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Mining dust can enter plant tissues and impair phytosynthesis, nutri-
ent uptake and production of secondary metabolites. This study inves-
tigates a comparative study of phenolic compounds and bioactivities 
of Atriplex halimus from mining (Ouenza) and non-mining (Tebessa 
City) sites. Chemical profiling and bioassays suggest that mining-
associated environmental stress, including iron dust exposure, influ-
ences the  plant’s metabolism. HPLC-DAD phenolic profile revealed 
that amounts of p-hydroxybenzoic acid, p-coumaric acid, caffeic acid 
and taxifolin decreased with exposure to mining dust while syringic 
acid, vanillin, ferulic acid, quercetin, rutin, luteolin and catechin in-
creased upon exposure to mining dust. The antimicrobial activity of 
the samples was low to moderate and varied from 0.3125 to 5 mg/mL. 
The plant fractions equally inhibited biofilm formation against S. au­
reus, E. coli and C. albicans with S. aureus being the most suscep-
tible. All fractions inhibited violacein production in C. violaceum 
CV12472 at MIC, MIC/2 and MIC/4 and equally showed quorum-
sensing inhibition zones against C. violaceum CV026, with the frac-
tions from non-mining sites being more potent. The plant fractions ex-
hibited inhibitory effects varying from 17.95 ± 0.20 to 52.70 ± 0.31% 
at 200  µg/mL on acetylcholinesterase (AChE) and butyrylcholinest-
erase (BChE), suggesting their potential in relieving symptoms of 
Alzheimer’s disease. The fractions exhibited a  low to moderate inhi-
bition of α-glucosidase and α-amylase ranging from 13.44 ± 0.88 to 
49.41 ± 0.65% at 200 µg/mL. Interestingly, the mining iron dust seems 
to have induced oxidative stress which triggered a compensatory in-
crease in phenolic antioxidants, as confirmed by cyclic voltammetry. 
This research gives insights into the understanding of plant resilience 
in polluted environments, and effects on plant metabolism. 
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INTRODUCTION

The negative impacts of mining on plants and ani-
mals as well as the environmental air, land and wa-
ter resources are undeniable though mining itself 
is necessary for economic growth and develop-
ment  [1]. Mining dust can have a detrimental ef-
fect on plants, through disrupting vital functions 
including transpiration, photosynthesis and nutri-
ent uptake, resulting in stunted growth, decreased 
production, and even plant death [2]. Besides con-
taining elements that can be toxic to plants, min-
ing dust also creates changes in the soil chemistry 
and making some relevant nutrients less available 
to plants [3]. Mining dust deposits on leaves block 
stomata and transpiration, resulting in reduced 
sunlight and photosynthesis as well as increased 
overheating, dehydration of leaves and stress of 
the  plant. Mining-related dust can modify plant 
physiological function and communities, decrease 
plant cover, and increase metal concentrations in 
vegetation, thereby impacting the  quantity, kind, 
quality and survivorship of forage  [4, 5]. Mining 
activities, particularly in regions rich in iron de-
posits such as Eastern Algeria’s Ouenza area, con-
tribute to the release of dust particles that signifi-
cantly affect the surrounding ecosystem, including 
plant life. This environmental challenge is particu-
larly pertinent for plants, like Atriplex halimus L., 
a shrub native to arid and semi-arid regions known 
for its resilience to stressors such as a high salin-
ity and drought [6]. Despite its robustness, the spe-
cific response of A. halimus to pollutants, espe-
cially those associated with mining dust, remains 
understudied. This highlights the need for further 
research into how this species adapts to such con-
ditions, which could provide valuable insights into 
its potential role in mitigating the  environmental 
impacts of mining activities. The  Ouenza region 
is characterised by its iron mining activities  [7], 
which presents a unique opportunity to study how 
this environmental stress influences plant chemis-
try and biological functions. The  plant’s ability to 
tolerate such pollutants may provide valuable in-
sights into natural defence mechanisms [8], such as 
the production of secondary metabolites, including 
phenolic compounds, which are known for their 
antioxidant  [9], antibacterial properties  [10], and 
modulating renal function damage [11, 12]. These 
compounds play a critical role in mitigating oxida-

tive stress  [13], a  common consequence of expo-
sure to heavy metals and other pollutants [14–16].

This study aims to investigate the effects of min-
ing iron dust on Atriplex halimus L. by comparing 
samples collected from Ouenza (W) with mining 
activities and those collected from Tebessa City 
(T), a  nearby location without mining activities. 
The research focuses on understanding changes in 
the plant’s chemical composition and biological ac-
tivities and correlating these findings with iron dust. 
The  ultimate goal is to enhance our understand-
ing of plant responses to environmental pollutants 
and inform strategies for ecological management, 
especially in mining-impacted areas. Addition-
ally, the findings may contribute to broader efforts 
to preserve plant biodiversity, protect agricultural 
productivity, and promote human health by miti-
gating the harmful effects of mining pollution.

MATERIALS AND METHODS

Study area and plant material 
The Ouenza iron mine in Northeastern Algeria is 
a significant source of airborne particulate matter, 
adversely impacting air quality and environmental 
health  [17, 18]. Mining activities such as drilling, 
blasting, excavation, loading, crushing and trans-
portation contribute significantly to dust emissions. 
These emissions are exacerbated by the  region’s 
arid climatic conditions, low humidity and prevail-
ing winds, particularly in the  southern sector of 
the mine [19]. The mine comprises seven opencast 
sites with varied altitudinal ranges, influencing par-
ticulate dispersal due to meteorological variations 
at different elevations  [20]. Unpaved haul roads 
and conveyor belts used for ore transport further 
amplify dust pollution  [21]. Crushing operations 
at two primary stations release fine particulates, 
affecting workers and nearby populations if effec-
tive mitigation measures are not implemented [22]. 
Ouenza’s geographical setting, exceeding 1200 m in 
altitude, alongside dry weather, intensifies particu-
late dispersal, creating significant environmental 
and health challenges. Dust control strategies are 
essential to address the adverse effects on ecosys-
tems, vegetation, and public health  [23]. Atriplex 
halimus  L. plant material was properly identi-
fied and authenticated by Hioun Soraya, under 
the voucher specimen (AMA/5.2.3/HS) deposited 
at the Faculty of Exact Sciences, Natural Sciences, 
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and Life Sciences Laboratory or Echahid Cheikh 
Larbi Tebessi University. Aerial parts of the  plant 
were harvested from two regions of Eastern Alge-
ria: Ouenza (W) and Tébessa (T) (Fig. 1), during 
their flowering period in October 2023.

To minimise seasonal and phenological vari-
ability, all plant samples were collected during 
the same flowering stage and within the same har-
vesting period (October 2023). Although the inves-
tigated regions belong to the same broad semi-arid 
zone of Eastern Algeria, they differ in local climatic 
characteristics, particularly rainfall intensity, arid-
ity level, and environmental exposure. Tebessa City 
presents intermediate semi-arid conditions, where-
as Ouenza is relatively drier and additionally sub-
jected to chronic mining-derived particulate emis-
sions generated by extraction, crushing, drilling, 
and ore transportation activities. Previous studies 
on Atriplex halimus collected from the  Saharan 
region of Negrine  [86], characterised by stronger 
desert aridity, demonstrated that climatic drought 
alone can substantially influence phenolic metabo-
lism. Therefore, the  phytochemical and biological 
differences observed in the  present work should 
be interpreted as adaptive responses to combined 
environmental pressures, including climatic stress 
and mining-associated oxidative stress.

Extraction 
The plant material was initially shaded, dried, and 
then ground into a  fine powder. A  total of 700  g 

of the  obtained material was extracted at room 
temperature using a  methyl alcohol/water mix-
ture (1:1), identified as the  most effective solvent 
for extraction. After 24 h, the filtered extract was 
evaporated to yield a crude solid paste. Hot water 
was added to the paste, and the mixture was left to 
stand for 24 h before being filtered. The resulting 
aqueous extract was partitioned through liquid-
liquid extraction using organic solvents, including 
dichloromethane (DCM), ethyl acetate (AcOEt) 
and n-butanol (BuOH). Each separated fraction 
was subsequently evaporated to dryness for further 
analysis. The percentage yield of each fraction was 
determined. 

Determination of phenolic compounds 
The phenolic compounds were identified using 
the  HPLC-DAD method. For this analysis, 
the plant extracts were dissolved in a water-meth-
anol (80:20) mixture, and the solution was filtered 
through a 0.20 µm disposable LC filter disk. Sepa-
ration was accomplished on an Inertsil ODS-3 re-
verse phase C18 column [24, 25]. The flow rate was 
fixed at 1.0 mL/min with a 20-µL injection volume. 
Mobile phase A consisted of 0.5% acetic acid in 
water, and the mobile phase B contained 0.5% ace-
tic acid in methanol. The gradient was as follows: 
0–10% B (0–0.01  min); 10–20% B (0.01–5  min); 
20–30% B (5–15  min); 30–50% B (15–25  min); 
50–65% B (25–30  min); 65–75% B (30–40 min); 
75–90% B (40–50  min); 90–10% B (50–55  min). 

Fig. 1. Geographic situation of the site of plant collection
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Detection was performed using a photodiode array 
detector (PDA) set to 280  nm. Polyphenols were 
identified by co-injection and comparison of re-
tention times and UV data with known standards. 
The analysis was conducted in triplicate. To evalu-
ate quantitatively the plant-contained compounds, 
a calibration curve was constructed using standard 
compound concentrations (0.0, 0.00782, 0.01563, 
0.03125, 0.0625, 0.125, 0.25, 0.5 and 1.0  ppm). 
A total of 26 phenolic compounds were identified, 
including protocatechuic acid, gallic acid, chloro-
genic acid, p-hydroxybenzoic acid, vanillic acid, 
3-hydroxybenzoic acid, syringic acid, ferulic acid, 
p-coumaric acid, rosmarinic acid, ellagic acid, 
trans-cinnamic acid, pyrocatechol, vanillin, cat-
echin, 6,7-dihydroxy-coumarin, coumarin, querce-
tin, rutin, luteolin, hesperetin, taxifolin, myricetin, 
apigenin, kaempferol and chrysin. The  results are 
expressed in micrograms per gram of dry weight 
(µg/gDW). 

Minimal inhibitory concentration (MIC) 
determination 
The MIC was determined using the microliter broth 
dilution method, as described previously  [26]. 
The MIC was defined as the  lowest concentration 
of fraction that showed no visible bacterial growth. 
Mueller-Hinton Broth (MHB) was used as the test 
medium, and the bacterial density was set at 5 × 105 
colony-forming units (CFU)/mL. 100 µL of bacte-
rial suspensions were inoculated into the wells of 
a  96-well microliter plate, along with different fi-
nal concentrations of the plant extract (5, 2.5, 1.25, 
0.625, 0.3125… mg/mL) prepared in distilled wa-
ter. The  microplates were incubated at 37°C for 
24 h before reading the results. 

Violacein inhibition method using C. violaceum 
CV12472 
Violacein production represents a quorum-sensing 
process and can be measured against C. violaceum 
CV12472 through qualitative analysis [27]. 10 µL of 
the overnight culture of C. violaceum was adjusted 
to 0.4 OD at 600 nm, added into sterile microplates 
containing 200 µL of LB broth, and then incubated 
in the absence and the presence of sub-MIC con-
centrations of the  fractions prepared in distilled 
water. Broth with C. violaceum CV 12472 was used 
as a positive control. These plates were incubated 
for 24 h at 30°C when a diminution in the growth 

of violacein pigment was observed. The absorbance 
used for recording was 585 nm. Each experiment 
was realised in triplicate, and the violacein inhibi-
tion percent was calculated using the following for-
mula: 

OD 585 control-OD 585 sampleViolacein inhibition (%)= 100.
OD 585 control

×

Quorum-sensing inhibition (QSI) assay against 
C. violaceum CV026 
The evaluation of quorum-sensing inhibition was 
done as described elsewhere [28]. Firstly, 5 mL of 
warm molten Soft Top Agar (2.0 g Tryptone, 1.3 g 
Agar agar, 1.0 g sodium chloride in 200 mL deion-
ized water) was seeded with a  100  µL overnight 
culture of CV026. A 20 µL of C6HSL was added as 
an exogenous AHL (Acyl Homoserine Lactone) 
source. This mixture was softly stirred and com-
bined immediately over the surface of a solidified 
Luria Bertani Agar (LBA) plate as a  film. A  total 
of 5  mm in diameter of the  wells was made after 
the solidification of the overlay on each plate. Each 
well was then filled with 50 µL of filter-sterilised ex-
tract solution in distilled water at a sub-MIC con-
centration. QSI is indicated as a  cream or white-
coloured halo around this well against a  purple 
lawn of activated bacteria, CV026. The  activity 
detection limit was made by employing serial dilu-
tions of the extracts (from 1:1 to 1:8, using LB broth 
as diluent). The estimated endpoints were the low-
est dilution of sample fractions, leading to the dis-
tinguishable inhibition of the synthesis of violacein 
pigment. Each experiment was realised in tripli-
cate. The microplates were incubated for three days 
at 30°C, and then the  quorum-sensing inhibition 
zone diameters were measured. 

P. aeruginosa PA01 swarming motility 
inhibition assay 
The swarming motility inhibition test was realised 
as previously described [29]. Shortly, P. aeruginosa 
PA01 strain overnight cultures were point inocu-
lated at the  centre of swarming plates contain-
ing 1% peptone, 0.5% agar, 0.5% NaCl and 0.5% 
filter-sterilised D-glucose with various sample ex-
tract concentrations (50, 75 and 100 µg/mL) in an 
aqueous solution. The plates were incubated in an 
upright position at an appropriate temperature for 
18 h, and the control experiment was carried out 
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in the same way but without extracts. By following 
the bacterial cell swarm fronts, the swarming mi-
gration was recorded and used in calculating per-
centage inhibition with respect to the control. 

Anticholinesterase activity 
Spectrophotometry was used to measure the  an-
ticholinesterase activity by the  enzymatic inhibi-
tion of the  enzymes, acetylcholinesterase and bu-
tyrylcholinesterase, described elsewhere with slight 
modifications  [30, 31]. Briefly, sodium phosphate 
buffer, 130 µL (100 mm, pH 8.0), 10 µL of sample 
extract solution, which was dissolved in ethanol in 
different concentrations, and buffer enzyme solu-
tion (AChE or BChE, 20 µL) were combined and 
incubated at 25°C for 15 min, and then 20  µL of 
0.5  mM DTNB was added (5,5′-Dithiobis(2-ni-
trobenzoic) acid). The reaction was then initiated 
by the addition of acetylthiocholine iodide (20 µL, 
0.71  mM) or butyrylthiocholine chloride (20  µL, 
0.2  mM). The  yellow 5-thio-2-nitrobenzoate ani-
on formation in the reaction of DTNB with thio-
choline, released by the  enzymatic hydrolysis of 
butyrylthiocholine chloride or acetylthiocholine 
iodide, respectively, was monitored via spectro-
photometry at a wavelength of 412 nm, using a 96-
well microplate reader. The results were expressed 
as the enzyme inhibition percentage for 200 µg/mL 
extract concentration. 

Bioassay of α-glucosidase and α-amylase 
inhibition
The antidiabetic potential of the extracts was meas-
ured through the inhibition of both α-glucosidase 
and α-amylase as described previously  [31]. For 
the  α-glucosidase assay, the  extracts (1  mg/mL, 
50  μL) were combined with 50  μL of glutathione 
(1 mg/mL, in phosphate buffer at pH 6.8) and 50 μL 
of substrate (PNPG, 10 mM). After a 15-minute in-
cubation at 37°C, 50 μL of sodium carbonate was 
added to halt the  reaction. The  final absorbances 
were measured at 400 nm using a 96-well micro-
plate reader, with acarbose serving as the positive 
standard. The data were expressed as the percent-
age of enzymatic inhibition at a  concentration of 
200 µg/mL.

To assess the  α-amylase inhibition proper-
ties, the  method described previously was em-
ployed [32]. 50 µL of the sample solution that had 
been dissolved in ethanol was mixed with 150 µL 

of a  solution made by adding 1.5  mg of soluble 
starch to 150 µL of buffer solution (0.2 M, pH 6.8, 
17 mM NaCl). Subsequently, 10 µL of α-amylase 
enzyme (25 units/mL) was incubated for 30 min 
at 37°C. After incubation, 20 µL of 2N NaOH and 
20 µL of a colour reagent (comprising 3,5-dinitro-
salicylic acid at 44 µM, potassium sodium tartrate 
tetrahydrate at 106 µM and NaOH at 40 µM) were 
introduced. A second incubation was carried out 
for 20  min at 100°C. The  absorbance was meas-
ured at 540 nm, and the results were expressed as 
percentage inhibition at 200 µg/mL. Acarbose was 
used as the standard for comparison.

Chemical antioxidant assay 
The measurements are carried out in a  25  mL 
electrochemical cell and a  three-electrode system. 
The superoxide radical anion is generated by com-
mercial molecular oxygen dissolved in DMF, which 
contains 0.1  M of NBu4PF6 at room temperature. 
The sweep rate is 100 mV/s. The applied potential 
range has been achieved from –1.6 to 0 V with re-
spect to ECS. The electrochemical study of the be-
haviour of gallic acid and extracts of Atriplex hali­
mus L. is carried out at a concentration of 0.1 mM, 
added in the electrochemical cell [33]. The  ability 
of the tested product to scavenge superoxide radi-
cals (O2

•−) is calculated using the equation 

0

0

Superoxide ion inhibiting capacity (%) = 100.sIp Ip
Ip
−

× ,

where Ip0 is the current intensity of the anodic peak 
of oxygen alone, and Ips is the current intensity of 
the anodic peak of oxygen in the presence of plant 
fractions.

Statistical analysis 
Each activity was performed in triplicate, and 
the  results were recorded as the  means  ± stand-
ard error of the mean (SEM). Statistical analyses 
were conducted to identify significant differences 
between means, with a significance threshold set 
at p < 0.05. 

RESULTS AND DISCUSSION

Extraction yield and HPLC-DAD phenolic 
composition of the Atriplex halimus L. fractions
Extraction is an important step for obtaining ac-
tive compounds from plants and it depends on 
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the  target compounds. The  compounds of inter-
est in this study are phenolic compounds. Using 
maceration with MeOH:H2O (1:1) solvent mix-
ture, and subsequent solvent:solvent partition-
ing, various fractions were obtained from Atri­
plex halimus  L. aerial parts. The  crude extract 
was re-extracted using liquid-liquid extraction 
in order of increasing polarity to afford dichlo-
romethane (DCM), ethyl acetate (AcOEt), n-
butanol (BuOH) and aqueous extract (Aq) of 
the plant material collected from Ouenza (W) and 
Tebessa (T). The  percentage yield of each frac-
tion is provided in Table 1. The best yield for all 
cases was for the  aqueous fraction, followed by 
the  butanol fraction, then dichloromethane, and 
the lowest yield was observed in the ethyl acetate 
fractions. 

Table 1. Extraction yield of the fractions of A. halimus L. plant material

Solvent for crude 
extract Extract fraction

Yield, %

W T

MeOH/water (1:1)

DCM 0.24 0.22

AcOEt 0.16 0.18

BuOH 0.70 1.22

H2O (Aq) 20.06 19.38

Besides the  extraction method, environmental 
conditions and other anthropogenic activities can 
affect the chemical content as well as the extraction 
yields of plants. 

Phenolic compounds extracted from Atriplex 
halimus  L. with various solvents were analysed 
using HPLC-DAD, and the  results are summa-
rised in Table 2. The structures of the major iden-
tified compounds detected are provided in Fig. 2. 
Chlorogenic acid, caffeic acid, ferulic acid, ru-
tin and chrysin were found in all the  fractions of 
the plant samples collected from both areas. Gen-
erally, the  ethyl acetate and n-butanol fractions 
of plant samples from both areas had the  high-
est amounts of phenolic compounds detected 
while the  ethyl acetate fractions had the  highest 
amounts of phenolic compounds quantified by 
HPLC-DAD. The  AcOEt fraction of plant sample 
from the Ouenza area had significant amounts of 
caffeic acid (111.7  ±  0.30  µg/g), p-coumaric acid 
(57.30 ± 0.13 µg/g), ferulic acid (167.2 ± 0.40 µg/g) 
and rutin (76.27 ± 0.26 µg/g). The AcOEt fraction 
of plant sample from the Tebessa area had signifi-
cant amounts of caffeic acid (122.5  ±  0.70  µg/g), 
p-coumaric acid (125.4  ±  0.35  µg/g), ferulic acid 
(79.84 ± 0.37 µg/g) and rutin (58.66 ± 0.45 µg/g). 

Ta b l e  2 .  Phenolic composition of Atriplex halimus L. extracts by HPLC-DAD (µg/g)a

Phenolic 
compounds

RT, 
min W-DCM W-AcOEt W-BuOH W-Aq T-DCM T-AcOEt T-BuOH T-Aq

Catechin 10.68 – 14.64 ± 0.05 12.70 ± 0.15 08.18 ± 0.04 00.96 ± 0.07 17.260 ± 0.20 09.36 ± 0.14 –

Chlorogenic acid 12.35 02.20 ± 0.06 23.60 ± 0.32 06.54 ± 0.10 18.66 ± 0.11 01.40 ± 0.05 15.78 ± 0.16 04.16 ± 0.09 00.48 ± 0.05

p-Hydroxy benzoic acid 12.77 – 29.48 ± 0.21 03.95 ± 0.06 – – 38.62 ± 0.33 08.08 ± 0.17 –

Caffeic acid 15.09 36.16 ± 0.18 111.7 ± 0.30 12.18 ± 0.14 04.82 ± 0.08 12.07 ± 0.16 122.5 ± 0.70 13.41 ± 0.21 02.61 ± 0.08

Syringic acid 16.56 38.63 ± 0.11 42.71 ± 0.29 11.84 ± 0.08 01.25 ± 0.05 29.25 ± 0.31 38.78 ± 0.17 06.67 ± 0.15 –

Vanillin 17.78 39.88 ± 0.27 24.70 ± 0.22 22.63 ± 0.13 01.86 ± 0.03 11.81 ± 0.25 14.63 ± 0.12 03.77 ± 0.08 –

p-Coumaric acid 20.56 – 57.30 ± 0.13 07.00 ± 0.17 – – 125.4 ± 0.35 03.98 ± 0.06 –

Taxifolin 21.26 – 21.25 ± 0.17 07.32 ± 0.24 02.63 ± 0.07 – 25.40 ± 0.22 17.48 ± 0.35 03.95 ± 0.10

Ferulic acid 22.14 17.43 ± 0.15 167.2 ± 0.40 67.85 ± 0.38 44.50 ± 0.29 09.25 ± 0.17 79.84 ± 0.37 55.79 ± 0.42 16.41 ± 0.30

Rutin 25.30 81.35 ± 0.24 76.27 ± 0.26 33.31 ± 0.40 02.62 ± 0.03 18.58 ± 0.21 58.66 ± 0.45 23.90 ± 0.36 01.45 ± 0.06

Quercetin 30.83 03.38 ± 0.04 42.54 ± 0.15 59.78 ± 0.20 – – 26.63 ± 0.31 01.45 ± 0.04 –

Luteolin 31.70 02.63 ± 0.05 26.68 ± 0.10 02.73 ± 0.05 – 01.48 ± 0.04 19.81 ± 0.20 01.38 ± 0.08 –

Chrysin 38.40 29.51 ± 0.12 38.54 ± 0.10 42.65 ± 0.15 32.12 ± 0.11 41.31 ± 0.27 52.20 ± 0.15 38.25 ± 0.15 28.08 ± 0.37

– : not detected. a Values expressed are means ± S.E.M. of three parallel measurements (p < 0.05). 
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Mining dust and other contaminants, resulting 
from anthropogenic activities like mining can have 
a detrimental effect on plant phenolic compounds, 
perhaps lowering their levels and lowering the qua-
lity and health of the plants [34]. It has been shown 
that plants exposed to metal pollution tend to have 
low amounts of phenolic compounds as revealed 
through HPLC analysis of their leaf extracts  [35]. 
Exposure to iron mining dust alters the  chemical 
composition of Atriplex halimus  L. Some studies 
illustrate the  harmful effects of mine-induced air 
pollution on photosynthetic pigments, specifically 

Ferulic acid                               p-Coumaric acid                        Caffeic acid

Syringic acid                      Vanillin                p-Hydroxybenzoic acid    Chlorogenic acid

           Taxifolin                                             Quercetin                                                  Luteolin

        Catechin                                               Chrysin                                                             Rutin

carotenoids and total chlorophyll which reduced 
significantly and can slow down metabolism, plant 
growth and development [36]. Given the significant 
amount of phenolic compounds found and meas-
ured (Tables  3 and 4), these results demonstrate 
the effectiveness of these solvents in the extraction 
process. Simpler phenolic acids like p-hydroxyben-
zoic acid, p-coumaric acid and caffeic acid are more 
vulnerable to oxidative degradation due to their 
less complex structures  [37]. Under stress, such as 
heavy metal exposure from mining dust, their levels 
decrease as plants prioritise producing more stable 

Fig. 2. Structures of the major phenolic compounds identified in Atriplex halimus L.
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Ta b l e  3 .  Inhibition of violacein production against C. violaceum CV12472 by Atriplex halimus L. fractions

Extract MIC (mg/mL)
Violacein inhibition, %

MIC MIC/2 MIC/4 MIC/8 MIC/16

W-DCM 0.625 75.2 ± 1.1 28.9 ± 0.5 15.4 ± 0.7 – –

W-AcOEt 0.625 100 ± 0.0 80.1 ± 1.9 53.9 ± 1.1 26.6 ± 0.5 10.5 ± 0.4

W-BuOH 01.25 100 ± 0.0 49.7 ± 1.0 23.8 ± 0.1 – –

W-Aq 01.25 100 ± 0.0 60.9 ± 0.8 34.5 ± 1.0 13.8 ± 0.4 –

T-DCM 0.625 60.1 ± 1.0 33.1 ± 1.5 11.4 ± 0.2 – –

T-AcOEt 0.3125 100 ± 0.0 39.6 ± 2.1 17.7 ± 0.6 – –

T-BuOH 0.625 100 ± 0.0 71.3 ± 2.6 30.9 ± 1.1 12.4 ± 0.7 –

T-Aq 0.625 100 ± 0.0 100 ± 0.0 80.6 ± 1.7 46.3 ± 1.5 28.6 ± 0.3

– : no inhibition. Values represent the means ± SEM of three measurements (p < 0.05).

Ta b l e  4 .  Quorum sensing inhibition against C. violaceum CV026 by A. halimus fractions

Extract
Quorum sensing inhibition zone diameters, mm

MIC, mg/mL MIC MIC/2 MIC/4 MIC/8

W-DCM 2.5 15.0 ± 0.6 09.0 ± 0.7 – –

W-AcOEt 1.25 12.5 ± 1.0 – – –

W-BuOH 1.25 12.0 ± 0.6 – – –

W-Aq 0.625 15.0 ± 0.9 10.5 ± 0.2 – –

T-DCM 2.5 16.0 ± 0.3 13.0 ± 0.4 09.0 ± 0.1 –

T-AcOEt 1.25 14.5 ± 0.7 11.5 ± 0.5 – –

T-BuOH 0.625 11.0 ± 0.5 – – –

T-Aq 0.3125 15.5 ± 1.3 12.0 ± 0.3 08.5 ± 0.5 –

– : no inhibition. Values represent the means ± SEM of three measurements (p < 0.05).

and bioactive compounds  [38, 39]. Syringic acid, 
vanillin and ferulic acid, with methoxy groups and 
higher antioxidant capacities, are more resistant 
to oxidative stress and persist under adverse con-
ditions. These compounds are often upregulated 
as they provide superior defense against oxidative 
damage and microbial threats  [40, 41]. Taxifolin, 
a  moderately active dihydroflavonol, is suscepti-
ble to oxidation and degradation under stress [42]. 
In contrast, stable flavonoids like quercetin, rutin, 
luteolin and catechin, with higher antioxidant and 
protective capacities, are prioritised  [43]. Plants 
convert intermediates like taxifolin into these prod-
ucts, enhancing their defense mechanisms. Overall, 
stress-induced metabolic reprogramming in plants 
shifts resource allocation towards producing com-
plex and resilient phenolic compounds, reducing 
simpler precursors while ensuring effective pro-
tection against environmental stressors [34]. Envi-
ronmental factors such as drought, solar radiation, 
rainfall and temperature are well known to strongly 

affect the  biosynthesis of phenolic compounds in 
plants. Comparative interpretation with previously 
reported Atriplex halimus populations collected 
from Negrine, a  Saharan region south of Tebessa 
characterised by stronger aridity and desert cli-
matic conditions, provided important insight into 
the distinction between climatic and mining-asso-
ciated stress responses.

The Negrine population exhibited elevated lev
els of compounds such as p-hydroxy benzoic acid 
and caffeic acid, suggesting metabolic adaptation 
to severe drought and desert environmental condi-
tions. In contrast, the Ouenza population displayed 
markedly higher concentrations of ferulic acid, ru-
tin, quercetin, chlorogenic acid, vanillin and cat-
echin compared with both Tebessa and Negrine 
populations. These metabolites are frequently as-
sociated with antioxidant defense, reactive oxygen 
species scavenging, membrane stabilisation, and 
metal-chelating protective mechanisms under oxi-
dative stress conditions.
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Importantly, Ouenza was not the driest region 
among the  compared sites, yet it accumulated 
the  highest levels of several oxidative stress-relat-
ed phenolic compounds, particularly ferulic acid, 
rutin and quercetin. If climatic drought alone ex-
plained the  observed phytochemical modulation, 
the Saharan Negrine population would be expected 
to exhibit the strongest accumulation of these me-
tabolites. However, this was not observed. These 
findings suggest that the metabolic profile of Atri-
plex halimus is influenced not only by climatic 
aridity but also by additional environmental pres-
sures associated with chronic exposure to mining-
derived particulate matter.

Therefore, the observed phytochemical variations 
should not be interpreted as random fluctuations 
but rather as selective metabolic reprogramming un-
der different environmental stress conditions. While 
Saharan aridity mainly promoted drought-adaptive 
metabolites, the  mining environment appeared to 
favour the  accumulation of oxidative stress-related 
flavonoids and phenolic acids involved in cellular 
protection and stress tolerance. Our results sub-
stantiate previous studies concerning biological 
properties and chemical constituents of A. halimus. 
A review survey reported uses of A. halimus in tra-
ditional medicine, its chemical constituents includ-
ing phenolic compounds as well as pharmacologi-
cal activities such as antibacterial, antioxidant and 
antidiabetic properties  [45]. Appreciable amounts 
of polyphenols, flavonoids, anthocyanins and tan-
nins were described in this plant together with four 
flavonoids and nine phenolic acids identified and 
quantified using HPLC-DAD  [46]. The  deposi-
tion of heavy metals and particulate matter induces 
oxidative stress, triggering changes in the  plant’s 
secondary metabolites, particularly polyphenols 
and flavonoids [38]. These compounds, which play 
a  critical role in protecting plants from oxidative 
damage, exhibit variations in concentration. While 
some polyphenols and flavonoids decrease, others 
increase as part of the  plant’s adaptive response to 
mitigate stress. This adjustment enhances the plant’s 
antioxidant capacity, reflecting a  shift in metabolic 
pathways to combat the effects of heavy metal tox-
icity  [47]. Additionally, the absorption of iron and 
other metals from the dust disrupts nutrient balance, 
affecting overall plant health and growth [48]. These 
biochemical changes highlight the potential of Atri­
plex halimus L. as a bioindicator for monitoring en-

vironmental pollution and assessing the  ecological 
impact of mining activities.

Violacein and quorum-sensing (QS) inhibition 
The quorum sensing inhibition potential of plant 
extracts from the  two regions was assessed using 
C. violaceum CV12472, a bacterium that produces 
purple violacein during growth, and the  mutant 
strain C. violaceum CV026, which only synthesises 
violacein when an external acyl-homoserine lactone 
(AHL) is provided. The  minimum inhibitory con-
centration (MIC) for both bacterial strains was de-
termined, and experiments were conducted at MIC 
and sub-MIC levels. The  findings are summarised 
in Table  3. The  MIC values against C. violaceum 
CV12472 varied from 01.25 to 0.3125 mg/mL. For 
the  plant sample from Ouenza, the  W-AcOEt had 
the  highest violacein inhibition that varied from 
100% (MIC) to 10.5 ± 0.4% (MIC/16). For the plant 
sample from Tebessa, the T-Aq had the highest vio-
lacein inhibition that varied from 100% (MIC) to 
28.6 ± 0.3% (MIC/16). 

According to Table 3, all the extracts inhibited vi-
olacein production in C. violaceum CV12472 at MIC, 
MIC/2 and MIC/4. The violacein inhibition percent-
ages reduced in a concentration-dependent manner. 
Only W-AcOEt (26.6 ± 0.5%), W-Aq (13.8 ± 0.4%), 
T-BuOH (12.4 ± 0.7%) and T-Aq (46.3 ± 1.5%) extracts 
inhibited violacein production at MIC/8. At MIC/16, 
only T-Aq (28.6 ± 0.3%) and W-AcOEt (10.5 ± 0.4%) 
extracts inhibited violacein production while the other 
extracts did not show any inhibition at this concen
tration. The MIC values against C. violaceum CV026 
varied from 0.3125  mg/mL (T-Aq) to 2.5  mg/mL 
(W-DCM and T-DCM). As presented in Table  4, 
anti-quorum sensing zones measured in millimeters 
at MIC were highest in T-DCM (16.0  ±  0.3  mm) 
and lowest in T-BuOH (11.0  ±  0.5  mm) extract. 
At MIC/2, only T-DCM (13.0  ±  0.4  mm), T-Aq 
(12.0 ± 0.3 mm), T-AcOEt (11.5 ± 0.5 mm), W-Aq 
(10.5 ± 0.2 mm) and W-DCM (09.0 ± 0.7 mm) ex-
tracts have the  QSI effect. With the  exception of 
T-DCM (09.0 ± 0.1 mm) and T-Aq (08.5 ± 0.5 mm), 
no extracts exhibited QSI at MIC/4.

Several plant-derived molecules are known to in-
hibit violacein production in Chromobacterium vio­
laceum CV12472 by targeting quorum sensing (QS), 
which regulates violacein biosynthesis  [49]. These 
molecules interfere with QS signalling primarily by 
disrupting the activity of acyl-homoserine lactones 
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(AHLs) [50]. Interestingly, even though they con-
tained fewer secondary metabolites, T-DCM and 
T-Aq extracts, among others, significantly pre-
vented the synthesis of violacein and QS. By inter-
fering with bacterial cell signalling pathways, es-
pecially those related to quorum sensing, this low 
dose and kind of polyphenols can reduce the gen-
eration of virulence factors and hinder bacterial 
survival. Mining iron dust influences their bio-
synthesis and enhances their amount, decreasing 
their effectiveness on QS in the Ouenza zone.

Swarming motility inhibition 
Flagellated bacteria, such as Pseudomonas aerugi­
nosa, use swarming movement to move across sur-
faces. Table  5 shows the  ability of the  fractions to 
reduce swarming movement against P.  aeruginosa. 
At 100 µg/mL, all fractions W-BuOH (40.0 ± 1.2%), 
T-BuOH (39.3  ±  0.9%), W-Aq (34.5  ±  0.1%), W-
AcOEt (32.7  ±  1.0%), T-AcOEt (30.1  ±  1.2%), T-
DCM (29.0 ± 0.7%), T-Aq (25.8 ± 0.3%) and W-DCM 
(15.3 ± 0.5%) exhibited swarming motility inhibition. 
This activity reduced in a concentration-dependent 
manner 75 µg/mL, and only W-BuOH (10.5 ± 0.1%), 
T-BuOH (10.0 ± 0.6%), W-AcOEt (09.0 ± 0.5%) and 
W-Aq (03.0 ± 0.4%) inhibited swarming motility at 
50 µg/mL. The best swarming inhibition is exhibited 
by the  samples from the  Ouenza area, specifically 
W-BuOH with percentage inhibitions of 40.0 ± 1.2% 
(100 µg/mL) and 10.5 ± 0.1% (50 µg/mL).

Reduction of swarming motility could reduce 
the chance of biofilm formation [51, 52]. Caffeic acid 
and ferulic acid are known to interfere with autoin-
ducers (like N-acyl-homoserine lactones, which are 

signalling molecules in P. aeruginosa), leading to re-
duced swarming activity [53]. Quercetin has also been 
observed to suppress QS-regulated behaviours, mak-
ing it a strong candidate for inhibiting swarming [54]. 
Syringic acid and rutin can affect the production or 
function of flagellar components, potentially leading 
to a  weaker or less effective movement on surfac-
es [55, 56]. These compounds are more important in 
the Ouenza region due to their important production 
influenced by the stress of the heavy metal.

Biofilm inhibition
The MIC and anti-biofilm activity results of Atriplex 
halimus L. fractions for the considered regions are 
presented in Table 6. The  antimicrobial activity of 
the  samples was low to moderate and varied from 
0.3125 to 5 mg/mL. The most active sample in terms 
of antimicrobial activity was the T-AcOEt with MIC 
values of 0.625, 1.25 and 0.3125 mg/mL against S. au­
reus, E. coli and C. albicans, respectively. The antibi-
ofilm activity of the fractions was evaluated at MIC 
and sub-MIC concentrations. The results indicated 
that S. aureus (Gram positive bacteria) biofilms were 
most susceptible while C.  albicans (fungi) biofilms 
were least susceptible. Overall results further indicate 
that the fractions from the Ouenza plant sample had 
higher percentage biofilm inhibitions than corre-
sponding fractions from the Tebessa sample. Against 
the  Gram-positive bacteria S. aureus, the  most ac-
tive fraction was W-BuOH with biofilm inhibition 
of 62.13 ± 1.34% (MIC) and 15.64 ± 0.22% (MIC/4). 
Against the Gram-negative bacteria E. coli, biofilm 
inhibition ranged from 46.24  ±  0.72% at MIC to 
13.05 ± 0.2% at MIC/4 for the most active sample 

Ta b l e  5 .  Swarming motility inhibition on P. aeruginosa PA01 by A. halimus fractions

Extract
Swarming inhibition, %

100 µg/mL 75 µg/mL 50 µg/mL

W-DCM 15.3 ± 0.5 04.9 ± 0.1 –

W-AcOEt 32.7 ± 1.0 18.2 ± 0.8 09.0 ± 0.5

W-BuOH 40.0 ± 1.2 22.5 ± 0.3 10.5 ± 0.1

W-Aq 34.5 ± 0.1 17.6 ± 0.3 03.0 ± 0.4

T-DCM 29.0 ± 0.7 13.9 ± 0.2 –

T-AcOEt 30.1 ± 1.2 15.4 ± 0.5 –

T-BuOH 39.3 ± 0.9 21.5 ± 0.7 10.0 ± 0.6

T-Aq 25.8 ± 0.3 11.2 ± 0.5 –

– : no inhibition. Values represent the means ± SEM of three measurements (p < 0.05).
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W-DCM. For C. albicans, T-AcOEt (31.81 ± 0.34%), 
W-DCM (26.27  ±  0.43%), W-Aq (16.22  ±  0.14%), 
W-AcOEt (8.32 ± 0.05%), and T-DCM (6.58 ± 0.15%) 
extracts showed biofilm inhibition at MIC. At 
MIC/2, the biofilm inhibition was observed only for 
T-AcOEt (11.28 ± 0.06%), W-DCM (9.94 ± 0.15%) 
and W-Aq (2.31 ± 0.1%). 

The plant A. halimus is described to possess an-
tibacterial property [45]. The antimicrobial activity 
of various fractions of A. halimus vary from low to 
moderate. This low antimicrobial activity may be 
attributed to the  nefarious effects of mining dust 
pollution on plant metabolism. However, the  anti-
biofilm activity of the various fractions evaluated at 
MIC and below MIC was good. Antibiotics which 
target the inhibition and death of bacterial and fun-
gal cells are falling out of use since they are faced 
with resistance. Targeting microbial virulence fac-
tors like swarming, quorum-sensing and biofilm 
formation provide a possible solution to overcome 
this phenomenon  [57]. Exposure to mining iron 
dust triggers stress responses in Atriplex halimus L., 
leading to the  production of bioactive secondary 
metabolites such as ferulic acid, quercetin, rutin and 
chlorogenic acid, which inhibit biofilm formation 
by disrupting quorum sensing, microbial signalling, 

and membrane integrity  [58, 59]. Compounds like 
taxifolin and caffeic acid suppress microbial adher-
ence and biofilm matrix development. In S. aureus 
and E.  coli, these compounds in Ouenza fractions 
can inhibit the production of autoinducers, thereby 
preventing biofilm maturation, and in C.  albicans, 
they can block hyphal development, a  key step in 
biofilm formation  [59]. These mechanisms, com-
bined with synergistic metabolite effects, make this 
plant in mining dust environments highly effective 
at inhibiting bacterial and fungal biofilm formation, 
offering promising applications in environmental 
and medical microbiology. Bacteria can establish 
biofilms on various surfaces and can float in liquid 
media. Since biofilms are enclosed in protective 
sheaths, they require higher doses of antibiotics to 
be eliminated, thereby constituting a great survival 
strategy for microorganisms [60]. 

Enzyme inhibition activity
The ability of the fractions in inhibiting AChE, BChE, 
α-glucosidase and α-amylase is reported in Table 7. 
The  maximum test concentration was 200  µg/mL. 
The AcOEt fractions of both regions showed the best 
inhibition percentages compared to other fractions. 
The  W-AcOEt fraction inhibited AChE and BChE 

Ta b l e  6 .  MIC and anti-biofilm activity of A. halimus fractions

Microorganism W-DCM W-AcOEt W-BuOH W-Aq T-DCM T-AcOEt T-BuOH T-Aq

S. aureus 0.625 1.25 2.5 1.25 1.25 0.625 1.25 0.625

E. coli 2.5 5 1.25 2.5 2.5 1.25 2.5 1.25

C. albicans 0.625 1.25 2.5 1.25 1.25 0.3125 1.25 0.625

Biofilm inhibition, %

S.
 a

ur
eu

s

MIC 59.31 ± 1.14 48.35 ± 0.52 62.13 ± 1.34 54.28 ± 0.69 56.6 ± 1.02 34.75 ± 0.51 55.35 ± 0.86 28.39 ± 0.20

MIC/2 31.36 ± 0.87 21.34 ± 0.32 28.35 ± 0.85 26.58 ± 0.46 31.21 ± 0.72 12.78 ± 0.24 24.72 ± 0.38 09.16 ± 0.02

MIC/4 13.22 ± 0.45 09.65 ± 0.08 15.64 ± 0.22 12.30 ± 0.17 19.24 ± 0.42 – 10.47 ± 0.11 –

MIC/8 – – – – 08.68 ± 0.1 – – –

E.
 co

li

MIC 46.24 ± 0.72 39.50 ± 0.63 36.18 ± 0.65 25.20 ± 0.45 41.37 ± 0.86 19.34 ± 0.64 12.71 ± 0.36 10.82 ± 0.36

MIC/2 22.26 ± 0.55 20.21 ± 0.45 23.24 ± 0.35 14.65 ± 0.23 25.36 ± 0.75 07.23 ± 0.08 – 04.52 ± 0.02

MIC/4 13.05 ± 0.2 06.34 ± 0.2 09.85 ± 0.26 05.14 ± 0.03 08.10 ± 0.26 – – –

MIC/8 – – – – – – – –

C.
 a

lb
ic

an
s MIC 26.27 ± 0.43 08.32 ± 0.05 – 16.22 ± 0.14 06.58 ± 0.15 31.81 ± 0.34 – –

MIC/2 09.94 ± 0.15 – – 02.31 ± 0.1 – 11.28 ± 0.06 – –

MIC/4 – – – – – – – –

MIC/8 – – – – – – – –

– : no inhibition. Values represent the means ± SEM of three measurements (p < 0.05).
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with percentage inhibitions of 35.11  ±  0.53% and 
52.70  ±  0.31%, respectively, at 200  µg/mL. The  T-
AcOEt fraction showed inhibitions of 31.05 ± 0.47% 
and 46.34 ± 0.86% in the AChE and BChE assays, 
respectively. For the antidiabetic potential, the frac-
tions W-AcOEt and T-DCM exhibited the  best 
α-glucosidase and α-amylase inhibitions. At the high-
est test concentration of 200 µg/mL, W-AcOEt inhib-
ited α-glucosidase and α-amylase with percentage 
inhibitions of 48.54 ± 0.85% and 29.47 ± 0.88%, re-
spectively, while T-DCM had percentage inhibitions 
of 49.41 ± 0.65% and 39.17 ± 0.42% on α-glucosidase 
and α-amylase, respectively. The results indicate that 
some fraction of this plant can play a significant role 
in mitigating Alzheimer’s disease (AD) and diabetes.

Oxidative stress, progressive neuronal degen-
eration, and low levels of acetylcholine characterise 
Alzheimer’s disease (AD), one of the most prevalent 
forms of dementia, and visible amyloid-β deposits 
in the  brain  [61]. Inhibiting both AChE and BChE 
is a useful therapeutic approach to treat AD because 
acetylcholinesterase (AChE) and butyrylcholinest-
erase (BChE) typically hydrolyse acetylcholine and 
butyrylcholine, respectively, which lowers the  neu-
rotransmitter levels in cholinergic synapses in spe-
cific brain regions  [62]. The  fractions of A. halimus 
from both regions inhibited AChE with percentage 
inhibitions ranging from 35.11 ± 0.53% in the most 
active fraction to 17.95  ±  0.20% in the  least active 
fraction. The  fractions inhibited BChE to a  greater 
extent than AChE with percentage inhibitions rang-
ing from 52.70 ± 0.31% in the most active fraction to 

25.34 ± 0.52% in the  least active fraction. Methanol 
extract of A. halimus inhibited AChE with IC50 val-
ues p to 147.2 μg/mL [63]. This suggests that the frac-
tions in this study were lower. Interaction with mining 
iron dust induces stress responses in plants, leading 
to the production of secondary metabolites like phe-
nolics, flavonoids, and organic acids  [38, 63]. These 
compounds selectively inhibit AChE, BChE and 
α-glucosidase due to their structural compatibility 
with these enzymes’ active sites [64], while α-amylase, 
with a different site geometry, remains less affected. 

Oxidative stress, type 2 diabetes (impaired glucose 
tolerance), hyperglycemia and dementia can also 
cause AD, dementia, cognitive impairment brought 
on by increased amyloid-beta buildup, and neuro-
inflammation [65, 66]. Blood glucose levels can be 
brought down to normal by inhibiting the enzymes 
(α-amylase and α-glucosidase) that break down 
carbohydrates to sugars  [67, 68]. Several synthetic 
and phytochemical compounds have been used to 
achieve this, particularly those that can limit or stop 
the hydrolysis of polysaccharides like starch [69, 70]. 
The fractions in this study showed the potential of 
lowering α-amylase and α-glucosidase at 200 µg/mL 
up to 49.41  ±  0.65 and 39.17  ±  0.42%, respective-
ly. A.  halimus in a  previous study was shown to 
possess high α-amylase inhibition and moderate 
α-glucosidase inhibitory effects  [46]. The results of 
α-amylase inhibition in this study is lower than in 
the previous study but the α-glucosidase inhibition 
is almost identical. This can suggest a reduction in 
α-amylase inhibition, probably attributed harmful 

Ta b l e  7 .  Anticholinesterase and antidiabetic activities of A. halimus fractions

Extract/Standards

Anticholinesterase activity Antidiabetic activity

AChE BChE α-glucosidase α-amylase

Inhibition, % (at 200 µg/mL)

W-DCM 30.83 ± 0.42 38.00 ± 0.88 37.27 ± 0.15 18.70 ± 0.25

W-AcOEt 35.11 ± 0.53 52.70 ± 0.31 48.54 ± 0.85 29.47 ± 0.88

W-BuOH 21.78 ± 0.95 25.34 ± 0.52 19.27 ± 0.71 15.40 ± 0.27

W-Aq 17.95 ± 0.20 33.26 ± 0.79 22.73 ± 0.69 13.44 ± 0.88

T-DCM 23.78 ± 0.74 37.61 ± 0.31 49.41 ± 0.65 39.17 ± 0.42

T-AcOEt 31.05 ± 0.47 46.34 ± 0.86 39.82 ± 0.64 33.87 ± 0.57

T-BuOH 22.04 ± 0.44 36.67 ± 0.35 29.63 ± 0.37 22.80 ± 0.46

T-Aq 21.10 ± 0.33 27.40 ± 0.55 28.90 ± 0.55 17.63 ± 0.24

Galantamine 88.70 ± 0.50 80.20 ± 0.30 NT NT

Acarbose NT NT 86.51 ± 0.45 81.33 ± 0.90

NT: not tested. Values represent the means ± SEM of three measurements (p < 0.05). 
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Fig. 3. Voltammograms of fractions with oxygen sparging: DCM (a), AcOEt (b), n-BuOH (c), Aq (d). Cyclic 
voltammogram of oxygen in DMF/PF6 (e). Cyclic voltammograms of bubbled gallic acid and oxygen (f)

effects upon exposure to mining iron dust. Chelation 
of plant metabolites by iron and the upregulation of 
compounds such as flavonoids and chlorogenic acid 
can affect the inhibition of the targeted enzymes [71, 
72]. This selective response reflects adaptive strate-
gies of the plant to environmental stress, prioritising 
defense mechanisms and producing less metabo-
lites that inhibit enzymes like α-amylase. Medicinal 
plants that can reduce microbial infections by target-
ing virulence factors and also target ailments result-
ing from inappropriate enzymes expression are used 
as remedy [73]. Oxidative stress plays a major role in 
diabetes as well as in Alzheimer’s disease and other 
related neurological diseases. 

Antioxidant activity 
In this study, cyclic voltammetry was used to test 
Atriplex halimus L. extracts from the two regions for 
the scavenging of superoxide radicals compared to 
gallic acid (GA), taken as a reference because of its 
interesting antioxidant properties. The  oxygen be-
haviour measurements were conducted in a 25 mL 
electrochemical cell using a three-electrode system. 
Superoxide radical anion was generated from com-
mercial molecular oxygen. The sweep rate was set at 
100 mV/s, with the applied potential ranging from 
–1.6 to 0 V relative to ECS at room temperature. DMF 
was used as the solvent, with 0.1 M NaBu4NPF6 serv-
ing as the supporting electrolyte (Fig. 3). For oxygen 
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in cyclic voltammetry, the reactions typically involve 
the reduction and oxidation of molecular oxygen at 
the electrode. In an ideal reversible process, the fol-
lowing reactions occur. Cathodic reaction represent-
ed the reduction of oxygen. At the cathode, oxygen 
is reduced to form the  superoxide anion (O2

−) or 
other reduced species, depending on the potential 
applied. The main reaction at typical voltages is

O2 + 2e– → O2
–.

This reaction occurs at more negative poten-
tials, where oxygen molecules accept electrons to 
form the  superoxide anion. The  anodic reaction 
represents the oxidation of oxygen. At the anode, 
the superoxide ion or other reduced oxygen species 
are oxidised back to molecular oxygen. The anodic 
oxidation reaction is

O2
– → O2 + 2e–.

This reaction occurs at more positive potentials, 
where the  superoxide anion is oxidised, releasing 
electrons and reverting back to molecular oxygen. 
The  general oxygen redox process involves a  re-
versible system. The overall redox process for oxy-
gen in a reversible cyclic voltammetry setup can be 
represented as

O2 + 2e– ⇌ O2
–.

In this case, the oxygen molecule (O2) is reversibly 
reduced to the superoxide anion (O2

–) at the cathode 
and oxidised back to oxygen at the anode.

The electrochemical study of the  behaviour of 
gallic acid with oxygen, which serves as the most 
potent antioxidant reference, is illustrated through 

the following cyclic voltammograms (Fig. 3). Gal-
lic acid, a potent polyphenol, exhibits strong oxida-
tion-reducing effects by scavenging reactive oxygen 
species (ROS) and neutralising oxidative damage. 
Its hydroxyl groups enable it to donate electrons or 
hydrogen atoms, stabilising free radicals like super-
oxide and hydroxyl radicals. Under the same con-
ditions as previously described, a  precise amount 
of Atriplex halimus L. extract (0.0178 mg dissolved 
in 20 mL of solvent) was introduced into the elec-
trochemical cell. The  resulting cyclic voltammo-
grams (Fig. 3) correspond to various oxygen-bub-
bled plant fractions. The calculated percentages of 
the  superoxide anion inhibition by the  standard 
antioxidant (gallic acid), as well as the studied ex-
tracts, are grouped in Table 8.

According to the  results in Table  8, it is sug-
gested that gallic acid gives a  good inhibition 
of superoxide radicals, with a  percentage of 
73.85%. Among the Atriplex halimus L. fractions, 
the Ouenza extracts showed the highest percent-
age inhibition, with the  W-Aq extract achiev-
ing 98.98% inhibition and the  W-BuOH extract 
reaching 94.84%. This suggests that these extracts 
contain molecules with hydroxyl groups involved 
in the  inhibition process. Intracellular oxidative 
stress arises due to the imbalance in the produc-
tion of reactive oxygen/reactive nitrogen species 
and cellular antioxidant defense mechanisms. 
The renewal of the body’s human cells is a contin-
uous metabolite transformation during our lives. 
This process causes oxidation, leading to free 
radicals, usually superoxide molecules that seek 
to fuse with other entities to complement each 
other  [74]. In addition to this natural phenome-
non in the human body, other sources of free radi-
cals come from food, radiation and pollution [75]. 

Ta b l e  8 .  Percentages of superoxide ion inhibition

Ia, mA/cm2 E, V Inhibition, % 

O2 01.0521 –00.5043 /

GA 00.2751 –00.5188 73.85

Extracts W T W T W T

DCM 00.7952 01.1439 –00.6320 –00.4790 24.42 (hp)

AcOEt 01.8059 00.7163 –00.5260 –00.5970 (hp) 31.92

BuOH 00.0543 01.8717 –00.5090 –00.5520 94.84 (hp)

Aq 00.0107 00.8832 –00.6110 –00.3740 98.98 16.05

(hp): higher percentage.
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These unstable entities are at the origin of the cell’s 
aging, the organ’s hardening causing the appear-
ance of cancers, as well as many other diseas-
es  [76, 77]. The  human body produces its own 
enzymatic and non-enzymatic antioxidants, but 
the nutritional intake rich in antioxidants of vege-
table origin is one of the major assets of protection 
against these radicals  [78, 79]. Various methods 
can evaluate the antioxidant activity of medicinal 
plants, including cyclic voltammetry, which is an 
electrochemical method to characterise oxidisable 
and reducible compounds in a solution. The anti-
oxidant activity of natural extracts was linked to 
the  redox comportment of polyphenol substitu-
ents (-OH), expressed by oxidation pics (inten-
sity (Ia) and potential (Ea)) and reduction pics if 
the system was reversible [80]. The W-Aq extract 
contains ferulic acid in the highest concentration, 
a compound known for its strong ability to neu-
tralise reactive oxygen species (ROS), thereby re-
ducing oxidative damage  [81]. Similarly, the  W-
BuOH extract contains both ferulic acid and 
quercetin in high concentrations. In addition to 
the effects of ferulic acid, quercetin exhibits a high 
capacity to donate hydrogen atoms, directly scav-
enging free radicals such as superoxide anions 
and hydroxyl radicals [82]. Furthermore, querce-
tin can chelate metal ions like iron, which catalyse 
ROS production, thereby preventing oxidative 
chain reactions [83, 84]. In contrast, the Tebessa 
extracts did not exhibit a  significant inhibitory 
activity. The W-AcOEt, T-DCM and T-BuOH ex-
tracts exhibited higher current values than oxy-
gen, suggesting that these fractions likely contain 
multiple oxidisable molecules capable of produc-
ing a  greater quantity of free radicals than oxy-
gen. In the presence of excess iron, quercetin may 
contribute to the redox cycling of iron, potentially 
leading to localised radical generation  [85]. This 
study confirms the previous study about A. hali­
mus from two geo-climatic zones of Algeria which 
were shown to contain phenolic compounds and 
exhibited anticholinesterase, antidiabetic, antibi-
ofilm and anti-quorum-sensing properties [86]. 

CONCLUSIONS

In conclusion, the study highlights the significant 
role of phenolic compounds in the  response of 
Atriplex halimus L. to environmental stress caused 

by mining iron dust. The results demonstrate that 
certain phenolic acids, such as caffeic acid, ferulic 
acid, quercetin and rutin, exhibit strong antioxi-
dant and antimicrobial properties, particularly in 
inhibiting biofilm formation and disrupting quo-
rum sensing in bacteria and fungi. These com-
pounds increase under stress conditions, high-
lighting the  plant’s adaptive strategy to mitigate 
oxidative damage and microbial threats. Inter-
estingly, while some compounds like p-hydroxy-
benzoic acid are more susceptible to oxidative 
degradation, others, like syringic acid and vanil-
lin, are more resilient and contribute to the plant’s 
defence mechanisms. The extracts from the plant 
also demonstrated a  significant antibacterial and 
anti-quorum sensing activity, with T-DCM and 
T-Aq extracts, in particular, showing a strong in-
hibition of violacein production in Chromobac­
terium violaceum CV12472. The interaction with 
mining iron dust enhanced the  production of 
bioactive secondary metabolites, which may alter 
bacterial signalling pathways, offering potential 
applications in both environmental and medical 
microbiology. Furthermore, the  plant’s ability to 
selectively inhibit enzymes such as AChE, BChE 
and α-glucosidase while leaving α-amylase less af-
fected reflects its evolved defence mechanisms in 
response to heavy metal stress. 

The present study demonstrates that the  phy-
tochemical composition and biological activities 
of Atriplex halimus  L. are strongly influenced by 
environmental conditions. Comparative analy-
sis between Tebessa City, Ouenza, and previous-
ly reported Saharan populations from Negrine 
suggests that different environmental pressures 
induce distinct metabolic adaptation patterns. 
While Saharan aridity mainly promoted drought-
associated metabolites, the  mining-area popula-
tion from Ouenza exhibited a  selective enrich-
ment in oxidative stress-related flavonoids and 
phenolic acids such as ferulic acid, rutin, querce-
tin, chlorogenic acid and catechin. These findings 
indicate that the metabolic modulation observed 
in Ouenza cannot be explained solely by climatic 
drought, since the  Saharan Negrine population 
was exposed to stronger aridity but did not exhibit 
similar accumulation patterns for several oxida-
tive stress-related metabolites. Therefore, the ob-
served phytochemical and biological changes like-
ly result from combined environmental pressures, 
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including semi-arid climatic conditions and 
chronic exposure to mining-derived particulate 
matter. The results further support the hypothesis 
that mining-associated oxidative stress contrib-
utes significantly to the adaptive metabolic repro-
gramming of Atriplex halimus. These suggest that 
Atriplex halimus  L. could be a  valuable resource 
for developing natural bioactive compounds to 
combat microbial biofilms and oxidative stress in 
mining-impacted environments.
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