhibi-

tory potential against digestive enzymes, primarily 

α-glucosidase, followed by α-amylase. Inhibition of 

these enzymes represents an established pharmaco-

logical approach for the regulation of postprandial 

hyperglycaemia and is therefore considered a rele-

vant target in the management of type 2 diabetes (4, 

56). In the present study, the methanol extract of H. 

officinalis exhibited moderate inhibitory activity to-

ward both enzymes, with relatively stronger activity 
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observed against α-glucosidase (IC₅₀ = 19.02 

mg/mL) compared to α-amylase (IC₅₀ = 26.41 

mg/mL). Within each respective assay, the inhibi-

tory activity of the extract was found to be signifi-

cantly weaker (p < 0.05) than that of the reference 

compounds and isolated phenolics. 

Table III 

Enzyme inhibitory activity of the methanol extract of Hyssopus officinalis subsp. aristatus, and chlorogenic and 

rosmarinic acid 

Tested sample/ 

Reference compound 

Amylase 

IC50 (mg/mL) 

Glucosidase 

IC50 (mg/mL) 

Arginase 

IC50 (mg/mL) 

Elastase 

IC50 (mg/mL) 

H. officinalis extract 26.41 ± 1.03a 19.02 ± 1.73a 7.47 ± 0.90a 26.24 ± 0.86a 

Chlorogenic acid > 5 0.265 ± 0.002b / / 

Rosmarinic acid > 5  0.268 ± 0.003b / / 

Acarbose 0.35 ± 0.00b 0.37 ± 0.01b / / 

Quercetin hydrate / / / 0.08 ± 0.01b 

BEC / / 0.053 ± 0.005b / 
*The results were obtained from three experiments. **Different letters in each column mean significant differences (p < 0.05). 

 

Literature data support the ability of H. officinalis to 

inhibit digestive enzymes involved in carbohydrate 

metabolism. Matsuura et al. demonstrated that wa-

ter-methanol extracts of dried hyssop leaves inhibit 

α-glucosidase in an in vivo mouse model, which sub-

sequently led to the isolation and identification of 

specific bioactive compounds responsible for this ef-

fect (57). Similarly, Miyazaki et al. found that hys-

sop extracts can inhibit the breakdown of complex 

carbohydrates in the intestines and significantly re-

duce postprandial blood glucose levels, indicating 

their potential in the regulation of hyperglycaemia 

(58). In the study by Loizzo et al., chloroform, meth-

anol, and n-hexane extracts of H. officinalis exhib-

ited inhibitory activity against α-glucosidase, 

whereas α-amylase inhibition was not detected; the 

most pronounced activity was observed for the chlo-

roform extract (IC₅₀ = 127.3 μg/mL) (59). In con-

trast, Srivastava et al. reported that the methanol ex-

tract of H. officinalis can inhibit α-amylase (IC₅₀ = 

0.8366 mg/mL), although this activity was consider-

ably weaker compared to the reference inhibitor 

acarbose (IC₅₀ < 0.025 mg/mL) (18). These data in-

dicate that the inhibitory potential of hyssop toward 

digestive enzymes largely depends on the type of ex-

tract, the composition of bioactive components, and 

the experimental methodology applied. 

Chlorogenic acid and rosmarinic acid exhibited pro-

nounced inhibitory activity against α-glucosidase, 

with IC₅₀ values of approximately 0.27 mg/mL. Cru-

cially, statistical analysis revealed that the IC₅₀ val-

ues of chlorogenic acid (0.265 mg/mL) and rosma-

rinic acid (0.268 mg/mL) showed no statistically sig-

nificant difference (p > 0.05) compared to each 

other, nor did they differ significantly from the ref-

erence inhibitor acarbose (0.37 mg/mL) (Table III). 

These results suggested that chlorogenic acid and 

rosmarinic acid may contribute to the α-glucosidase 

inhibitory activity observed in vitro. The obtained 

findings were consistent with previous in vitro stud-

ies reporting the inhibitory potential of chlorogenic 

and rosmarinic acids toward α-glucosidase. Specifi-

cally, comparable levels of activity to reference in-

hibitors have been observed, although the reported 

IC₅₀ values vary depending on experimental condi-

tions and the methodologies employed (60, 61). 

In the present study, both chlorogenic acid and ros-

marinic acid were evaluated for their potential inhib-

itory effects on α-amylase. No detectable activity 

was observed for either compound at concentrations 

up to 5 mg/mL, which is considered a relatively high 

concentration for pure phenolic acids. This finding 

suggests that, under the applied in vitro conditions, 

these compounds do not exert relevant α-amylase in-

hibition. Our observations are consistent with previ-

ous reports describing weak or negligible α-amylase 

inhibition by these phenolic acids (62, 63). 

Interestingly, the methanol extract of H. officinalis 

exhibited measurable inhibitory activity against α-

amylase (IC₅₀ = 26.41 mg/mL), despite the lack of 

detectable activity of its dominant phenolic constit-

uents (rosmarinic and chlorogenic acids). This find-

ing suggests that α-amylase inhibition by the extract 

likely arises from other metabolites present, such as 

flavonoid glycosides, or results from synergistic in-

teractions among multiple components within the 

complex phenolic matrix. Such a selective inhibitory 

profile-characterized by stronger inhibition of α-glu-

cosidase relative to α-amylase, is considered phar-

macologically desirable for the control of postpran-

dial hyperglycaemia, as it allows attenuation of the 

glycaemic response while minimizing gastrointesti-

nal side effects associated with excessive α-amylase 

inhibition (56). 

A particularly significant finding of this study relates 

to the inhibitory activity of the methanol extract 

against arginase. According to the available litera-

ture data, no previous reports have investigated the 

arginase inhibitory potential of H. officinalis, indi-

cating that the present results provided a novel in-

sight into the pharmacological profile of this plant 

species. Arginase plays a key role in regulating the 

bioavailability of L-arginine, a common substrate for 
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nitric oxide (NO) synthesis. Excessive arginase ac-

tivity competitively reduces the availability of L-ar-

ginine for nitric oxide synthase, leading to decreased 

NO production and the development of endothelial 

dysfunction (64), whereas inhibition of this enzyme 

is associated with improved endothelial function and 

vascular homeostasis (65). Although the inhibitory 

activity of the methanol extract was significantly 

weaker compared to the potent reference inhibitor 

(BEC), the clearly measurable arginase inhibition 

(IC₅₀ = 7.47 mg/mL) suggests the presence of com-

ponents that may contribute to the observed inhibi-

tory activity. Overall, the inhibitory effect of the 

methanol extract against arginase indicates that H. 

officinalis contains constituents with measurable in-

hibitory activity toward this enzyme; however, the 

biological significance of this finding requires fur-

ther investigation. 

The methanol extract of H. officinalis exhibited 

moderate inhibitory activity against elastase (IC₅₀ = 

26.24 mg/mL). Although the obtained value was sig-

nificantly higher compared to the reference inhibitor 

quercetin, this finding is noteworthy because, to the 

best of our knowledge, it represents the first report 

on the elastase inhibitory potential of this plant spe-

cies. Elastase, a neutrophil-derived serine protease, 

plays a key role in tissue remodelling, and its exces-

sive activity has been associated with extracellular 

matrix degradation and the progression of chronic 

inflammatory conditions (66).  

Overall, the enzyme inhibition results indicated that 

the methanol extract of H. officinalis exhibits a mod-

erate but clearly differentiated inhibitory potential to-

ward metabolic and proinflammatory enzymes. The 

relatively more favourable inhibition of α-gluco-

sidase compared to α-amylase, together with the 

first-time reported activity against arginase and elas-

tase, indicates that the investigated extract exhibits in-

hibitory activity toward multiple enzymatic targets. 

The different chemical compounds tentatively iden-

tified in the extract, such as salvianolic acid B, ros-

marinic acid derivatives, danshensu, and apigenin 

glycosides, may contribute to the overall observed 

inhibition of α-glucosidase, α-amylase, arginase, and 

elastase. However, the contribution of individual 

constituents to the observed enzyme inhibition can-

not be established from the present data and would 

require further investigation using isolated com-

pounds and/or targeted mechanistic studies. Addi-

tionally, the fact that the whole extract inhibits α-am-

ylase, while pure chlorogenic and rosmarinic acids 

do not, suggests that the inhibitory activity may be 

associated with other bioactive constituents present 

in the plant matrix. 

Molecular docking simulations 

Since the investigated H. officinalis extract demon-

strated measurable inhibitory activity against α-glu-

cosidase and arginase in the in vitro assays, molecu-

lar docking was performed to explore whether its 

two major phenolic constituents, chlorogenic acid 

and rosmarinic acid, could contribute to the observed 

biological effects at the molecular level. Molecular 

docking is widely used as a computational approach 

for predicting the preferred binding orientation of 

small molecules within enzyme active sites and for 

estimating the relative strength of ligand–protein in-

teractions. However, it should be emphasized that 

docking provides theoretical predictions rather than 

direct evidence of enzyme inhibition and therefore 

should be interpreted in conjunction with experi-

mental findings. 

The calculated thermodynamic parameters obtained 

from the docking simulations are summarized in Ta-

ble IV. In the present study, acarbose was used as the 

reference ligand for α-amylase and α-glucosidase, 

whereas S-(2-boronoethyl)-L-cysteine served as the 

reference inhibitor for arginase. In general, lower 

predicted binding free energies (ΔGbind) were associ-

ated with lower predicted inhibition constants (Ki), 

indicating internal consistency of the molecular 

docking calculations.  

Among the investigated enzymes, the reference in-

hibitor exhibited the most favourable predicted bind-

ing affinity toward both α-amylase (ΔGbind = -11.00 

kcal/mol) and α-glucosidase (ΔGbind = -10.12 

kcal/mol), whereas chlorogenic acid and rosmarinic 

acid showed moderately higher binding energies. 

These results indicate that the two phenolic acids are 

predicted to interact less strongly with the catalytic 

sites than the reference inhibitor under the applied 

molecular docking conditions. Nevertheless, both 

compounds demonstrated considerably more favor-

able predicted binding toward α-glucosidase than to-

ward α-amylase. This observation agrees well with 

the experimental findings, where both phenolic acids 

inhibited α-glucosidase but showed no detectable α-

amylase inhibition at the tested concentrations. 

Thus, although docking cannot confirm enzyme in-

hibition, the computational results provide a plausi-

ble structural explanation for the experimentally ob-

served enzyme selectivity. 

Rosmarinic acid exhibited the most favorable pre-

dicted interaction with α-glucosidase (ΔGbind = -7.56 

kcal/mol; Ki = 2.88 μM), whereas chlorogenic acid 

showed a somewhat weaker predicted affinity (ΔG-

bind = -6.31 kcal/mol; Ki = 23.54 μM). These differ-

ences suggest that rosmarinic acid may establish a 

more stable interaction network within the α-gluco-

sidase binding pocket. However, given that both 

phenolic acids demonstrated comparable in vitro α-

glucosidase inhibitory potencies, these docking var-

iations should be interpreted as supportive of the 

overall binding capacity rather than as direct predic-

tors of relative experimental potency. Also, it should 

be emphasized that the docking results alone do not 
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allow conclusions regarding absolute inhibitory po-

tency or superiority over acarbose, since reliable 

comparison with the reference inhibitor requires bi-

ochemical and kinetic validation under identical ex-

perimental conditions. 

A similar relationship was observed for arginase. 

Both phenolic acids displayed more favorable pre-

dicted binding energies than the reference ligand, 

with rosmarinic acid showing the lowest ΔGbind value 

(-7.77 kcal/mol), followed by chlorogenic acid (-7.47 

kcal/mol). These findings suggest that both com-

pounds are capable of forming stable interactions 

within the predicted arginase binding site and may 

contribute to the arginase inhibitory activity observed 

for the H. officinalis extract. However, despite the 

more favorable docking scores relative to the refer-

ence ligand, these computational predictions should 

not be interpreted as evidence that either compound is 

a stronger arginase inhibitor than S-(2-boronoethyl)-

L-cysteine. Rather, the docking analysis identifies 

chlorogenic acid and particularly rosmarinic acid as 

promising candidates for further biochemical inves-

tigation aimed at validating their inhibitory activity 

and elucidating their mechanism of action.

Table IV 

Thermodynamic parameters from molecular docking simulations of tested compounds with selected enzymes 

Enzyme –  

Tested 

compound 

∆Gbind 

(kcal/mol) 

Ki 

(µM) 

FIE 

(kcal/mol) 

vdW + 

Hbond +  

desolv En-

ergy 

(kcal/mol) 

Electro-

static En-

ergy 

(kcal/mol) 

FTIE 

(kcal/mol) 

TFE 

(kcal/mol) 

USE 

(kcal/mol) 

α-amylase – 

reference 

inhibitor  

 -11.00 0.00872 -13.68  -13.56   -0.12  -1.91  +2.68  -1.91 

α-amylase – 

chlorogenic 

acid 

 -6.10 33.74    -9.38  -9.42  +0.04  -4.86  +3.28 -4.86 

α-amylase – 

rosmarinic 

acid 

  -6.13 31.95   -9.71   -9.52 -0.19 -4.58  +3.58   -4.58 

α-gluco-

sidase –  

reference 

inhibitor 

-10.12 0.03821   -12.80   -12.98   +0.18  -2.63   +2.68 -2.63 

α-gluco-

sidase –  

chlorogenic 

acid 

 -6.31  23.54  -9.60  -9.33  -0.26   -4.49 +3.28 -4.49 

α-gluco-

sidase –  

rosmarinic 

acid 

-7.56  2.88 -11.14  -11.70  +0.56 -3.62 +3.58 -3.62 

arginase –  

reference 

inhibitor 

 -4.47 533.36 -7.21 -5.72  -1.49  -1.78 +2.74 -1.78 

arginase –  

chlorogenic 

acid 

-7.47   3.35  -10.75   -9.49 -1.26   -4.03  +3.28 -4.03  

arginase –  

rosmarinic 

acid 

 -7.77   2.03  -11.35  -9.77  -1.57   -4.11 +3.58 -4.11 

* The parameters ΔGbind and Ki represent in silico predicted values obtained from molecular docking simulations. 

 

To further rationalize the observed differences in the 

predicted binding affinities, the structural character-

istics of chlorogenic acid and rosmarinic acid were 

analysed in relation to their interaction with the in-

vestigated enzymes. Although both compounds be-

long to the class of phenolic acids and share several 

structural features, including multiple hydroxyl 

groups and aromatic rings, subtle differences in their 

molecular architecture appear to influence their 

binding behaviour. 

Rosmarinic acid consistently exhibited more favora-

ble predicted binding energies than chlorogenic acid 

toward both α-glucosidase and arginase. This obser-

vation may be explained by its molecular structure, 

which consists of two catechol moieties connected 

through an ester linkage, providing a larger aromatic 

surface together with a greater number of hydrogen 

bond donor and acceptor groups. Such an arrange-

ment enables the establishment of an extensive net-
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work of noncovalent interactions, including conven-

tional hydrogen bonds, π-mediated interactions, and 

hydrophobic contacts, thereby promoting more sta-

ble accommodation of the ligand within the enzyme 

binding pocket. In contrast, although chlorogenic 

acid also possesses several hydroxyl groups capable 

of participating in hydrogen bonding, its molecular 

geometry appears to restrict the formation of equally 

extensive interaction networks, resulting in slightly 

weaker predicted binding affinities. 

The molecular docking calculations further indicate 

that hydrogen bonding represents the dominant driving 

force governing ligand recognition in all investigated 

enzyme–ligand complexes. This observation is sup-

ported by the favorable van der Waals, hydrogen-bond-

ing, and desolvation energy components, which con-

tributed substantially to the overall binding free en-

ergy, whereas electrostatic interactions played a com-

paratively smaller role. The more negative intermolec-

ular energy (FIE) and final total internal energy (FTIE) 

values calculated for rosmarinic acid additionally sug-

gest a more stable protein–ligand complex, consistent 

with its lower predicted inhibition constants. 

The predicted binding poses also provide insight into 

the possible mechanism of enzyme inhibition. Both 

phenolic acids were located within or near the cata-

lytic binding pockets of α-glucosidase and arginase, 

where they interact with residues involved in sub-

strate recognition and stabilization. Occupation of 

these regions could interfere with substrate access to 

the catalytic site, suggesting a possible competitive 

mode of inhibition.  

To further elucidate the molecular basis of enzyme 

recognition, the binding modes of the highest-ranked 

docking poses were analysed in detail (Figures 1 and 

2). Rather than relying solely on the calculated bind-

ing energies, examination of the ligand–protein in-

teraction patterns provides additional insight into the 

structural factors that may govern ligand stabiliza-

tion within the catalytic pockets. 

 

 
Figure 1. 

The recognized interactions of the most stable conformations of protein-ligand complex structures of rosmarinic 

acid and α-glucosidase 

 

 
Figure 2. 

The recognized interactions of the most stable conformations of protein-ligand complex structures of chlorogenic 

acid and arginase (left), and rosmarinic acid and arginase (right) 
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For α-glucosidase, rosmarinic acid adopts a well-de-

fined orientation within the catalytic cavity, where it 

establishes an extensive network of noncovalent in-

teractions involving residues associated with sub-

strate recognition. Multiple conventional hydrogen 

bonds are formed with Arg428, Gln445, Gln447, and 

Asn448, indicating that hydrogen bonding consti-

tutes the principal driving force for ligand anchoring. 

These interactions are complemented by hydropho-

bic contacts, including π–alkyl and π–σ interactions 

with Ile451, Leu364, and Leu563, which facilitate 

favorable packing of the aromatic rings within the 

predominantly hydrophobic regions of the binding 

pocket. The simultaneous contribution of polar and 

hydrophobic interactions is likely responsible for the 

relatively stable docking pose and the more favora-

ble predicted binding affinity of rosmarinic acid to-

ward α-glucosidase. 

The interaction profile of rosmarinic acid also re-

flects its structural characteristics. The presence of 

two catechol rings and multiple hydroxyl groups en-

ables simultaneous engagement with several amino 

acid residues, thereby increasing the probability of 

forming cooperative hydrogen-bonding networks 

while maintaining hydrophobic stabilization through 

its aromatic framework. Such a balanced interaction 

pattern is frequently associated with enhanced ligand 

accommodation within enzyme active sites and pro-

vides a plausible structural explanation for the 

stronger predicted binding of rosmarinic acid rela-

tive to chlorogenic acid. 

A comparable interaction pattern was observed for 

arginase, although notable differences in residue in-

volvement were evident. Chlorogenic acid interacted 

predominantly through an extensive hydrogen-bond-

ing network involving Glu214, Asp61, Asn69, 

Ser16, and Gln19, while additional carbon hydrogen 

bonds and π-mediated interactions with Pro63 and 

Lys196 further contributed to stabilization of the lig-

and within the catalytic cavity. Rosmarinic acid oc-

cupied a similar binding region but established a 

broader interaction network involving Lys191, 

Tyr197, Tyr218, Ser62, Asp61, and Glu214, to-

gether with multiple hydrophobic contacts involving 

Leu206, Lys196, and Pro20. The larger number of 

favorable interactions observed for rosmarinic acid 

is consistent with its lower predicted binding free en-

ergy and inhibition constant obtained from the dock-

ing calculations. 

Although both phenolic acids occupy similar regions 

within the arginase active site, the more extensive in-

teraction network formed by rosmarinic acid sug-

gests a greater capacity for stabilizing the enzyme–

ligand complex.  

Taken together, the interaction analyses support the 

hypothesis that the inhibitory activity of the investi-

gated phenolic acids is primarily governed by the co-

operative action of hydrogen bonding and hydropho-

bic interactions. 

Limitations of the Study 

Although this study provides the first integrated phy-

tochemical characterization together with the evalu-

ation of antioxidant, enzyme inhibitory, and molec-

ular docking properties of Hyssopus officinalis 

subsp. aristatus from Montenegro, several limita-

tions should be acknowledged. First, the biological 

activities were evaluated exclusively using in vitro 

assays and therefore do not fully reflect the complex-

ity of biological systems, including bioavailability, 

metabolism, and pharmacokinetic processes occur-

ring in vivo. Second, only the two quantitatively 

dominant phenolic constituents, rosmarinic acid and 

chlorogenic acid, were individually evaluated, 

whereas the possible contribution of other tenta-

tively identified compounds and their synergistic in-

teractions within the extract remains to be clarified. 

Finally, molecular docking provided theoretical pre-

dictions based on static protein structures and esti-

mated binding energies. Consequently, docking 

scores and predicted inhibition constants cannot be 

directly interpreted as measures of experimental in-

hibitory potency. Moreover, the simulations did not 

fully account for protein conformational flexibility, 

solvent effects, or the dynamic behaviour of ligand–

protein complexes. Therefore, the docking results 

should be considered supportive of the experimental 

findings rather than conclusive evidence of the pro-

posed mechanisms of enzyme inhibition. Further 

studies, including cellular models, in vivo investiga-

tions, molecular dynamics simulations, and bio-

chemical validation experiments, are required to val-

idate the biological effects and clarify the precise 

mechanisms of action of this plant extract. 

 

Conclusions 

The results highlight H. officinalis subsp. aristatus 

as a valuable source of multifunctional phenolic 

compounds with antioxidant properties and selective 

enzyme inhibitory potential under in vitro condi-

tions. The combination of antioxidant and metabolic 

activities underscores its relevance for further research 

in the context of oxidative stress-related and metabolic 

disorders. Importantly, these preliminary findings sug-

gest that H. officinalis subsp. aristatus could provide 

initial insights into its potential as a natural source of 

bioactive compounds for future studies. Since these 

findings are based on in vitro models, they represent 

a positive first step, while further studies will help 

fully understand their therapeutic or nutraceutical 

potential. Docking simulations provide only struc-

tural predictions of ligand–enzyme interactions and 

should therefore be considered complementary to, 
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rather than a substitute for, experimental enzyme in-

hibition studies. Future research is required to isolate 

individual active constituents, clarify potential syn-

ergistic effects, and validate the observed activities 

in cellular and in vivo models. 
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