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Abstract: This study examines the chemical composition, antioxidant properties, and urease
inhibitory effects of Hyoscyamus muticus L. subsp. falezlez (Coss.) Maire. Using LC-ESI-
MS/MS, 19 distinct phenolic compounds were identified, with chlorogenic acid being the
most abundant. The ethanol extract demonstrated notable antioxidant activity, highlighting
its potential for therapeutic use. Urease inhibition assays revealed a remarkable 91.35%
inhibition by the H. muticus extract, with an IC50 value of 5.6 ± 1.20 µg/mL, indicating its
promising role in addressing conditions linked to urease activity. Molecular docking studies
further investigated the interaction between H. muticus phenolic compounds and urease,
identifying hyperoside as a leading candidate, with a binding energy of −7.9 kcal/mol.
Other compounds, such as rutin, luteolin, apigenin, kaempferol, hesperetin, chlorogenic
acid, and rosmarinic acid, also demonstrated significant binding affinities, suggesting their
potential to disrupt urease function. These findings highlight the therapeutic potential of
H. muticus as a source of natural bioactive compounds, offering promising avenues for the
development of novel treatments for urease-related disorders and oxidative stress.

Keywords: Hyoscyamus muticus; LC-ESI-MS/MS; phenolic compounds; antioxidant activity;
urease inhibition; molecular docking

1. Introduction
Hyoscyamus muticus L. subsp. falezlez (Coss.), commonly known as Egyptian henbane,

belongs to the Solanaceae family, a group of plants renowned for their medicinal proper-
ties [1]. This subspecies is native to North Africa, particularly Algeria, where it thrives in
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arid and semi-arid regions [2] Traditionally, Hyoscyamus species have been employed in
herbal medicine for their diverse pharmacological activities, including antispasmodic, anal-
gesic, and sedative properties [3–5]. These attributes are attributed to the plant’s bioactive
compounds, particularly alkaloids, flavonoids, and phenolic constituents, which exhibit
potent biological effects [6,7].

One of the significant health challenges addressed by natural products like Hyoscyamus
muticus is the inhibition of urease, a nickel-dependent metalloenzyme produced by a wide
range of bacteria, fungi, and plants [8]. Urease plays a crucial role in the survival of microor-
ganisms in acidic environments, particularly in the human stomach [9]. It catalyzes the
hydrolysis of urea into ammonia and carbon dioxide, which results in a local increase in pH,
neutralizing gastric acidity and creating a favorable environment for bacterial colonization
and persistence [9,10]. Among the most notorious urease-producing bacteria is Helicobacter
pylori, a pathogen responsible for numerous gastrointestinal disorders, including gastritis,
peptic ulcers, and, in some cases, gastric cancer [11].

The overproduction of ammonia as a byproduct of urease activity is not only harmful
to the gastric mucosa but also contributes to systemic health issues [8]. Ammonia is a
cytotoxic compound that disrupts cellular homeostasis, leading to the generation of reactive
oxygen species (ROS) and inducing oxidative stress [11]. This oxidative stress exacerbates
tissue damage and promotes inflammation, further impairing the host’s ability to counteract
infections [11]. Moreover, urease activity has been implicated in the formation of urinary
and kidney stones, as the enzyme facilitates the precipitation of calcium and magnesium
ammonium phosphate crystals in the urinary tract [12]. This condition, known as struvite
stone formation, is a common complication of urease-positive bacterial infections in the
urinary system [13].

In addition to its role in gastrointestinal and urinary disorders, urease is linked to hep-
atic encephalopathy, a severe neurological condition associated with liver dysfunction [14].
The excessive production of ammonia due to urease activity contributes to hyperammone-
mia, which crosses the blood–brain barrier and disrupts neuronal function, leading to
cognitive impairments and confusion [15]. These diverse pathological effects highlight the
importance of developing effective urease inhibitors as therapeutic agents.

While synthetic urease inhibitors, such as acetohydroxamic acid (AHA), have shown
efficacy in clinical settings, their use is often limited by adverse effects, including hepato-
toxicity and gastrointestinal discomfort [16]. This has driven the search for safer and more
effective alternatives derived from natural sources. Plants, with their vast repertoire of
bioactive compounds, represent a promising avenue for discovering novel urease inhibitors
with lower toxicity and improved therapeutic profiles.

The dual role of urease in promoting bacterial survival and contributing to multiple
health disorders highlights the enzyme as a critical target in the development of therapeutic
strategies [17]. By disrupting urease activity, it is possible to impair the pathogenicity of
bacteria such as H. pylori, reduce ammonia-mediated toxicity, and mitigate the progression
of urease-related complications [18].

In addition to urease inhibition, antioxidant activity plays a vital role in mitigating ox-
idative stress, which is a key factor in the development of various gastrointestinal diseases,
including gastric ulcers and cancer [19]. Reactive oxygen species (ROS), which include free
radicals and peroxides, are produced as byproducts of normal cellular metabolism. How-
ever, their excessive accumulation leads to oxidative damage of cellular components, such
as lipids, proteins, and DNA, contributing to the pathogenesis of chronic conditions [20]
In the context of gastric health, ROS exacerbate tissue damage and inflammation, provid-
ing a conducive environment for bacterial colonization, particularly by urease-producing
pathogens like Helicobacter pylori.
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Antioxidants neutralize these harmful ROS, preventing or slowing down oxidative
damage. Studies have shown that natural compounds with antioxidant properties, such
as polyphenols, flavonoids, and phenolic acids, possess significant therapeutic potential.
These compounds are known to scavenge free radicals and enhance the body’s own defense
mechanisms, leading to improved cellular integrity and function [21].

Moreover, combining urease-inhibitory and antioxidant properties in a single com-
pound or therapeutic approach could offer a dual advantage in treating conditions related
to bacterial infections and oxidative stress. By inhibiting urease activity, these compounds
can disrupt the bacterial survival mechanisms, while simultaneously reducing the oxida-
tive burden on the tissues. This dual action would be particularly valuable in treating
conditions like H. pylori-induced gastritis and peptic ulcers, where both bacterial virulence
and oxidative stress play pivotal roles in disease progression [22].

This study focuses on Hyoscyamus muticus L. subsp. falezlez, with the aim of eval-
uating its potential as a natural urease inhibitor and antioxidant agent. The first step
involves analyzing the chemical composition of the plant, with a particular focus on its
phenolic content, known for its bioactivity. To assess its antioxidant properties, an in vitro
antioxidant assay was performed. In addition, an in vitro anti-urease assay was conducted
to investigate the plant’s ability to inhibit urease activity. Finally, molecular docking studies
were carried out to explore the interactions between urease and the identified phenolic
compounds at the molecular level. By combining phytochemical analysis, experimental
assays, and computational methods, this study aims to contribute to the identification of
effective, low-toxicity natural compounds for combating urease-associated infections and
oxidative stress-related conditions.

2. Results
2.1. Survey and Measurement of Phenolic Compounds

The comprehensive LC-ESI-MS/MS analytical technique applied to the H. muticus
extract yielded significant and noteworthy results, as illustrated in Figure 1 and Table 1.
The study confirmed the existence of 19 phenolic molecules, with the highest amounts
found in chlorogenic acid (17,108.3± 1.3 µg/g E). Moreover, gallic acid (125.25 ± 3.4 µg/g
E), rutin (269.25 ± 1.3 µg/g E), rosmarinic acid (125.2 ± 1.1 µg/g E), and p-coumaric
acid (875 ± 1.3 µg/g E) were found in high concentrations. Interestingly, there was no
statistically significant difference between these two molecules. Compounds with moderate
quantities, such as protocatechuic acid and apigenin, were also discovered, with values
ranging from 1108.3± 1.2 to 563 ± 2.3 µg/g extract.

Table 1. Detailed analysis of phytochemical levels (µg/g extract) in H. muticus extract.

Analyst
Number Compound Parent Ion

(m/z)
MS2

(Collision Energy)
Chemical
Formula

Type of
Compound

H. muticus
(µg dry/g
Extract)

1 Quinic acid 191.085 192.085 (23), 94 (22) C7H12O6 Phenolic acid 63.12 ± 22.3

2 Malic acid 133.1115 134.1115 (15), 72 (18) C4H6O5 Organic acid 7.9 ± 1.3

3 tr-Aconitic acid 172.985 173.985 (13), 130 (10) C6H6O6 Organic acid N.D.

4 Gallic acid 169.1125 170.1125 (15), 80 (26) C7H6O5 Phenolic acid 125.25 ± 3.4

5 Chlorogenic
acid 353.0191 354.0191 (18) C16H18O9 Phenolic acid 17,108.3±

1.3

6 Protocatechuic
acid 153.0109 154.0109 (17), 109 (27) C7H6O4 Phenolic acid 1108.3± 1.2

7 Tannic acid 183.0124 184.0124 (23), 79 (35) C76H52O46 Phenolic acid 977 ± 1.3

8 tr-Caffeic acid 179.0135 180.0135 (16),
135 (25), 90 (32) C9H8O4 Phenolic acid 9.3 ± 1.9
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Table 1. Cont.

Analyst
Number Compound Parent Ion

(m/z)
MS2

(Collision Energy)
Chemical
Formula

Type of
Compound

H. muticus
(µg dry/g
Extract)

9 Vanillin 151.1136 152.1136 (18), 93 (22) C8H8O3 Phenolic aldehyde 96.7 ± 1.6

10 p-Coumaric
acid 163.0119 164.0119 (16), 94 (32) C9H8O3 Phenolic acid 875 ± 1.3

11 Rosmarinic acid 358.9161 359.9161 (18), 134 (43) C18H16O8 Phenolic acid 125.2 ± 1.1

12 Rutin 609.1300
610.1300 (38), 272
(52), 302
(39)

C27H30O16 Flavonoid (flavonol) 269.25 ± 1.3

13 Hesperidin 611.1303 612.1303, 466 C28H34O15 Flavonoid (flavanone) N.D.

14 Hyperoside 463.1300 464.1300, 302 C21H20O12 Flavonoid (flavonol) 523. ± 1.7

15 4-OH Benzoic
acid 137.093 138.093, 66 C7H6O3 Phenolic acid N.D.

16 Salicylic acid 137.093 138.093, 66, 76 C7H6O3 Phenolic acid 56.3 ± 5.3

17 Myricetin 317.0179 318.0179, 152, 138 C15H10O8 Flavonoid (flavonol) N.D.

18 Fisetin 285.0135 286.0135, 122 C15H10O6 Flavonoid (flavonol) N.D.

19 Coumarin 147.0103 148.0103, 92, 78 C9H6O2 Aromatic lactone 2.3± 2.3

20 Quercetin 300.9179 301.9179, 152, 122 C15H10O7 Flavonoid (flavonol) 120. ± 6.3

21 Naringenin 271.0151 272.0152, 120, 108 C15H12O5 Flavonoid (flavanone) N.D

22 Hesperetin 301.0164 302.0165, 137, 109 C16H14O6 Flavonoid (flavanone) 76. ± 2.3

23 Luteolin 285.0175 286.0176, 152, 134 C15H10O6 Flavonoid (flavone) 122 ± 1.02

24 Kaempferol 285.0217 286.0218, 134, 152 C15H10O6 Flavonoid (flavonol) 93. ± 4.2

25 Apigenin 269.0151 270.0152, 118 C15H10O5 Flavonoid (flavone) 563 ± 2.3

26 Rhamnetin 315.0165 316.0166, 122, 301 C16H12O7 Flavonoid (flavonol) N.D.

27 Chrysin 253.0143 254.0144, 120, 108 C15H10O4 Flavonoid (flavone) N.D.

Parent ion (m/z): molecular ions of the standard compounds (mass-to-charge ratio). MS2(CE): MRM fragments
for the related molecular ions (CE refers to related collision energies of the fragment ions). N.D.: not detected.
Values are expressed as mean ± standard deviation of five independent experiments.
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Figure 1. Comprehensive LC-MS/MS chromatographic visualization of H. muticus extract.

2.2. Antioxidant Activity

The free radical-scavenging capacity of the H. muticus extract was assessed through a
variety of assays, as presented in Table 2. In the CUPRAC assay, the extract demonstrated an
A0.5 value of 22.57 ± 1.2, indicative of its considerable antioxidant capacity. Similarly, in the
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reducing power assay, the extract exhibited an A0.5 value of 13.5 ± 2.3, further underscoring
its ability to reduce oxidized compounds. Notably, in the β-carotene assay, the extract
displayed a notable IC50 value of 6.12 ± 1.8, indicating its efficacy in preventing β-carotene
oxidation. Moreover, in the DMSO alkaline assay, the extract exhibited an IC50 value of
12 ± 1.2, suggesting its capacity to scavenge free radicals effectively. In the SNP assay, the
extract demonstrated an IC50 value of 6.5 ± 1.5. Furthermore, in the phenonthroline assay,
the extract showed an A0.5 value of 23 ± 1.8, highlighting its chelating activity against
metal ions. Lastly, in the hydroxyl radical assay, the extract displayed an IC50 value of
39.95 ± 2.3, indicating its potency in scavenging hydroxyl radicals. Overall, these results
elucidate the robust antioxidant potential of H. muticus extract across a spectrum of assays,
affirming its significance as a natural source of antioxidants.

Table 2. Antioxidant activity of H. muticus extract.

Assay H. muticus Extract (µg/mL) BHT (µg/mL) BHA (µg/mL) Ascorbic Acid (µg/mL)
CUPRAC 22.57 ± 1.2 7.75 ± 0.5 6.34 ± 0.4 7.05 ± 0.2

Reducing power 13.5 ± 2.3 / / 6.36 ± 0.3

β-carotene 6.12 ± 1.8 9.21 ± 0.6 9.15 ± 0.4 /

DMSO alkaline 12 ± 1.2 / / /

SNP 6.5 ± 1.5 / / 7.42 ± 0.1

Phenanthroline 23 ± 1.8 2.54± 0.8 2.35 ± 0.7 3.15 ± 0.5

Hydroxyl radical 39.95 ± 2.3 / / 13.44 ± 0.7

2.3. Urease Inhibition

The results presented in Table 3 demonstrate the urease inhibitory activity of the
H. muticus extract in comparison to thiourea, which served as a positive control. At a
concentration of 5 mg/mL, the H. muticus extract exhibited a substantial urease inhibition
of 91.35%, indicating its strong potential as an effective urease inhibitor. The calculated
IC50 value for the extract was determined to be 5.6 ± 1.20 µg/mL. This value suggests that
H. muticus is relatively effective in inhibiting urease, though its activity is somewhat less
potent than that of thiourea, which achieved a 96% inhibition at a much lower concentration
of 5 mg/mL.

Table 3. Urease inhibition by H. muticus extract and thiourea as a positive control.

Urease
(5 mg/mL)

Inhibition (%)
C50

(µg/mL)

H. muticus 91.35 5.6 ± 1.20
Thiourea 96 2.6 ± 0.08

Both the H. muticus extract and the thiourea exhibit demonstrated considerable efficacy
in inhibiting urease activity, with H. muticus showing a noteworthy inhibition rate and a
competitive IC50 value. These results suggest that H. muticus could be a valuable candidate
for further development in addressing conditions related to urease activity.

2.4. Molecular Docking Studies

The docking results presented in Table 4 elucidate the interaction between various
phenolic compounds from H. muticus and urease (4H9M), providing insights into their
potential as urease inhibitors. The docking conformations of the most effective compounds
(hyperoside, rutin, and luteolin) within the urease binding site, alongside their respective
interaction profiles, are visually represented in Figure 2. This illustration clarifies the
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phenolic molecules’ potential as urease activity inhibitors by providing important insights
into their spatial orientation and structure of interactions within the urease binding pocket.

Table 4. Docking examination of H. muticus-derived phenolics with urease (4H9M).

Binding Energy
(Kcal/mol)

Detailed Examination of
Hydrogen Bonds

(Distance Å)
Hydrophobic Bonding Electrostatic Bonding

Hyperoside −7.9 Asp494 (3.28), Ala636
(3.45), Met588 (2.22) His593, Aala440 Asp494

Rutin −7.6

Arg439 (3.04), Arg439 (3.1)
Arg439 (3.24), Gln635
(2.71), Ala440 (2.23),

Asp633 (2.40) Val591 (3.78)

His593, His593, Ala636,
Mer637 Arg609

Luteolin −6.9 His593 (3.69), Gly550 (3.06),
Gly550 (2.10), Val519 (3.54) - Met637, Arg609

Apigenine −6.8 Ala440 (2.01), Gly550 (2.16),
Val591 (3.61) Met637, His593 Arg609

Kaemferol −6.8 Ile807 (2.87), Gly562 (3.30),
Ly559 (2.04), Lys559 (3.22) Ile563, Lys559 -

Hesperetin −6.7 His593 (3.33), Arg609 Ala636, His409, His407,
His545, His492, His519 -

Chlorogenic acid −6.7
Ala636 (2.04), Gln635 (2.15),
Arg439 (2.44), His593 (3.15),

His492 (2.35)
Ala636 Arg609

Rosmarinic acid −5.8 Ala436 (2.40), Arg439
(3.27), His593 (3.05) Ala440 -
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3. Discussion
Desert plants are well known for their ability to accumulate phenolic compounds,

enabling them to survive in extreme arid conditions [23]. These challenging environments
expose plants to cellular damage, prompting them to produce antioxidant compounds
as a natural defense mechanism. Among these, phenolic compounds play a key role in
protecting plant cells from environmental stress [23].

Hyoscyamus muticus thrives in such arid regions, where water is scarce and rainfall
minimal. Our analysis identified several important phenolic compounds in this plant,
including rosmarinic acid, chlorogenic acid, benzoic acid, and rutin, which contribute
significantly to its antioxidant capacity. Additionally, the presence of tr-caffeic acid and p-
coumaric acid, a member of the 4-hydroxycinnamic acid family, highlights the biochemical
strategies H. muticus employs to mitigate environmental stress [24]. These compounds are
known to absorb harmful high-energy radiation and convert it into safer, longer-wavelength
light, thereby protecting cellular structures from damage [25].

Our findings, illustrated in Figure 1, align with previous research, particularly the
work of Elsharkawy et al. (2018) [26], who used GC-MS to analyze the phenolic profile of
H. muticus aerial parts. This study identified a variety of phenolic compounds, including
ferulic acid and 4′-hydroxy-3′-methylacetophenone. Most of these compounds were found
in esterified forms, with ferulic acid being the exception, appearing in its free form.

Previous studies have highlighted the significant influence of the extraction solvent
on the antioxidant activity and polyphenolic content of plant extracts [27]. The choice of
solvent greatly affects the efficiency of the extraction process, which in turn impacts the
antioxidant yield. Antioxidants are crucial in preventing oxidative damage to lipids and
protecting cells from the harmful effects of free radicals.

In the β-carotene bleaching assay, H. muticus extract demonstrated a remarkable an-
tioxidant capacity, with a half-maximal inhibitory concentration (IC50) of 6.12 ± 1.8 µg/mL,
outperforming the standard antioxidant BHT, which had an IC50 of 9.21 ± 0.6 µg/mL.
As shown in Figures 1 and 2, the extract is particularly rich in chlorogenic acid, with an
impressive concentration of 17,108.3 ± 1.3 µg/g of dry extract. This high level of bioactive
compounds highlights the strong antioxidant potential of H. muticus and its suitability as a
source of natural antioxidant agents.

Our antioxidant findings resonate with previous research on H. muticus specimens
thriving in the arid expanses of the Arabian Peninsula and the deserts of the Middle East.
Elsharkawy et al. (2018) [26] investigated the ethanol extract derived from the aerial parts
of H. muticus indigenous to Saudi Arabia’s arid zones, revealing significant antioxidant
activity, with an IC50 value of 8.1 ± 0.65 mg/mL and an EC50 value of 12.74 ± 1.12 mg/mL.
Likewise, Ayari-Guentri et al. (2017) [28]shed light on the antioxidant potential of H.
muticus, highlighting the remarkable potency of the stem methanolic extract, boasting an
IC50 value of 0.541 ± 0.19 mg/mL. Conversely, the essential oil exhibited comparatively
lower antioxidant activity, with an IC50 of 6.26 ± 0.89 mg/mL. Notably, Ayari-Guentri
et al. (2017) [28] identified oxygenated monoterpenes, predominantly borneol, in the
aerial parts of H. muticus, alongside the presence of four phenolic compounds—ferulic
acid, caffeic acid, trans-cinnamic acid, and quercetin, all renowned for their antioxidant
properties. Additionally, Pero et al. (2009) and Chuda et al. (1996) [29,30] have scrutinized
quinic acid for its involvement in tryptophan and nicotinamide metabolism and their
potent antioxidant properties, respectively. Furthermore, derivatives of guaiacol [31],
cinnamic acid, and ferulic acid [32] have been acknowledged by various researchers for
their significant antioxidant attributes. These collective findings highlight the diverse
repertoire of antioxidant compounds present in H. muticus and its potential as a natural
source of antioxidants.
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The exploration of urease inhibition holds significant therapeutic promise, particularly
in the context of combating urease-associated pathologies and infections. Urease is a key en-
zyme involved in the hydrolysis of urea to produce ammonia and carbon dioxide, a process
implicated in various medical conditions, including urinary tract infections, kidney stones,
and Helicobacter pylori-related gastritis and peptic ulcers [32]. By inhibiting urease activity,
medicinal agents can potentially mitigate the progression of these conditions and alleviate
associated symptoms. Moreover, targeting urease offers a novel approach to managing
bacterial infections, as urease plays a crucial role in the survival and virulence of certain
pathogenic bacteria, including H. pylori. Therefore, identifying natural compounds with
urease-inhibiting properties, such as those found in H. muticus extract, not only expands
our understanding of plant pharmacology but also holds promise for the development of
novel therapeutic interventions against urease-related disorders and bacterial infections.

Our investigation represents a novel exploration into the anti-urease activity of H.
muticus extract, as, to the best of our knowledge, such analysis has not been previously
conducted. Thus, our study stands independent of comparisons with other studies involv-
ing the same plant species. Notably, various medicinal plants have been scrutinized for
their urease-inhibiting properties, including Neem (Azadirachta indica), as documented by
Musalia et al. (2002) [33]. The anti-urease activity observed in Neem has been attributed to
the presence of diverse bioactive compounds in its leaves and seeds. Shah et al. (2014) estab-
lished a significant correlation between anti-urease activity and the presence of flavonoids
and phenolics [34]. Additionally, phenolic compounds such as quercetin and flavonoids
have been studied for their anti-urease properties, demonstrating the ability to inhibit
urease enzyme activity. Furthermore, malic acid, a naturally occurring compound found in
various plants, has shown potential anti-urease activity by inhibiting the urease enzyme, as
evidenced by Agha et al. (2005) [35], and Chelleng et al. (2023) [36] identified chlorogenic
acid, trans-ferulic acid, and gallic acid through analytical methods such as HPLC-PDA,
HR-MS, and NMR, showing notable interactions with Helicobacter pylori urease. Moreover,
protocatechuic acid has been investigated for its in vitro activities against H. pylori and ure-
ase. Studies have suggested that its anti-H. pylori effects may operate through mechanisms
such as disrupting bacterial cell membranes, inhibiting bacterial enzymes, or interfering
with bacterial attachment to gastric epithelial cells, as outlined by Hassan and Švajdlenka
(2017) [37].

Drug discovery is a complex and dynamic process that requires a multifaceted ap-
proach. In this study, we examine the anti-urease activity of phenolic compounds from
Hyoscyamus muticus, focusing on their molecular interactions with urease.

Our research investigates the binding interactions of these phenolic compounds within
the catalytic pocket of urease using molecular docking techniques. This analysis aims to
elucidate the structural and molecular features underlying their inhibitory activity. By
combining biochemical insights with computational modeling, our study seeks to deepen
the understanding of the mechanisms driving urease inhibition and to identify promising
candidates for novel therapeutic agents. Ultimately, this work contributes to advancing
the field of anti-urease drug discovery, offering new perspectives for future research and
clinical applications.

The molecular docking results, as illustrated in Table 3, shed light on the intricate
interactions between H. muticus phenolic compounds and the urease enzyme (PDB code:
4H9M). Among the compounds studied, hyperoside emerged as the most promising,
with a notable binding energy of −7.9 kcal/mol. Hyperoside exhibited strong hydrogen
interactions with Asp494, Ala636, and Met588, at distances of 3.28 Å, 3.45 Å, 4.86 Å, and
2.22 Å, respectively. Additionally, hydrophobic interactions were observed with His593
and Ala440, while electrostatic interactions were prominent with Asp494.
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Rutin, another significant compound, displayed a binding energy of −7.6 kcal/mol.
Noteworthy hydrogen interactions were observed with Arg439, Gln635, Ala440, and
Asp633, emphasizing the robust binding pattern. Hydrophobic interactions with His593,
Ala636, and Met637 further contributed to the stability of the rutin–urease complex. Elec-
trostatic interactions were particularly notable with Arg609.

Luteolin, while exhibiting a slightly lower binding energy of −6.9 kcal/mol, demon-
strated hydrogen interactions with His593, Gly550, and Val519. Interestingly, this com-
pound lacked hydrophobic interactions but engaged in electrostatic interactions with
Met637 and Arg609.

Apigenin and kaempferol, with binding energies of −6.8 kcal/mol, exhibited distinct
interaction profiles. Apigenin showcased hydrogen interactions with Ala440, Gly550, and
Val591, coupled with hydrophobic interactions involving Met637 and His593. Kaempferol,
on the other hand, displayed hydrogen interactions with Ile807, Gly562, Ly559, and Lys559,
along with hydrophobic interactions with Ile563 and Lys559.

Hesperetin and chlorogenic acid, both with binding energies of −6.7 kcal/mol, pre-
sented diverse interaction patterns. Hesperetin engaged in hydrogen interactions with
His593 and Arg609, while exhibiting hydrophobic interactions with Ala636, His409, His407,
His545, His492, and His519. Chlorogenic acid, on the other hand, demonstrated hydro-
gen interactions with Ala636, Gln635, Arg439, and His593, with hydrophobic interactions
primarily involving Ala636.

Lastly, rosmarinic acid displayed a binding energy of −5.8 kcal/mol, with hydrogen
interactions observed with Ala436, Arg439, and His593. This compound also demonstrated
a hydrophobic interaction with Ala440.

Incorporating the specific mechanisms of urease inhibition is crucial for providing a
deeper understanding of the observed effects. The action of competitive inhibitors, such
as the compounds in this study (e.g., hyperoside and rutin), is thought to involve binding
to the active site of the urease enzyme, preventing the substrate (urea) from accessing
it. In competitive inhibition, the inhibitor resembles the natural substrate, competing for
the same binding site on the enzyme. As the concentration of the inhibitor increases, it
effectively reduces urease activity by outcompeting urea to bind to the enzyme’s active
site [38]

In the context of urease, several studies suggest that the key functional groups in
inhibitors, such as hydroxyl or amide groups, play an essential role in the binding affinity,
thus influencing the potency of the inhibitor. For example, inhibitors like acetohydroxamic
acid (AHA) and hydroxyurea (HU) have been shown to effectively reduce urease activity
through competitive inhibition [39].

Thus, the inhibition observed for hyperoside, luteolin, and rutin likely follows a similar
competitive mechanism, where these compounds mimic urea and block its hydrolysis,
thereby reducing ammonia production. To strengthen this conclusion, further studies
focusing on binding assays and computational simulations could provide more detailed
insight into the specific interactions at the enzyme’s active site.

4. Materials and Methods
4.1. Botanical Specimens

The above-ground parts of H. muticus were collected from the Béni-Abbès region,
located 250 km southwest of Béchar and 1200 km southwest of Algiers, Algeria. After
collection, the specimen was identified, air-dried, and ground into a powder. The extraction
was carried out following the protocols outlined in previous studies [40–43]. Specifically,
200 g of the powdered plant material were initially macerated in petroleum ether. The
residue was then progressively extracted with 600 mL of ethanol of increasing polarity.
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The resulting solutions were filtered under pressure using a Whatman filter paper, and
the extracts were concentrated using a rotary evaporator. The final residues were used in
subsequent experiments.

4.2. Technical Setup and Chromatography Parameters

A Shimadzu® 8045 Ultra Performance Liquid Chromatography (UPLC) system from
Kyoto, Japan, was utilized alongside a Shimadzu® (Corporation, Kyoto, Japan) triple-
quadrupole mass analyzer to evaluate the extracts. A 0.2 µm PTFE membrane was em-
ployed to filter the extracts after they had been dissolved in HPLC-grade methanol. For
chromatographic separation, a Shimpack C18 reverse-phase column (2.7 µm, 2 × 150 mm)
was used. Gradient elution was carried out using solvents A (water) and B (acetonitrile) at
a flow rate of 0.2 mL/min. After starting at 10% B for five minutes, the elution protocol
climbed to 30% B after fifteen minutes, then to 70% B after twenty-two minutes, 80% B
after thirty minutes, and lastly, to 10% B after thirty-five minutes. Mass measurement
was performed in negative-charge electrospray ionization (ESI) mode, with the contact
degree fixed at 300 ◦C, the desolvation temperature adjusted to 526 ◦C, the cone flow of gas
established at 50 L/h, and the nebulizing gas flow defined at 3 L/min [44–49].

4.3. Assessment of Antioxidant Effects

The detailed procedures for the various biological assay experiments are provided in
the Supplementary Material. The evaluation of antioxidant potential was rigorously carried
out using a wide range of methods, including superoxide alkali DMSO, β-carotene/linoleic
acid, reducing power activity, cupric reducing antioxidant capacity (CUPRAC), the O-
phenanthroline analytical method, the silver nanoparticle-based technique, and hydroxyl
radical scavenging methods [50–55].

4.4. Inhibitory Capacities Targeting Urease

The enzyme solution, substrate (urea), and different inhibitor doses were added
to the wells of a 96-well plate test in order to assess the urease inhibitory activity. To
enable the enzyme reaction to continue, the plate was incubated. Following incubation,
a detection technique such a colorimetric assay was used to determine the amount of
ammonia generated, which is a sign of enzyme activity. Ammonia levels in the presence and
absence of inhibitors were compared to ascertain the tested drugs’ inhibitory activity [56].
Every experiment was carried out three times. The following formula was used to obtain
the percentage of inhibition:

(% inhibition) = 100 − [absorbance of extract/absorbance of control] × 100

4.5. Molecular Docking Analysis

The three-dimensional structure of urease (PDB ID: 4H9M) was obtained from the
Protein Data Bank (PDB, www.rcsb.org), (accessed on 20 September 2024). The protein
structure was optimized using UCSF Chimera 1.15 to prepare it for docking studies. Molec-
ular docking simulations were performed for the identified phenolic compounds against
urease using AutoDock 4.2, following standard protocols [57–61] The urease receptor
was automatically prepared by adding polar hydrogen atoms and charges, while ligands
were assigned Gasteiger partial charges. Non-polar hydrogens were merged during this
preparation step. The ligands were treated as flexible, while the protein receptor remained
rigid [62–67].

The active site of urease was identified based on information from the PDB and
validated with relevant literature [68–70]. A grid box was created to focus on the binding
pocket, with its center set at X = 25.42, Y = −50.81, Z = −27.80, and dimensions of X = 33.78,

www.rcsb.org


Int. J. Mol. Sci. 2025, 26, 370 12 of 16

Y = 44.03, Z = 50.20. An exhaustiveness level of 8 was applied to enhance the conformational
search. Docking results were evaluated based on binding energy values (in kcal/mol) and
detailed analyses of hydrogen and hydrophobic interactions. Discovery Studio was used
for visualization and analysis.

5. Conclusions
This study highlights the promising potential of Hyoscyamus muticus L. subsp. falezlez

(Coss.) Maire as a valuable source of bioactive compounds with significant therapeutic
implications. Through LC-ESI-MS/MS analysis, 21 phenolic compounds were identified,
demonstrating the plant’s rich phytochemical profile. Key compounds, such as chlorogenic
acid, rosmarinic acid, rutin, and p-coumaric acid, were found to be abundant, showcasing
the plant’s robust antioxidant capabilities. These findings were corroborated by antioxidant
assays, which confirmed the extract’s efficiency in scavenging free radicals and inhibiting
lipid peroxidation.

A novel aspect of this research was the discovery of H. muticus’s urease inhibitory
activity, with an IC50 value of 5.6 ± 1.20 µg/mL, positioning it as a promising candidate for
conditions linked to urease activity. Molecular docking studies further revealed that key
phenolic compounds, including hyperoside, rutin, and luteolin, displayed strong binding
energies and favorable interactions with the urease enzyme, indicating their potential as
lead compounds for drug development. This research paves the way for future exploration
of H. muticus in medicinal and pharmaceutical sciences, offering valuable leads for further
investigation and development.

Supplementary Materials: The following supporting information can be downloaded at: https:
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