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ABSTRACT

Driven by the growing interest in natural antioxidants for applications in the pharmaceutical and food industries,
medicinal plants have become prominent candidates for the discovery of bioactive molecules. This study investigates the
antioxidant properties and phytochemical composition of Aloysia citrodora (lemon verbena) through various extraction
approaches. Leaves of the plant were subjected to Soxhlet extraction using two solvents of distinct polarity: methanol and
hexane, yielding the Methanolic Extract (ME) and Hexane Extract (HE), respectively. The total phenolic and flavonoid
contents were quantified using established colorimetric assays, confirming the richness of both extracts in antioxidant
secondary metabolites. Antioxidant potential was assessed via the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging assay. The methanolic extract exhibited the highest free radical neutralization capacity (ICso = 0.024 pg/mL),
outperforming the hexane extract (ICso = 0.812 pg/mL) and the essential oil (ICso = 1.771 ug/mL). Furthermore, GC-MS
analysis of the hexane extract identified 15 volatile constituents, with major components including cis-Sesquisabinene
hydrate (29.96%), Spathulenol (25.19%), a- Curcumene (13.06%), and Geranyl-p-cymene (4.95%). These findings
highlight the significant antioxidant potential of Aloysia citrodora, particularly when extracted with methanol, and support
its traditional use as a medicinal herb. The integration of phytochemical quantification, chromatographic profiling, and
bioactivity evaluation provides a robust framework for future development in pharmaceutical and nutraceutical
applications.
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medicinal plants contain many active ingredients where some are the
result of secondary metabolism. Plants already produce 70% of
our drugs®®**. Approximately 170,000 bioactive molecules have been
identified from plants®.. To this end, secondary metabolites. are the
subject of much research, which leads to the identification of the
main active elements of the plant!®”. Many plants, foods or
medicines contain Antioxidant ingredients. Regular intake of
phytonutrients with antioxidant power Significantly associated
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with diseases linked to oxidative stress (cancer, cardiovascular diseases and atherosclerosis). This is
why we are interested in evaluating the antioxidant activity of verbenal®”l. Aloysia citrodora known by the
vernacular name "verbena" is an aromatic and medicinal plant of the Verbenaceae family, for food

1011 Tt has had a long history in traditional medicine such as the treatment of asthma, colds, fever

purposes!
and flu, it is used to fight flatulence, colic, diarrhea, indigestion, insomnia and anxiety. Lemon verbena is
also used against nervous conditions, palpitations, migraines, ringing in the ears and vertigo, it is also used to
lower blood sugar levels!!>!3), The essential oils of this plant are used in the treatment of cancers. Analyzes
carried out in vitro using various tests have shown the antioxidant, antispasmodic and anti-inflammatory
properties of the infused!"*!%). Numerous investigations have addressed the chemical profile and

e, 13161 ynderscored the abundance of phenolic

pharmacological attributes of Aloysia citrodora. For instanc
and flavonoid compounds in methanolic extracts, alongside their marked antioxidant capacity. Moreover,
essential oils derived from this species have been associated with anti-inflammatory effects and promising

17181 Degpite these findings, limited attention has been devoted to a comprehensive

anticancer activity
comparison of how different extraction solvents influence yield, chemical composition, and antioxidant
efficacy particularly through the combined application of gas chromatography—mass spectrometry (GC-MS)
and biological assays such as DPPH radical scavenging!!®?%. The present work seeks to fill this gap by
systematically evaluating methanolic and hexane extracts, as well as the essential oil of A. citrodoral?!-?%,
Through the integration of quantitative phytochemical assessments, GC-MS profiling, and antioxidant testing via
the DPPH assay, this study provides novel insights into the relationship between chemical constituents and
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biological activity!®]. Such an integrative methodology enhances our understanding of the therapeutic potential

of A. citrodora and supports its valorization in both pharmaceutical and functional food sectors!**23,

2. Materials and methods

2.1. Plant material

This study investigates the biological properties of Aloysia citrodora (lemon verbena) collected in
January 2018 from the Missour region (Boulemane Province, Morocco; coordinates: 33.05°N, 3.99°W).
After collection, the plant material was sorted and air- dried under shade at ambient temperature to preserve
its biochemical integrity. Once dried, the leaves were manually separated from other plant parts and finely
pulverized using a laboratory grinder?®2”!, The resulting plant powder was stored in airtight glass containers

to prevent moisture exposure, in preparation for solvent-based extraction using methanol and hexanel?*2),

2.2. Experimental procedures

2.2.1. Extraction of essential oil

The essential oil was obtained via hydrodistillation using a Clevenger-type apparatus, following the
protocol of*®3!1. Approximately 100 g of dried verbena leaves were immersed in a round-bottom flask filled
to two-thirds with distilled water and subjected to boiling for six hours. The steam carrying volatile
components was condensed, yielding a distillate in which the oil phase separated naturally from the

28,32

aqueous phase!®3, The essential oil was then recovered using a micropipette and stored in ambervials at

4°C. The extraction yield was calculated as a percentage of oil mass relative to the dry weight of the plant

material*334],

2.2.2. Solvent extraction of bioactive compounds

Soxhlet extraction was conducted using 40 g of dried A. citrodora leaf powder®!. The material was
placed in an extraction cartridge and processed separately with two solvents of distinct polarity:
methanol and hexane (both 99.9% purity; Merck, Germany)%. The apparatus operated under reflux for six
hours until plant material decolorization indicated exhaustion. Post-extraction, the solvents were removed
under reduced pressure using a rotary evaporator (BUCHI R-100, B-100 bath, V-700 vacuum pump). The
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concentrated residues (crude extracts) were stored at 5°C in sealed containers for further analysis. Extraction
efficiency (yield) was calculated using the formula (1) B7;

Yield(%) = [m—j x100 (1)

initial
Where: mextract is the mass of dried extract m initial is the mass of starting plant material.

2.3. Analytical and biological assays

2.3.1. GC-MS characterization of essential oil

Gas chromatography—mass spectrometry (GC-MS) was used to identify volatile constituents of
the essential 0il®®, The analysis was performed on a Perkin Elmer Clarus 680 GC coupled to a Q-8 MS
detector, equipped with an Rxi-5Sil MS capillary column and an autosampler. The system employed helium
as a carrier gas (1 mL/min), with electron ionization at 70 eV. Oven temperature was initially set to 40°C
for 2 minutes, then increased at 10°C/min up to 290°CP°), The injector temperature was maintained at
260°C, and a 0.5 pL sample was injected. Compound identification was based on mass spectral matching
and retention indices.

2.3.2. Quantification of total polyphenols

Total phenolic content was estimated using the Folin—Ciocalteu method as described by Zugazua-
Ganado et all*l. A reaction mixture containing 200 pL of extract, 800 uL of 7.5% Na.COs, and 1 mL of
diluted Folin reagent (1:10) was incubated at room temperature for 2 hours. Absorbance was measured at
765 nm using a UV-Vis spectrophotometer (LLG-Uni SPEC2). Gallic acid was used to construct a
standard calibration curve (40-140 pg/mL), and results were expressed as ug gallic acid equivalents
(GAE) per mg of extract.

2.3.3. Flavonoid content determination

Flavonoid levels were measured by the aluminum chloride colorimetric assay!*!!. Equal volumes (1 mL
each) of extract and 2% methanolic AICls were mixed and incubated for 15 minutes at room temperature.
Absorbance was read at 430 nm. Quercetin served as the standard (0-300 pg/mL), and flavonoid concentration
was expressed in pug quercetin equivalents (QE) per mg of extract.

2.3.4. Tannin content estimation

Tannins (hydrolyzable type) were quantified using the vanillin-HCI method*?). A mixture of 500 uL
extract, 3 mL of 4% vanillin-methanol solution, and 1.5 mL HCI was incubated for 15 minutes. Absorbance
was measured at 500 nm, and catechin was used as the reference standard. Tannin content was expressed
in pg catechin equivalents (CE) per mg of extract.

2.3.5. Antioxidant activity assessment
* DPPH Radical Scavenging Assay

Free radical scavenging capacity was evaluated using the DPPH method™®). A 0.3 mM methanolic
DPPH solution was mixed with various concentrations (40—350 ug/mL) of the extracts or essential oil.
After a 30-minute dark incubation at room temperature, absorbance was recorded at 517 nm. Ascorbic
acid served as a positive control. The inhibition percentage (I%) was calculated as follows:

(@)

% Inhibition = ( Acontrol - Asm’plj 100

Acontrol



ICso values, defined as the concentration required to reduce DPPH activity by 50%, were determined
to compare antioxidant strength*4],

*  FRAP (Ferric Reducing Antioxidant Power) Assay

The reducing power of the extracts was assessed using the FRAP method™®!. A mixture of extract,
phosphate buffer (pH 6.6), and 1% potassium ferricyanide was incubated at 50°C for 20 min. After adding 10%
trichloroacetic acid, the solution was centrifuged, and the supernatant was mixed with FeCls. Absorbance was
measured at 700 nm. The CEso value, corresponding to the concentration yielding 0.5 absorbance, was used to
express reducing potential, with comparisons made to ascorbic acid™®.

3. Results

3.1. Extraction yields

The extraction yields of Aloysia citrodora leaves collected in the Missour region are illustrated in
Figure 1. Among the tested extraction methods, the methanolic extract exhibited the highest yield (24.08%),
significantly surpassing both the hexane extract (2.72%) and the essential oil obtained by hydrodistillation
(0.1945%). These findings highlight the superior efficiency of methanol, a polar solvent, in extracting a
widerange of polar secondary metabolites.
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Figure 1. Comparison of extraction yields (%) of essential oil, hexane extract, and methanolic extract from Aloysia citrodora leaves
collected in the Missour region (Morocco).

Conversely, the lower yield obtained with hexane, a non-polar solvent, suggests selective extraction of
non-polar compounds!*”!. Although the essential oil yield remains low, it nevertheless confirms the presence
of volatile constituent’s characteristic of A. citrodora’s aromatic profile. Overall, the observed variation
in yields emphasizes the critical role of solvent polarity in phytochemical recovery, and supports the use
of complementary extraction techniques to fully characterize the plant’s chemical potential.

Table 1 below summarizes the results of the study of the yield of verbena extracts collected in the Missour
region.

Table 1. Yields of different extract.

Essential oil Hexane extract Methanolic extract

Yields %  0.1945 2.72 24.08
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3.2. Chemical characterization of essential oil by GC-MS

The volatile constituents of Aloysia citrodora essential oil, extracted from leaves collected in the Missour
region, were identified using gas chromatography—mass spectrometry (GC-MS). The resulting total ion
chromatogram (TIC) is displayed in Figure 2, while the detailed chemical composition and retention
times of the major compounds are listed in Table 2.

T2_Tabyaoui + 31-Feb = 1750:49

100

Figure 2. GC-MS chromatographic profile of A. citrodora essential oil.

A total of 97.38% of the essential oil composition was successfully identified, highlighting the
high analytical resolution of the method employed. The essential oil was predominantly composed of
sesquiterpene derivatives, with cis-Sesquisabinene hydrate (29.96%) and Spathulenol (25.19%) representing
the most abundant constituents. Other notable components included alpha-Curcumene (13.06%), Geranyl-p-
cymene (4.95%), and y-Cadinene (3.34%). These results suggest that the essential oil is rich in oxygenated
sesquiterpenes and sesquiterpene hydrocarbons, compounds widely recognized for their pharmacological and
aromatic properties!*].

Table 2. Chemical composition of Aloysia citrodora essential oil from the Missour region.

Compounds Percentage % Retention time

Copaene 1.287 5.446

(-) -béta-bourbonene 2.603 5.643
Caryophyllene 2.633 6.407
Alloaromadendrene 1.165 7314
Alpha-Curcumene 13.058 7.641
Germacrene D 1.066 8.091
y-Cadinene; 3.342 8.578
Nerolidol 3.070 9.562
Spathulenol 25.185 10.286
Cis-Sesquisabinene hydrate 29.961 10.443




Compounds Percentage % Retention time

(-) -cuparene 1.983 10.529
Alpha-Terpinene 1.490 11.587
(-) -béta-Cadinene 2.937 11.837
Geranyl-p-cymene 4.947 12.184
Isosteviol 2.654 12.604
Total 97.381
Reste Traces 2.619

Table 2. (Continued)

The dominance of oxygenated sesquiterpenes such as Spathulenol and cis- Sesquisabinene hydrate
is consistent with previous reports associating these molecules with anti-inflammatory, antimicrobial, and
antioxidant activities. The presence of monoterpenes and other minor constituents further contributes to
the oil’s complexity and potential bioactivity.

Taken together, the GC-MS analysis provides a detailed chemical fingerprint of A. citrodora essential
oil, supporting its traditional medicinal use and laying the foundation for further pharmacological

investigations.

3.3. Determination of total polyphenol content

The quantification of phenolic compounds in the different extracts of Aloysia citrodora was performed
using the Folin—Ciocalteu method, and the results were extrapolated from a standard calibration curve
constructed using gallic acid. As shown in Figure 3, the curve exhibits a strong linear correlation between
absorbance and concentration, with a determination coefficient of R?> = 0.9966, indicating high reliability
of the analytical method. The linear regression equation obtained was y = 0.0116x + 0.0347.

Polyphenols

(1): y=0.0116x+0.0347

R?=0.9966
2.5

=
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100 i 1}'30 200 250
Concentration (ug/mg)
Figure 3. Calibration curve of gallic acid used for the determination of total phenolic content in 4. citrodora extracts.

Based on this calibration, the methanolic extract demonstrated the highest concentration of total
polyphenols, reaching 215 ug GAE/mg of extract, followed by the hexane extract with a lower value of
165 ug GAE/mg (Table 3).



Table 3. Total polyphenol content (ug GAE/mg of extract) in methanolic and hexane extracts of Aloysia citrodora.

Methanolic Extract 215

Hexane Extract 165

These findings confirm the greater efficiency of methanol as a polar solvent in extracting phenolic
compounds, which are known to be key contributors to antioxidant activity!*”'.

The difference in polyphenol content between the two extracts can be attributed to the solvent’s polarity
and its ability to dissolve hydrophilic phytochemicals. Methanol, being highly polar, facilitates the
extraction of polyphenols, whereas hexane, a non- polar solvent, extracts fewer polar constituents. The
high phenolic content in the methanolic extract is consistent with its stronger radical scavenging capacity
observed in the DPPH assay. These results reinforce the significance of solvent selection in optimizing
the recovery of phenolic antioxidants and support the potential use of methanolic extracts of A. citrodora
in nutraceutical and pharmaceutical applications.

3.4. Determination of total flavonoid content

The total flavonoid content in Aloysia citrodora extracts was assessed using the aluminum
chloride colorimetric method, with quercetin serving as the reference standard. The calibration curve,
constructed over a range of known concentrations, exhibited excellent linearity with a determination
coefficient of R? = 0.998, and the regression equation was established as y = 0.015x — 0.0296 (Figure 4).
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Figure 4. Calibration curve of quercetin for the quantification of total flavonoids in 4. citrodora extracts.

Based on this calibration, flavonoid concentrations were expressed in micrograms of quercetin
equivalents per milligram of extract (ug QE/mg). As shown in Table 4, the methanolic extract contained the
highest level of total flavonoids, with a value of 125 pg QE/mg, whereas the hexane extract presented a
significantly lower concentration of 66 pg QE/mgP?l.

Table 4. Total flavonoid content (ug QE/mg of extract) in methanolic and hexane extracts of Aloysia citrodora.
Methanolic Extract 125

Hexane Extract 66




3.5. Determination of tannin content

The quantification of tannins in Aloysia citrodora extracts was carried out using the vanillin—-HCI
colorimetric assay, with catechin employed as the reference compound.

The calibration curve generated from a series of catechin standards demonstrated excellent linearity,
with a correlation coefficient of R* = 0.9937 and a regression equation of y = 0.011x + 0.0366 (Figure
5).
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Figure 5. Calibration curve of catechin for the determination of tannin content in Aloysia citrodora extracts.

Tannin concentrations in the extracts were expressed as micrograms of catechin equivalents per
milligram of extract (ug CE/mg). As shown in Table 5, the methanolic extract exhibited a notably higher
tannin content (65 pug CE/mg) compared to the hexane extract, which recorded only 28 ug CE/mg. These
results reaffirm the superior efficacy of methanol in extracting phenolic-type compounds, including
hydrolyzable tannins®!l,

This enhanced extraction capacity is primarily attributed to the high polarity of methanol, which facilitates
the solubilization of polyphenolic structures, in contrast to hexane, whose non-polar character limits the
recovery of such hydrophilic constituents.

Table 5. Comparison of tannin content (pg catechin equivalent per mg of extract) between methanolic and hexane extracts.

Methanolic Extract 65

Hexane Extract 28

Taken collectively, the tannin content data along with previously discussed phenolic and flavonoid
levels support the conclusion that methanol is the most suitable solvent for maximizing the extraction of
antioxidant phenolics from A. citrodora. These findings underscore the plant’s potential as a natural
source of bioactive compounds for pharmaceutical or nutraceutical formulations.

3.6. Evaluation of antioxidant activity

* DPPH Radical Scavenging Assay

The antioxidant potential of Aloysia citrodora extracts and essential oil was assessed using the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay, a well- established and widely applied
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method due to its simplicity and reproducibility®?!. This assay is based on the ability of antioxidant compounds
to donate hydrogen atoms or electrons to neutralize the DPPH radical, resulting in the formation of a stable,
non-radical molecule (DPPH-H). The reduction in DPPH absorbance correlates directly with the
scavenging ability of the tested sample.

DPPH Test
__ 100
s r.* ——0— $
.5 80
©
N 60
©
5 40
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S 20
(0]
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8 0
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o 0 0.5 1 1.5 2 2.5
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—@— Ascorbic Acid (%) Essential oil (%)
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Figure 6. DPPH radical scavenging activity (%) of A. citrodora extracts, essential oil, and ascorbic acid at varying concentrations.

As shown in Figure 6, an increase in the concentration of all tested samples led to a corresponding
enhancement in radical scavenging activity. Ascorbic acid, used as areference antioxidant, exhibited the
highest neutralization capacity, reaching over 90% inhibition at low concentrations. Among the natural
samples, the methanolic extract showed superior activity compared to both the hexane extract and the
essential oil, with a pronounced dose-dependent response.

The antioxidant effectiveness of each sample was quantitatively expressed using the 1Cso value, defined
as the concentration required to inhibit 50% of DPPH radicals.

These values, determined by regression analysis of the dose-response curves, are presented in Table 6.
Lower ICso values indicate stronger antioxidant activity. The methanolic extract demonstrated the most potent
scavenging capacity with an ICso of 0.024 pg/mL, followed by the hexane extract (0.812 ug/mL) and the
essential oil (1.771 pg/mL). Ascorbic acid, as expected, exhibited the strongest activity overall (ICso = 0.007
ug/mL).

Table 6. ICso values (ng/mL) of the tested samples in the DPPH assay.

Methanolic Extract 1C50=0.024
Hexane Extract IC50=0.812
Essential oil IC50=1.771
Ascorbic Acid 1C50=10.007

These results confirm the richness of the methanolic extract in bioactive antioxidant compounds, likely
phenolics and flavonoids, aligning with previous phytochemical findings. The relatively weaker activity

of the hexane extract and essential oil reflects the lower polarity and thus reduced extraction of hydrophilic
antioxidant molecules.

e FRAP Assay



The reducing capacity of Aloysia citrodora extracts and essential oil was evaluated using the Ferric
Reducing Antioxidant Power (FRAP) assay, which measures the electron-donating ability of antioxidant
compounds to reduce Fe** to Fe?' in the presence of potassium ferricyanide. The assay is based
on spectrophotometric detection at 700 nm, where increased absorbance reflects  greater reducing power>,

As shown in Figure 7, the absorbance values increased proportionally with sample concentration for all
extracts tested, as well as for the reference standard, ascorbic acid. The methanolic extract demonstrated the
strongest reducing ability among the tested samples, exhibiting a steep concentration-dependent increase in
absorbance. In contrast, the hexane extract and essential oil showed much lower responses, indicative of
weaker electron-donating activity.

FRAP test
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Figure 7. Reducing power of 4. citrodora extracts and essential oil assessed by the FRAP method.

To quantitatively compare the antioxidant power of the samples, the ECso value (the effective
concentration required to reach an absorbance of 0.5) was calculated. As presented in Table 7, the methanolic
extract exhibited an ECso of 0.158 mg/mL, outperforming both the hexane extract (1.225 mg/mL) and the
essential oil (1.578 mg/mL). As expected, ascorbic acid showed the strongest reducing activity with an ECso of
0.049 mg/mL.

Table 7. ECso values (mg/mL) of tested samples in the FRAP assay.

Methanolic Extract EC50=0.158
Hexane Extract EC50=1.225
Essential oil EC50=1.578
Ascorbic Acid EC50=0.049

These findings are consistent with the previous DPPH assay results and further validate the superior
antioxidant potential of the methanolic extract. The enhanced reducing capacity observed can be
attributed to the presence of phenolic and flavonoid compounds, which are known to act as effective
electron donors.
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4. Discussion

Our study aimed to evaluate certain biological characteristics of extracts and essential oil of Aloysia
citrodora harvested with different extraction methods (contents of polyphenols, flavonoids, and tannins). The
results obtained highlighted the respective importance of these different factors for obtaining extracts of
biological or even therapeutic interest from verbena. The results obtained showed a significant variability in
the contents of phenolic compounds in the extracts of the aerial parts (leaves) of verbena (Aloyisia citrodora).
The extracts obtained by Soxhlet in a methanolic medium are significantly richer in polyphenol flavonoids and
tannins than those obtained in a hexanic medium. Previously, Michielin et al., had already reported that the
contents of polyphenol flavonoids and tannins obtained by Soxhlet are higher when the extraction is carried
out with ethanol. It is well established that extraction with a Soxhlet type device makes it possible to isolate
the active ingredients of plants without degrading them. Based on these results, methanol constitutes the ideal
solvent for the extraction of phenolic compounds from the verbena plant!*,

This result is inconsistent with the observations of Fernandez-Agullé et al., who reported that the
polyphenol contents of extracts of walnut leaves (Juglans regia), another species of phytotherapeutic interest,
are higher when the extraction is carried out with ethanol rather than water>!. These differences in solubility
of phenolic compounds depending on the polarity of the extraction solvent essentially depend on the nature,
structure, degree of polymerization and interaction of these compounds with each other Naczk & Shahidi,
2004; Maisuthisakul et al., 2006°%>7.

Regarding antioxidant activity, the results obtained (DPPH test) showed that the methanolic extract
exhibited higher antioxidant activity than the hexanic extract and the essential oil across the entire range of
concentrations studied. Similarly, the results obtained (FRAP test) demonstrated that the methanolic extract
had greater reducing activity than both the hexanic extract and the essential oil. Thus, the lowest IC50 and
ECS50 values for free radical scavenging and iron-reducing activities were recorded with the methanolic
extracts, indicating better antioxidant activity when extraction is performed with methanol rather than hexane.

Furthermore, Sheyla et al. (2011) reported that ethanolic extracts of Verbena officinalis have a stronger
antioxidant power (IC50 = 21 mg/mL) than aqueous extracts (IC50 = 33 mg/mL)2],

In the more specific context of antioxidant activity, our work also highlighted the importance of the
geographical origin of verbena on the antioxidant potential of the plant’s extracts, with those from the
Boulemane region exhibiting significantly stronger activity (lower IC50).

This variation among plants of the same species but from different localities/origins in Morocco has
already been documented in the literature, particularly for another medicinal plant, the nodiflorous ice plant
581 Environmental factors (sunlight exposure, rainfall), especially edaphic conditions (water deficit, excessive
salinity), explain these differences through their influence on the plants' ability to synthesize and accumulate
total polyphenols, and consequently, their antioxidant potential’®®!. Concerning the Analysis of the oil by GC-
MS the result showed that the main components of the essential oil were alpha-Curcumene (13.058%),
Spathulenol (25.185%), cis-Sesquisabinene hydrate (29.961%), and Geranyl-pcymene (4.947%). On the other
hand, Bellakhdar analyzed the essential oil from the flowering tops of the fragrant verbena Aloyisia triphylla
grown in the Agadir region (Morocco) which was found to contain 9.9% geranial, 6.9% neral, 7, 4% 6-methyl-
5-hepten-2-one and 12.4% 1,8-cineole!*,

In Tiirkiye, Ozek noted that verbena EO from the leaves contains 14.8% limonene and 17.9% citrals while
that from leafy branches contains 18.6% limonene and 27.9% citrals. (Ibrahim et al., 2015) found in the
essential oil of fragrant verbena cultivated in Egypt: d-limonene (6.3 -16.2%), 1.8 cineole (4.7% - 7.3%) and
citral (19.9% - 28.8%). These specifications are of great practical interest and could be used for the
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standardization of fragrant verbena, by characterizing, among other things, varieties rich in toxic substances,
in this case B-thujone!®!,

5. Conclusion

The findings of this study reinforce the relevance of Aloysia citrodora as a valuable botanica source of
bioactive molecules, particularly antioxidants. Through comprehensive phytochemical screening and
antioxidant evaluation, the methanolic extract consistently demonstrated superior performance in terms of
phenolic, flavonoid, and tannin content, as well as in its radical scavenging (DPPH) and reducing (FRAP)
activities. This efficiency is strongly attributed to methanol’s high polarity, enablingthe effective
solubilization of diverse polar secondary metabolites. Gas chromatography mass spectrometry (GC-MS)
analysis of the essential oil revealed a chemical profil dominated by oxygenated sesquiterpenes, including
cis-Sesquisabinene hydrate and Spathulenol, which are compounds frequently associated with antioxidant,
anti-inflammatory, and antimicrobial properties. The distinct chemotype observed suggests that geographical
factors, such as soil composition and climate in the Boulemane region, may influence both the qualitative and
quantitative composition of secondary metabolites. Antioxidant testing clearly established the methanolic
extract as the most potent among the tested samples, with the lowest ICso and ECso values in both DPPH and
FRAP assays, confirming its capacity to neutralize free radicals and reduce ferric ions effectively. In contrast,
the hexane extract and essential oil exhibited weaker antioxidant responses, correlating with their lower content
in polar phenolic compounds.

Collectively, these results support the use of methanol as the solvent of choice for the extraction of
antioxidant constituents from A. citrodora. The study also highlights the importance of extraction
methodology and plant origin in shaping the phytochemical profile and biological efficacy of herbal
preparations. These insights lay the groundwork for further pharmacological investigations and valorization
of Aloysia citrodora in the formulation of antioxidant-rich nutraceuticals and herbal therapeutics.
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