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Maximizing the value of agricultural by-products is critical for advancing sustainable development and mini-
mizing waste. This study delves into the solid by-products of Rosmarinus tournefortii de Noé, focusing on their
fractionation and purification to unveil valuable bioactive compounds. Using flash chromatography, nine distinct
fractions (F1 to F9) were successfully isolated. Cutting-edge analytical techniques including FTIR, UHPLC-MS/
MS, and 2D NMR (HSQC, HMBC and COSY) confirmed the presence of novel labdane diterpenoids (PF1), 24-
nor-ursane triterpenoids (PF5), and ent-kaurane diterpenoids (PF6). Furthermore, HPLC-DAD profiling
revealed rosmadial (79.43 % in F4) and luteolin (70.14 % in F7) as the dominant phenolic compounds. Notably,
the crude extract demonstrated remarkable antioxidant activity, with an IC50 of 0.04+0.23 mg/mL. Fractions F7
and F8 also exhibited strong antioxidant potential, with IC50 values of 0.35+0.07 mg/mL and 0.36+0.02 mg/
mlL, respectively. Purified fractions PF7 and F8, enriched with luteolin and 3-hydroxyflavone, proved highly
effective for pigmentation control, with PF7 showing an IC50 of 0.045+0.007 mg/mL. In addition, antimicrobial
assays revealed that the 24-nor-ursane triterpenoid and fraction F6, containing ent-kaurane and carnosol, dis-
played potent inhibitory effects against Rhodotorula glutinis (24.1 mm). Molecular docking studies further
highlighted PF5 as a potent inhibitor of alpha-amylase (-5.856 kcal/mol) and tyrosinase (-4.385 kcal/mol), while
PF1 surpassed acarbose in alpha-glucosidase inhibition with a binding energy of —5.898 kcal/mol. Collectively,
these findings highlight the immense potential of R. tournefortii by-products as a rich source of bioactive com-
pounds for health and skincare, offering promising, sustainable solutions for the pharmaceutical, cosmetic and
food preservation industries.

1. Introduction through optimized recycling and using wastes as inputs for new material

creation. This shift is essential for transforming waste into useful re-

The linear model remains dominant in the current global market,
characterized by a “produce, use and dispose” approach. Within this
system, 76 % of waste goes to landfills or incinerators, while only 12 % is
recycled (Mir-Cerda et al., 2023). The circular economy framework
opposes this model by minimizing material usage and waste generation

sources and achieving sustainability (Freitas et al., 2021). Studies on
food products’ chemical and functional features highlight the vast va-
riety of bioactive compounds present in non-edible parts. Extracted
compounds can offer significant value across several sectors, including
functional food, nutraceutical, pharmaceutical, and cosmeceutical
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industries (Mohammadnezhad et al., 2023). Recovering bioactive
compounds from food-origin waste has become a central focus of food
science, providing a cost-effective and eco-friendly approach for the
food industry (Capanoglu et al., 2022).

Recent work has highlighted the potential of industrial waste as a
source of valuable compound isolation. For instance, Shen et al. (2022)
developed a two-dimensional chromatography system coupled with a
macroporous adsorption resin, achieving purities above 99.0 % of
high-purity bioflavonoids from Ginkgo biloba exocarp wastes. Similarly,
Bermtdez-Oria et al. (2024) isolated trans and
cis-p-coumaroyl-secologanoside from olive oil waste at purities ranging
from 80 % to 85 %, along with enhanced antioxidant activity. These
studies are extremely important for the efficient sequential isolation of
industrially valuable compounds from wastes, creating new opportu-
nities for the development of bioactive agents within the scope of green
pharmaceutical chemistry.

Building on these concepts, the genus Rosmarinus L., part of the
Lamiaceae family, includes three Mediterranean-native species: Ros-
marinus tournefortii de Noé, Rosmarinus officinalis L., and Rosmarinus
tomentosus (Najar et al., 2020). R. tournefortii (also known as Rosmarinus
eriocalyx Jord. & Fourr. or Salvia jordanii J.B.Walker) is an aromatic
evergreen shrub native to the Mediterranean, particularly abundant in
North Africa, including Algeria, Morocco, and parts of Spain. Closely
related to R. officinalis, it is distinguished by its smaller, densely hairy
leaves (5-15 mm long and less than 2 mm wide) and double glandular
hairs on the flower stems and calyx (Bendif et al., 2017a). Typically
found in rocky, mountainous areas, R. tournefortii grows prostrate,
generally under 25 cm in height but occasionally reaching up to 1 m.
R. tournefortii has long been valued for its rich phenolic content, which
provides potent anti-inflammatory effects and supports various medic-
inal applications (Nunziata et al., 2019). It is commonly used as a
digestive aid to relieve abdominal pain, bloating, diarrhea, and gas.
Additionally, it supports respiratory health by treating coughs and
asthma, acts as a febrifuge to reduce fevers, and helps manage low blood
pressure (Bendif et al., 2018). Beyond its medicinal applications,
R. tournefortii exhibits strong antioxidant and antimicrobial properties,
making it valuable in food preservation, cosmetics, and agriculture
(Bensouici et al., 2020). Its ability to combat oxidative stress and inhibit
microbial growth highlights its potential as a natural preservative and
pesticide, with wide-ranging applications across various industries.

Despite the extensive study of R. tournefortii extracts, the by-products
from plant-based industries remain underutilized. Our group has pre-
viously published studies focusing on optimizing the extraction of
bioactive compounds from R. tournefortii solid by-products, identifying
the best ethanol/water solvent mixtures to maximize phenolic content
and biological activity (Ziani et al., 2023). Furthermore, R. tournefortii
by-products, especially those from wastewater, have demonstrated su-
perior antioxidant capacity and significant inhibition of pancreatic
a-amylase, highlighting their potential for diabetes management and
environmental sustainability (Ziani et al., 2024a). Additionally, nano-
technology studies have shown that green-synthesized silver nano-
particles (AgNPs) derived from R. tournefortii by-products improved
biodegradable composites, emphasizing the plant’s potential for sus-
tainable development and advanced material science applications (Ziani
et al., 2024b). While extraction and valorization of R. tournefortii
by-products have been explored, studies on the purification of specific
bioactive molecules remain absent. In contrast, Chen et al. (2022)
identified new labdane and isopimarane diterpenoids exhibiting rele-
vant neuroprotective effects against oxidative damage in SH-SY5Y cells
from R. officinalis solid wastes after essential oil extraction. This is the
only study to date focusing on the purification of rosemary by-products,
highlighting the need for similar research on R. tournefortii and marking
it as a promising area for future exploration.

For this purpose, the present study investigates the bioactive po-
tential of solid by-products of R. tournefortii by identifying and charac-
terizing novel complex compounds using thin-layer chromatography
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(TLC), high-performance liquid chromatography (HPLC) and UHPLC-
MS/MS. New compounds, including labdane diterpenoids, nor-ursane
triterpenoids, and ent-kaurene diterpenoids, are further analyzed
using FTIR and D and 2D NMR techniques (including HSQC, HMBC and
COSY). The bioactivities of these compounds, including antioxidant,
tyrosinase inhibition and antimicrobial activities, are evaluated for their
potential applications in pharmaceuticals, cosmetics and food preser-
vation. Furthermore, molecular docking studies on purified compounds
assess their binding affinities and mechanisms of action against alpha-
amylase, alpha-glucosidase and tyrosinase. These docking studies pro-
vide insights into the compounds’ efficacy and enhance understanding
of their bioactivity. Such studies are essential for understanding the
interaction between the compounds and target enzymes, offering in-
sights into their efficacy and predicting their bioactivity. Additionally,
the impact of purification and fractionation on bioactivity is investi-
gated to determine whether these processes enhance the effectiveness of
the compounds. The study’s significance lies in its potential to offer
sustainable solutions for agricultural waste recovery and advance the
use of bioactive compounds in various industries.

2. Materials and methods
2.1. Plant material, extraction, fractionation and purification

Fresh leaves from the wild plant Rosmarinus tournefortii de Noé were
harvested during the flowering stage on 15 March 2022, from the
Megrez forest in the Oriental region of Morocco (Ziani et al., 2024b,
2023). The plant was authenticated by botanist Elachouri Mostafa from
Mohammed First University, Oujda, and the specimen was recorded in
the university’s herbarium under the reference number HUMPOM-812.
The fresh leaves were air-dried in the shade at room temperature for 10
days. Once dried, approximately 100 kg of leaves were distilled on a
pilot scale for 3 hours to extract the essential oil. The solid by-product
resulting from this distillation process was then powdered and
air-dried for an additional 15 days. After drying, the pulverized solid
by-product was extracted with 250 mL of methanol in a Soxhlet appa-
ratus for 8 hours. The extract obtained was concentrated and fraction-
ated on a 40-60 pm silica gel column, eluted with solvents of increasing
polarity, to give 9 fractions (Fig. 1(A)). More specifically, the first
fraction, F1, was obtained with 100 % hexane. For the second, third and
fourth fractions, a 50-80 % hexane gradient in ethyl acetate was used.
The fifth fraction, F5, was eluted with 100 % ethyl acetate. The sixth and
seventh fractions were eluted with 80 % and 0 % ethyl acetate in
methanol, respectively. The last two fractions were obtained using an
eluent of 0.1 % formic acid in water. During fractionation, pressure was
manually applied by adjusting the valve to regulate the flow through the
flash column. To further analyse the compounds present in the fractions,
thin-layer chromatography was performed in 0.25 mm, 40-60 pm,
230-400 mesh. Four fractions were considered for purification, namely
F1, F5, F6 and F7. The first fraction F1 was purified by several ethanol
washes. Similarly, fractions F6 and F7 were purified using ethyl acetate.
Fraction F5 was further purified by recrystallization in 50 % ethanol in
methanol.

2.2. Spectroscopic characterisation

Compounds isolated from the by-product fractionation of
R. tournefortii were characterized using various analytical techniques.
The first approach involved Attenuated Total Reflectance-Fourier
Transform Infrared analysis, conducted with a Jasco 4700-FTIR spec-
trometer from Shimadzu, Japan. This analysis aimed to compare the
properties of dehydrated plant material with those of the isolated
compounds and to determine the primary functional groups present (El
Guerraf et al., 2023). ATR-FTIR spectra were recorded over a wave-
length range of 500-4000 cm™!. Nuclear magnetic resonance spectros-
copy was also performed to verify and characterize the molecular
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Fig. 1. (A) Extraction, fractionation, and selected fraction (F1, F5 and F6) for the purification process of R. tournefortii solid by-product. (B) Thin layer chro-
matographic analysis of the methanolic extract from the solid by-product of R. tournefortii.

structure of these compounds. In addition to D NMR spectra, three key
2D NMR methods were employed: Heteronuclear Single Quantum
Coherence Heteronuclear (HSQC), Multiple Bond Correlation (HMBC)
and Homonuclear Correlation Spectroscopy (COSY) (Elyashberg, 2015).
NMR spectra were obtained using a Bruker Avance 700 MHz spec-
trometer for 1H, HMBC, HSQC and COSY experiments. Chemical shifts
(8) were referenced relative to tetramethylsilane (TMS) and residual
proton solvent resonances: DMSO at 2.50 ppm for 1H and 39.5 ppm for
HMBC and HSQC; Ethanol at 1.06, 3.44, and 4.35 ppm for 1H, and 18.51
and 56.07 ppm for HMBC and HSQC; and Methanol at 3.17 and 4.10
ppm for 1H, and 48.59 ppm for HMBC and HSQC NMR (Ruan et al.,
2022).

2.3. Chemical profile of separated compounds

HPLC analysis was performed based on the method described by Liu
etal. (Liu et al., 2011). The analytical column used was a reverse phase
Zorbax SB-C18 column (4.6 mm x 250 mm, 5 pm) at ambient temper-
ature. A volume of 10 pL of each sample was injected into a

Hewlett-Packard system from Germany, equipped with a quaternary
pump and a photodiode array UV—vis detector. Acetonitrile (A) and
water (B) were used as the mobile phase, both of which were acidified
with 0.1 % formic acid. The gradient was described as follows: 0 min,
40 % A; 2 min, 50 % A; 10 min, 50 % A; 15 min, 70 % A; 25 min, 70 %
A; 32 min, 40 % A. The flow rate stood at 0.5 mL/min, with detection
wavelengths configured at 280 and 330 nm. By examining retention
periods and spectra alongside commercially available reference com-
pounds, the phenolic components were pinpointed. Additionally, the
first three fractions and the isolated compounds were analyzed via direct
injection in negative mode using UHPLC-MS/MS (a UHPLC Agilent 1290
Infinity II LC combined with an Agilent 6470 Triple Quad LC-MS/MS
mass detector with MassHunter ChemStation) to determine the mass
spectra within a scan range of 50-1100 m/z.

2.4. DPPH" radical scavenging capacity

The ability of R. tournefortii by-product fractions and their isolated
compounds to scavenge DPPH® free radicals was assessed using the
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technique published by Mahnashi et al. (2021). The procedure relied on
the creation of the nonradical DPPH-H form, which occurs when the free
radical DPPH is stabilized by a hydrogen-donating antioxidant (Mollica
et al., 2019). Briefly, 500 uL of both the crude extract and its purified
fractions were combined with 2500 uL. of DPPH radical solution
(4 mg/100 mL). The resulting solution was incubated in dark conditions
for 60 min at ambient temperature. A UV-Vis spectrophotometer was
applied to quantify the absorbance at 517 nm. DPPH-radical inhibition
(%) was calculated based on the following equation Eq. (1) (Bouakline
et al., 2024).

DPPH Inhibition(%) — AOA;OAC x 100 &)
Where AO is the absorbance value of the negative control and AC is the
absorbance value of the tested sample. The DPPH radical-scavenging
activity was quantified as the IC50 value, which represents the con-
centration required to inhibit 50 % of the free radicals. This value is
determined graphically by plotting the inhibition percentage (1%)
against the concentration (C) and extrapolating the concentration cor-
responding to 50 % inhibition from the curve along the x-axis.

2.5. Tyrosinase inhibition

Inhibition of tyrosinase was assessed using the tyrosinase enzyme as
described by Peng et al. (2021) with modest modification. The enzyme
solution (625 U/mL) was prepared by mixing 0.95 mg of the commer-
cial enzyme (6540 U) in 10 mL of phosphate buffer (0.05 M, pH 6.5).
The solution was divided into 1 mL portions and frozen at —22°C until
use. The aliquots were frozen only once. During handling, the enzyme
solution was kept in an ice bath and prevented from reaching room
temperature to avoid enzyme hydrolysis and loss of activity (Stefanucci
et al., 2020). Briefly, 100 pL of samples (dissolved in phosphate buffer)
at different concentrations (0.01-1 mg/mL) were mixed with 50 pL of
tyrosinase (625 U/mL), then 250 pL of phosphate buffer (0.05 M, pH
6.5) was added. After a 15-minute pre-incubation at room temperature,
400 pL of L-Dopa (1 mM) as substrate was added to the mixture to start
the enzymatic reaction. The kinetics of inhibition for tyrosinase were
measured at 15-sec intervals for 5 min at 475 nm using the UV-VIS
spectrophotometer, Shimadzu UV 1650-PC. The tyrosinase inhibition
rate was determined according to Eq. (2) (Peng et al., 2021). Where AO
corresponds to the phosphate buffer, representing the absorbance of the
negative control, and AC corresponds to the samples tested. Linear
regression analysis was applied to calculate the concentration of the
crude extract and its fractions (IC50) needed to inhibit 50 % of
tyrosinase.

(AO — AC)

Tyrosinase Inhibition(%) = A0

x 100 ()]

2.6. Bacterial strains and growth conditions

The antimicrobial activity of the crude R. tournefortii solid by-
products, fractions and isolated compounds against eight common
food-borne pathogens. These pathogens included two Gram-positive
strains: L. innocua (ATCC 33090) and S. aureus (ATCC 25923); two
Gram-negative strains: E. coli (ATCC 25922) and P. aeruginosa (ATCC
27853); two molds: Geotrichum sp. (ATCC 34614) and Aspergillus niger
(ATCC 16404); and two yeasts: Penicillium (ATCC 7861) and Rhodotorula
glutinis (ATCC 15125). All bacterial and fungal strains were obtained
from the American Type Culture Collection (ATCC). The antimicrobial
activity was tested using the agar diffusion method. Strains of Gram-
negative and Gram-positive bacteria, yeasts, and molds were diluted
and adjusted to 0.5 McFarland, corresponding to 108 CFU/mL for bac-
teria and yeasts, and 108 spores/mL for molds. Fresh cultures were
diluted in Mueller-Hinton broth in the case of bacteria, yeasts, and
molds, and in sterile physiological water, they were used for both before
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inoculation on the surface of the Petri dish. The solid-state diffusion
assay, as described by Zamuz et al. (2021), was applied. Mueller-Hinton
agar (MHA), seeded with the bacterium or fungus to be tested is
perforated to create wells (6 mm), which are then filled with a 10 pL
volume of sample (2 mg/mL). Agar plates were incubated for bacterial
growth for 18 hours at 37 °C and for fungal growth for 48 hours at 25°C
(Bhattacharjee et al., 2022). The diameter of the inhibition zone in the
agar gel was used to assess the antimicrobial activity of the crude
R. tournefortii by-product extract and its fractions. Each test was per-
formed three times. Positive controls against fungi and bacteria were
cycloheximide and gentamicin, respectively.

2.7. Computational simulation and molecular interaction study

2.7.1. Ligands preparation

The three-purified compounds, PF1, PF5 and PF6, were molecularly
modelled using Maestro version 13.8 from Schrodinger LLC, New York,
NY, USA (Zhang et al., 2021). To compare the result of the experiment,
Acarbose and kojic acid were employed as positive control standards.
The correct bond order was used in the preparation of the structure with
the help of LigPrep package from the Schrodinger software system. All
compounds were then translated to SDF format by using Maestro and
minimized with OPLS 2005 force field using the default parameters for
energy minimization (Vant et al., 2020).

2.7.2. Molecular docking and protein synthesis

Molecular docking investigations were conducted using X-ray crystal
structures obtained from the Protein Data Bank. The structures analyzed
included "Human Pancreatic Alpha-Amylase Bound to Acarbose" (PDB
ID 1B2Y, 3.20A resolution), "Human Lysosomal Acid-Alpha-
Glucosidase Bound to Acarbose" (PDB ID 5NN8, 2.45 A resolution),
and "Tyrosinase (PDB ID 3NQ1, 2.30 A resolution) from Bacillus meg-
aterium Bound to Kojic Acid" (Siddique et al., 2022). The preparation of
these protein structures was done using the Protein Preparation Wizard
in Maestro 13.8 by Schrodinger, LLC, based in New York, NY, USA. This
method involved removing ligands and water molecules before
combining non-polar hydrogens. The docking target was determined to
be the active site. A central grid box including all ligand atoms was
constructed, with 20 points allotted to each of the three axes (x, y, and z)
to ensure the optimal docking environment. Using default settings and
an RMSD restriction of 0.3 A, energy reduction was carried out (Sharma
et al., 2021). Binding predictions were produced by selecting relevant
postures with the standard precision glide score, and docking scores
were presented as binding affinities in kcal/mol. Protein structures were
further reduced using the OPLS_2005 force field (Sindhu and Srinivasan,
2015), and the interactions between proteins and ligands were visual-
ized with the Ligand Interaction Diagram package.

2.8. Statistical analysis

The results were processed using descriptive statistical analysis,
analysis of variance (ANOVA), and regression analysis with SPSS for
Windows, version 20. One-way ANOVA was performed to assess sig-
nificant differences between treatment groups. Tukey’s Honest Signifi-
cant Difference (HSD) post hoc test was performed at a significance level
of 5% (p < 0.05) to make pairwise comparisons. All experiments were
performed in triplicate and results are expressed as means and standard
deviations. Statistical analyses assessed significant differences between
treatment groups; groups sharing the same letter were not significantly
different from each other (p > 0.05).

3. Results and discussion
3.1. Thin-layer chromatography revelation

After extraction and fractionation using a flash column, TLC was
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performed to identify the molecules present in the methanolic extract of
R. tournefortii solid by-products. The concentrated methanolic extract
was fractionated using solvents of varying polarity on a silica gel flash
column, resulting in nine fractions labelled from F1 to F9, as shown in
Fig. 1(B). The Rf values of each fraction obtained by TLC on silica gel
plates were as follows: Rfl = 0.95, Rf2 = 0.95/0.91, Rf3 = 0.91/0.88,
Rf4 = 0.88/0.84, Rf5 = 0.84/0.80, Rf6= 0.80, Rf7 = 0.53/0.49, Rf8 =
0.35/0.31 and Rf9 = 0.08. Certain eluates, such as fractions Rf1 and Rf6,
displayed a single spot on the TLC plate.

In contrast, other fractions produced two distinct but related spots,
indicating the presence of two different compound families. In TLC, the
Rf value refers to the distance a compound travels relative to the solvent
front. Compounds with lower Rf values are more strongly retained by
the silica gel stationary phase and therefore travel shorter distances,
indicating higher polarity (Striegel, 2020). In contrast, compounds with
higher Rf values travel further down the chromatogram, indicating
lower polarity. Since Rf values can be used to deduce the relative po-
larity of compounds, lower Rf values, such as Rf9, generally indicate
high polarity. The Rf values provide a representation of the polarity of
the compounds. The value measured for each compound gives an idea of
the chemical nature of the fraction, corresponding to the rosemary
by-product fractions. Fractions with closely spaced spots, such as Rf2,
Rf3, Rf4, Rf5, Rf7 and Rf8, are made up of compounds with similar
polarities, which explains the difficulty in separating compounds with
very similar chemical properties.

Compared to our results, the existing literature supports these
observed polarity trends and provides insight into the likely identities of
compounds in our fractions, though some differences appear. For
example, Morlock et al. (2021) identified rosmarinic acid with an Rf
value of 0.90 and carnosol with an Rf value of 0.73 using
high-performance thin-layer chromatography (HPTLC). Typically, car-
nosol, which is less polar than rosmarinic acid, should have a higher Rf
value, meaning it should migrate further. However, the opposite is
observed, probably due to differences in TLC conditions, such as solvent
systems or modifications to the stationary phase, which can affect the
migration and retention of compounds. Other studies, such as those by
Agatonovic-Kustrin et al. (Agatonovic-Kustrin et al., 2021) identified
rosmarinic acid at an Rf of 0.10, caffeic acid at Rf 0.37 and carnosic acid
at Rf 0.53, corresponding to our lowest Rf fractions, suggesting similar
polarity. Similarly, Sharma et al. (2020) of caffeic acid (Rf = 0.40) and
ursolic acid (Rf = 0.82) corresponded closely to our average fractions,
confirming our observations on relative polarity. Additionally, Su et al.
(2020) identified rosmarinic acid at an Rf of around 0.486 in
R. officinallis, corroborating the behavior of polar compounds in our
study. Collectively, these comparative studies validate our use of TLC
and flash column fractionation to establish the polarity profile of rose-
mary bioactive compounds, demonstrating a general agreement be-
tween studies regarding compound types and their Rf behaviour.

3.2. Yield analysis of methanolic extract fractions

In the extraction of R. tournefortii by-product, the yield of the
methanolic extract was calculated relative to the initial mass of the
powdered R. tournefortii by-product used in the Soxhlet apparatus.
Methanol was selected for its high polarity, which allows the effective
dissolution of various compounds, and its low boiling point, enabling
efficient separation and recovery with minimal energy input. These
properties make methanol both efficient and cost-effective for high-
purity extraction (Zhang et al., 2020). The resulting methanolic
extract had a deep green colour and a yield of 34.5+0.9 %. Yield anal-
ysis of the methanolic extract fractions revealed significant variability,
as shown in Table 1, which presents the results of fractionation using
flash column chromatography with various eluting solvent systems. A
total of 9 fractions were identified based on their thin-layer chroma-
tography (TLC) profiles, and yields were calculated relative to the initial
crude extract mass. Fraction F1 showed the highest yield at 27.58
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Table 1
The recovery yield of R. tournefortii extract fractions relative
to the initial mass of the crude extract.

Samples Yield

(% w/w of crude extract)
F1 27.58+0.67%
F2 3.08+0.72"
F3 5.7540.98°
F4 7.01+0.32¢
F5 6.76+1.13¢
F6 7.6240.2¢
F7 9.33+1.02¢
F8 15.09+0.54°¢
F9 16.4+0.93°

*Note: Distinct superscript letters within each column signify
that the means differ significantly (p < 0.05). Values are
expressed as Mean + Standard Deviation (n = 3).

+0.67 %, likely due to a high concentration of specific compounds,
while fraction F2 had a much lower yield of 3.08+0.72 %, suggesting
fewer or lower-concentration compounds. Statistical analysis confirmed
significant differences among fractions (P < 0.05), underscoring this
distribution variability. Moderate yields observed in fractions F3
through F6 (ranging from 5.75+0.98 % to 7.62+0.2 %) imply the
presence of compounds in moderately concentrated forms, whereas F7,
with a yield of 9.334+1.02 %, and final fractions F8 and F9, yielding
15.09+0.54 % and 16.4+0.93 %, respectively, support a concentration
effect rather than compound diversity.

Comparing these findings with the literature reveals consistent
trends in the fractionation process. For example, Kabubii et al. (2024)
reported the fractionation of R. officinalis extract into 21 fractions with
yields spanning a wide range, where fraction F12 had the highest yield
at 30.43 g, followed by F13 at 22.45 g, while others, such as F2, yielded
as little as 0.12 g. This pattern of variability aligns with our findings,
where yields ranged from 3.08+0.72 % in F2 to 27.58+0.67 % in F1,
indicating that certain fractions concentrate high-yield compounds.
Chen et al. (2022) also documented yield distribution from R. officinalis
residues post-essential oil extraction, which initially produced four
primary fractions. Fraction Fr.3, weighing approximately 500 g, was
further fractionated, resulting in subfractions with distinct yields, such
as Fr.3-4-3 (25 g). Certain fractions demonstrated notably higher yields
in all studies, suggesting that fractionation processes selectively
concentrate particular compounds. These findings underscore the vari-
able nature of rosemary fractionation, likely due to the efficiency of
specific solvents and column chromatography conditions in isolating
distinct compounds. This research primarily focused on the fractions of
solid by-products of R. tournefortii in the eastern region of Morocco. The
absence of separated fractions from these by-products suggests that
further investigation is warranted in future studies.

3.3. Vibrational characterization

The FTIR spectra of the samples, comprising the extract and the
purified fractions PF1, PF5 and PF6, are shown in Fig. 2, providing
essential information about their chemical structure. For example, the
spectrum of PF1 reveals the presence of aliphatic hydrocarbons, as
indicated by the strong C-H stretching bands at around 2920 cm ™! and
2850 cm™ L. The carbonyl (C=0) stretching peak at 1595 cm™! suggests
the presence of carbonyl-containing groups, such as esters or ketones. In
addition, the strong C-O stretching bands observed at ~1240 cm™! and
1050 cm ! indicate the presence of other compounds. The spectrum of
the extract shows a broad O-H stretch around 3350 cm ™, characteristic
of hydroxyl groups, probably carboxylic acids. It also shows C-H
stretching bands around 2920 cm™! and 2850 cm ™2, as well as carbonyl
stretching around 1593 cm™! and 1695 cm™!. The presence of a C=C
stretch at ~1610 em™* and 1510 cm ™), combined with a larger C-O
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Fig. 2. ATR-FTIR analysis of purified compounds from R. tournefortii solid by-
products obtained through column fractionation.

stretch at ~1050 cm ™!, suggests a higher concentration or different
configuration of ethers or esters compared to PF1l. These variations
highlight significant differences in composition, which may result from
the presence of additional functional groups or molecular interactions.
In the PF5 spectrum, a broad O-H stretch near 3490 cm-' suggests the
presence of carboxylic acid hydroxyl groups. The C-H and C=0O
stretching regions are similar to those observed in the extract, indicating
the presence of similar functionalities. The spectrum of PF6 closely re-
sembles that of PF5, with only minor changes in peak position and in-
tensity. A broad O-H stretch around 3300 cm ! and strong C=0
stretches at 1595 cm ™! and 1635 cm ™ confirm the presence of hydroxyl
and carbonyl groups, respectively. Remarkable C-O stretching peaks
near 1080 cm™), in particular the pronounced band around
1000-1050 cm ™}, suggest significant ester or ether functionalities.
These slight shifts may reflect differences in molecular structure or
sample preparation.

Comparing our results with the existing literature, labdane diterpe-
noids generally exhibit a strong C=0 stretch band around 1720 cm ™},
an O-H stretch near 3400 cm ™, and a C-O stretch band between 1000
and 1050 cm™! (Chen et al., 2022). In PF1, a similar C-O stretch is
observed, consistent with the ether or ester functionalities expected in
labdane structures. However, the C=O stretch in PF1 appears at a
slightly lower frequency, suggesting possible structural differences in
the carbonyl environment or unique molecular interactions that distin-
guish it from standard labdane profiles. In contrast, norursane tri-
terpenoids show a C=O stretch at 1689 cm !, an O-H stretch at
3432 cm’l, and a C-O stretch at around 1238 cm ™! (Jang et al., 2005).
In addition, Zhong et al. (2022) reported typical aliphatic C-H stretches
between 2920 and 2860 cm™! and aromatic ring vibrations around
1450 cm ™! reflect a diverse functional environment. Compared to these
values, the frequency of C=O stretching in PF5 is observed at slightly
lower values than in the literature, suggesting potential variations in
binding environments or functional group interactions within PF5.
Ent-kaurene diterpenoids generally exhibit an O-H stretching around
3400 cm ™!, a C=0 stretching around 1700 cm™! and a C-O stretching
between 1000 and 1050 cm ! (Marquez et al., 2023). In addition, FTIR
spectra of ent-kaurane diterpenoids also include aliphatic C-H stretches
in the range 2950-2850 cm ! and, occasionally, a broad O-H stretch
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suggesting prevalent hydroxy groups (Zhang et al., 2017). In PF6,
similar absorption bands are observed, although minor shifts in the O-H
and C=O stretching frequencies may reflect subtle differences in hy-
droxy or carbonyl configurations, slightly distinguishing PF6 from
standard ent-kaurene profiles.

Further, the ATR-FTIR spectrum of rosemary extract also reveals
similar peaks, with an O-H stretch around 3300-3400 cm ™!, a C=0
stretch around 1700 cm™!, and a C-O stretch between 1000 and
1100 cm™), indicating the presence of phenolic, carbonyl and ether
groups, respectively (Tsiaka et al., 2023). This comparison suggests that
the functional groups present in the isolated compounds are common to
all samples, making it difficult to accurately identify the diterpenoid
family based on FTIR data alone. The overlapping absorption bands for
O-H, C=0 and C-O stretching, typical of the diterpenoids labdane,
norursane and ent-kaurene, are also observed in the rosemary extract.
Therefore, While FTIR provides key information, additional analyses,
particularly NMR, are essential for accurate structural identification due
to the limitations of FTIR in distinguishing between these diterpenoid
classes. This multi-analytical approach enables refined characterization
of these fractions, improving understanding of their unique molecular
structures.

3.4. Structure elucidation

The fraction F1 was purified as orange-yellow needles. Its molecular
formula, CosH3604, was deduced from UHPLC-MS/MS analysis at m/z
399.25 [M-H]'. The 1 NMR spectrum (Fig. S1(a)) of PF1 displayed one
singlet methyl group (8y 1.20), one doublet of methyl group [5y 1.64
(3H, d)], a triplet of methyl groups at 8y 0.86 (3H, t), seven olefinic
protons [(6H 5.32 (1H, m), 5.58 (1H, m), 5.11 (1H, m), 5.48 (1H, m),
5.36 (1H, m), 5.32 (1H, m) and 5.33(m)], two pairs of vinyl protons [y
4.90 (1H, brs), 4.97 (1H, br s), 4.89 (1H, br s) and 4.87 (1H, br s)], and
two oxygenated methines [y 4.44 (1H, t) and 4.12 (1H, d)]. The HSQC
and HMBC spectra (Fig. S1(b, c)) were considered first to conclude the
13C NMR data, which displayed 25 carbon signals classified as three
methyl, six methylenes, and eleven methines [including two
oxygenated-bearing carbon at ¢ 80. 32 (C-6) and ¢ 88.6 (C-7), seven
olefinic carbons at 8¢ 124.5 (C-2), 136.7 (C-3), 124.5 (C-11), 134.0 (C-
12), 131.9 (C-13), 128.3 (C-14) and 130.2 (C-3)]1, two quaternary car-
bons (including one olefinic carbons). In addition, one exocyclic meth-
ylene group at 5¢ 144.8 (C-8), and 8¢ 112 (C-16), an ester group at 8¢
172.9 (C-1) (Table 2). All the positions of the substitutions were
deduced using HMBC NMR techniques (Fig. S1(b)). In the HMBC spec-
trum of PF1, the bold blue bonds long-range correlations from 1H to 2
and 1H-3 to C1; 1H-7 to C16; 1H-10 to C1; 1H-11 to C9; 1H-14 to C15;
3H-15 to C8; 1H-16 to C15; 3H-18 to C4, C6 and C10; 1H-C2’ to C1° and
1H-4' to C2’ confirmed the labdane diterpenoids skeleton. These data
suggested that the structure of PF1 exhibits notable similarities to
labdane-type diterpenoids, particularly in its core bicyclic framework
and functional group positioning (Chen et al., 2022).

The fraction F5 was purified as a white semi-crystalline substance. Its
molecular formula, C2gH3gO3, was deduced from UHPLC-MS/MS anal-
ysis at m/z 421.26 [M-H]. The lH NMR spectrum (Fig. S2(a)) of PF5
displayed two singlet methyl groups (8y 0.64 and 1.32), a doublet of
methyl group [8y 0.91 (3H, d)], two olefinic protons [(8y 5.16 (2H, t)
and 5.13 (2H, t)], two pairs of vinyl protons [8y 4.56 (1H, br s), 4.69(1H,
brs), 4.57 (1H, br s) and 4.67 (1H, br s)] and one oxygenated methine 8y
3.00 (1H, m). The HMBC and HSQC spectra (Fig. S2(b, c)) were
considered first to conclude the '*C NMR data, which displayed 28
carbon signals classified as three methyls, ten methylenes, and seven
methines (including one oxygenated carbon at 8¢ 77.2 (C-3), two
olefinic carbons at §¢ 122.0 (C-12) and 125.08 (C-15) and seven qua-
ternary carbons (four olefinic carbons). In addition, two exocyclic
methylene groups at §¢ 110.05 and 150.8 (C-23, C-4), and ¢ 105.1 and
153.4 (C-20, C-30), a carboxylic group at 8¢ 177.8 (C-28), and one hy-
droxylated carbon at 8¢ 77.2 (C-3) (Table 2). All the positions of the
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Table 2
13C NMR and 'H NMR data of the purified compounds from R. tournefortii solid
by-product fractionation.

Position PF1 PF5 PF6
d¢c 8y (mult) dc 8y (mult) dc 8y (mult)
1 24.8 1.94; 1.5 38.07 1.53; 24.2 1.91; 2.08 (m)
(m) 0.93 (m)
2 124.5 5.32 (m) 30.5 1.42; 27.4 1.53; 1.45 (m)
1.81 (m)
3 136.7  5.58 (m) 77.2 3.00 (m) 77.3 3.00 (m)
4 25.1 - 150.8 - 41.2 -
5 56.4 1.92 (m) 54.9 2.16 (m) 55.2 2.16 (m)
6 80.32 4.44 (1) 27.6 1.45; 38.8 2.11; 1.85 (m)
1.67(m)
7 88.6 4.12 (d) 38.9 1. 51; 125.0 5.13 (1)
1.73(m)
8 1448 - 42.2 - 138.6
9 42.5 2.64 (dd) 50.3 1.24 (m) 144.3
10 34.8 2.28 (m) 37.1 - 54.9 -
11 1245  5.11 (m) 24.2 2.17; 122.0 5.16()
1.52 (m)
12 134.0 5.48 (m) 122.0 5.16 (1) 32.2 2.28, 2.15 (m)
13 1319 5.36 (m) 138.6 - 41.2 2.73 (m)
14 128.3  5.32 (m) 143.3 - 37.09  2.33;1.73 (1)
15 17.1 1.64 (d) 125.08 5.13 (1) 52.8 2.12;2.10 (s)
16 112 4.90; 34.2 1.8 (m) 153.4 -
4.97 (br
s)
17 69.2 4.12; 47.4 - 105.2  4.67; 4.57 (br
4.26 (d) s)
18 24.8 1.20 (s) 52.8 2.10 (d) 64.4 4.01; 4.04 (d)
19 70.2 3.51; 35 37.6 2.32 (m) 18.4 1.56 (s)
(d
20 - - 153.4 - 1788 -
21 - - 32.1 2.15; 19.0 1.24 (s)
2.28 (m)
22 - - 37.6 1.64; -
1.74 (m)
23 - - 110.05  4.56; -
4.69 (br
s)
24 - - - - -
25 - - 17.1 0.64 (s) -
26 - - 23.7 1.32(s) -
27 - - - - -
28 - - 177.8 - -
29 - - 16.5 0.91 (d) -
30 - - 105.1 4.57; -
4.67 (br
s)
r 172.9 - - - 1719
2’ 33.8 2.28 (d) - - 34.8 2.58 (1)
3 130.2  5.33(m) - - 22.5 1.24 (m)
4 113.6  4.89; - - 14.4 0.86
4.87 (m) (overlapped)
5 - - - - 21.2 1.99 (s)
CH,CH;  62.2 5.19 (m) - - - -
CHyCH; 144 0.86 (1) - - -

substitutions were deduced using the HMBC and COSY NMR techniques
(Fig. S2(c, d)). In the HMBC spectrum of PF5, the bold blue bonds long-
range correlations from 1H to 3 to C4; 1H-23 to C3; 3H-25 to C1, C5, C10
and C9; 3H-26 to C9, C7, C8, and C14; 1H-12 to C11 and C18; 3H-29 to
C18 and C19; 1H-30 to C19, C20, C21 and C22 confirmed the nor-ursane
skeleton. Further, in the 1-1 H COSY spectrum (Fig. S2(d)) of PF5, the
drown bold green lines range correlations from H-2 to H-3 through OH,
H-5 through H-6. H-11 through H-12, H-15 to H-16, H-21 to H-22, H-19
to H-29 were established. These data suggested that the structure of PF5
shares significant similarities with 24-nor-ursane-type triterpenoids
(Jang et al., 2005; Wu et al., 2015), particularly in its pentacyclic
framework and overall classification within the same family of
triterpenoids.

The fraction F6 was purified as a white semi-crystalline substance. Its
molecular formula, Cy¢H3g0s, was deduced from UHPLC-MS/MS
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analysis at m/z 429.25 [M-H]". The 1H NMR spectrum (Fig. S3(a)) of
PF6 displayed three singlet methyl groups (6y 1.56, 1.24 and 1.99), two
olefinic protons [(8y 5.13 (2H, t) and 5.16 (2H, t)], one pair of vinyl
protons [8y 4.67 (1H, brs) and 4.57(1H, br s)], one oxygenated methine
at 8y 3.00 (1H, m) and one oxygenated-bearing at 5y 4.01/4.04 (2H, d).
The HMBC and HSQC spectra (Fig. S3(b, c)) were considered first to
conclude the *C NMR data, which displayed 26 carbon signals classified
as four methyls, nine methylenes (one oxygenated-bearing carbon at 5¢
4.01/4.04 (C-18)), five methines (one oxygenated carbon at &¢ 77.3 (C-
3)), two olefinic carbons at §¢ 125.0 (C-7) and 122.0 (C-11) and five
quaternary carbons (three olefinic carbons). In addition, one exocyclic
methylene groups at ¢ 105.2 (C-17) and 153.4 (C-16), a carboxylic
group at 8¢ 178.8 (C-20), an ester group at 8¢ 171.9 (C-1") and one hy-
droxylated carbon at §¢ 77.3 (C-3) (Table 2). Comprehensive analysis of
the 2D NMR spectra of PF6, especially HMBC, HSQC and 1-1 H COSY
(Fig. S3(b, c and d)), allowed the establishment of the structure. In the
HMBC spectrum of PF6, the bold blue bonds long-range correlations
from 1H to 1 to C2; 1H-OH to C2, C3 and C19; 1H-20 to C1 and C5; 1H-6
to C8; 1H-7 to C6; 3H-21 to C9; 1H-11 to C12; 1H-17 to C13 and C14;
3H-19 to C18; 2H-18 to C1’; 1H-2' to C1’; 1H-2' to C3’ and 3H-5' to C4’
confirmed the ent-kaurenes skeleton. Further. in the 1-1 H COSY spec-
trum (Fig. S3(d)) of PF6, the drown bold green lines range correlations
from H-2 to H-3 through OH, H-6 through H-7. H-13 through H-14 and
H-3' to H-4' were established. These data suggested that the structure of
PF6 is similar to ent-kaurenes-type diterpenoids (Marquez et al., 2023;
Nogueira et al., 2016), particularly in its core bicyclic ring system and
classification within the same diterpenoid family.

3.5. Chemical profile of R. tournefortii by-product fractionation

The methanolic extract of R. tournefortii solid by-products and its
fractions were analyzed using HPLC-DAD, resulting in a detailed
phenolic profile highlighting the compound’s complexity and diversity.
The reference standards identified included gallic acid, 4-hydroxyben-
zoic acid, 3-hydroxyflavone, caffeic acid, rosmarinic acid, 2-hydroxycin-
namic acid, kaempferol, apigenin, luteolin, carnosol and carnosic acid.
These compounds were confirmed by comparing their UV-Vis spectra
and retention durations to those of the standards. Additional compounds
were identified by referencing the elution scheme for phenolic com-
pounds reported in the literature. On the other hand, some fractions
contained compounds that were not detected by HPLC-DAD due to its
limitation in analyzing complex molecules or compounds with low UV
absorption. To address this limitation and accurately identify these
compounds, we utilized the UHPLC-MS/MS method (Table 3), which
offers increased sensitivity and specificity. For example, isolated
labdane-type diterpenoids and an Asiatic acid isomer were detected in
fraction F1, with molecular ion at m/z 399.25 and 487.2, respectively.
The second fraction also contained labdane-type diterpenoids, along
with hinokione, which exhibited a [M-H] ion at m/z 293.0. Finally, in
the third fraction, hinokione, pyropheophytin-b and hydroxy-
chlorophyll b were described by their [M-H]" ion at m/z 293.0, 826.4

Table 3

Compounds identified for the first three fractions (F1-F3) by UHPLC-MS/MS.
Identified Experimental Fractions  Category Reference
compounds mass [M-H]" m/z
Labdane-type 399.25 F1, F2 Labdane This study
diterpenoids derivatives
Asiatic acid 487.2 F1 Triterpenoid (Ibrahim
isomer et al., 2022)
Hinokione 293.0 F2, F3 Abietene (Linares

derivatives et al., 2011)

Pyro- 826.40 F3 Chlorophyll (Ibrahim
pheophytin b derivative et al., 2022)
Hydroxy 939.4 F3 Chlorophyll (Fabrowska
chlorophyll b derivative et al., 2016)
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and 939.4, respectively.

As outlined in Table 4, the chemical profile of the crude extract,
represented in Fig. S4(A), is rich in polyphenols, featuring a diverse
array of phenolic acids, flavonoids and phenolic diterpenoids. Moreover,
examination of the individual fractions revealed valuable insights into
the success of the fractionation process and highlighted the distinct
chemical characteristics of the isolated compounds. For example, frac-
tion F4 (Fig. S4(a)) exhibited a high content of rosmadial (79.43 %) and
carnosic acid (9.70 %), indicating that the elution conditions favoured
the isolation of less polar compounds. Similarly, fraction F5 showed a
high content of rosmadial (88.2 %) and carnosol (4.7 %) (Fig. S4(b)),
confirming the observations made for fraction F4. On the other hand,
fraction F6 (Fig. S4(c)) displayed an unusual profile, dominated by
diterpene ent-kaurane (36.40 %) and carnosol (47.23 %), suggesting the
presence of unique compounds with potential bioactivities, which
enabled diterpene ent-kaurane (PF6) to be isolated from this fraction. In
addition, fraction F7 (Fig. S4(d)) was enriched in luteolin (70.14 %) and
apigenin (19.78 %), demonstrating the effectiveness of the separation
techniques for isolating bioactive flavonoids, with luteolin (PF7) sub-
sequently isolated from this fraction, as shown in Fig. S4(d’). Further,
fractions F8 and F9 (Fig. S4(e, f)) were found to be rich in hydrox-
ybenzoic acids and 3-hydroxyflavone, respectively. Specifically, fraction
F8 was dominated by 4-hydroxybenzoic acid (51.87 %), caffeic acid
(27.54 %), and rosmarinic acid (10.27 %), whereas fraction F9 was
primarily dominated by 3-hydroxyflavone (40.55 %) and caffeic acid
(28.81 %). This distinction constitutes a significant advantage for the
present study, as the precise separation of polar phenolic acids high-
lights the reliability of the method, enabling the targeted extraction of
antioxidants to improve the therapeutic efficacy of R. tournefortii
extracts.

In comparison to our findings, previous studies have conducted
detailed investigations into the phenolic compounds present in
R. tournefortii (Bendif et al., 2017a, 2017b; Boudiar et al., 2018). These
studies employed advanced analytical techniques such as
high-performance liquid chromatography and mass spectrometry, to
characterize bioactive compounds. Importantly, their results align
closely with ours identifying major phenolic diterpenes and phenolic
acids, including carnosic acid, carnosol, rosmanol, epirosmanol methyl
ether, epiisorosmanolethylether, rosmarinic acid, caffeic acid, and gallic
acid. Notably, the isolated labdane-type diterpenoids and the
ent-kaurane diterpene represent the first identification of these com-
pounds from R. tournefortii, underscoring the uniqueness of our findings.
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Additionally, the detection of flavonoids such as cirsimaritin, hispidulin,
apigenin, and luteolin not only supports our findings but also enriches
the diversity of the phenolic profile of R. tournefortii by-products. It
should be noted that, to our knowledge, this study represents the first
investigation into the fractionation of R. tournefortii by-products.
Furthermore, the absence of separate fractions from these by-products
suggests that further research is warranted in future studies to fully
understand the chemical diversity of this plant.

3.6. Assessment of radical scavenging efficacy

To thoroughly understand the different levels of inhibition observed
in the fractions and crude extract, a statistical analysis was performed to
determine significant differences in antioxidant capacities across sam-
ples (Fig. 3(a, b)). This analysis revealed that the IC50 values for each
sample varied significantly, indicating distinct antioxidative capabil-
ities. The analysis identified significant groupings, indicating that the
antioxidant potential varies markedly across samples (p < 0.05). The
crude extract exhibited one of the highest antioxidant activities, while
fractions F1 through F4 were statistically grouped with significantly
lower antioxidative capabilities (Fig. 3(a)). As fractionation progressed,
intermediate to higher antioxidative levels were observed in fractions F5
through F9, reflecting an upward trend in antioxidant potential (Fig. 3
(b)). These statistical distinctions underscore how the concentration and
structural characteristics of phenolic compounds within each fraction
influence their antioxidative efficacy.

As illustrated in Table 5, the crude extract exhibited the lowest IC50
value (0.04+0.23 mg/mL), indicating the highest antioxidant activity
compared to the first fractions (F1-F4), which had significantly higher
values. Fractionation progressively enhanced antioxidant activity, as
seen from the decreasing IC50 values in fractions F5 to F9, with F7 and
F8 showing the best results at 0.35+0.07 mg/mL and 0.36+0.02 mg/
mL, respectively. However, the effect of purification on antioxidant
activity varied across fractions. For instance, the IC50 of fraction F1
increased slightly from 2.43+0.03 mg/mL to 2.534+0.14 mg/mL after
purification, indicating a slight reduction in activity. Similarly, the IC50
of fraction F7 increased from 0.35+0.07 mg/mL to 0.77+0.01 mg/mL
post-purification, showing a decrease in antioxidant potential. In
contrast, purified F5 showed improved activity with a lower IC50 of 0.76
+0.009 mg/mL compared to 1.06+0.027 mg/mL in its unpurified form.
These results highlight the complex and variable impact of purification,
which may remove synergistic molecules or concentrate active

Table 4
Identification of the phenolic compounds of R. tournefortii solid by-product fractionation by HPLC-DAD.
Peak number tg (min) Compounds identify Relative abundance Reference
(% of total peak area)
Crude extract F4 F5 F6 F7 F8 F9
1 2.49 Gallic acid 25.55 - - 13.2 (Bendif et al., 2017a)
2 3.54 4-Hydroxybenzoic acid 18.77 - 51.87 11.7 (Boudiar et al., 2018)
3 3.98 3-Hydroxyflavone 10.80 - 5.1 40.55 (Boudiar et al., 2018)
4 4.36 Caffeic acid 15.30 - 27.54 28.81 (Ziani et al., 2024a)
5 4.76 Rosmarinic acid 4.02 - 10.27 5.70 (Ziani et al., 2024a)
6 5.31 2-Hydroxycinnamic acid 0.68 - - 5.20 (Boudiar et al., 2018)
7 6.70 Kaempferol 0.91 - 2.12 (Ribeiro-Santos et al., 2015)
8 8.83 Apigenin 0.33 - 19.78 (Boudiar et al., 2018)
9 9.68 Hispidulin 0.11 - 4.02 (Tzima et al., 2020)
10 12.61 Luteolin 10.95 - 70.14 (Ribeiro-Santos et al., 2015)
11 14.21 Cirsimaritin 0.26 - - 3.86 (Hcini et al., 2021)
12 18.35 Rosmanol 0.13 - - 3.78 (Linares et al., 2011)
13 19.74 ent-Kaurane diterpene 1.57 - 2.03 36.40 This study
14 19.99 Carnosol 4.21 - 4.7 47.23 (Ziani et al., 2023)
15 21.26 Epirosmanol methyl ether 1.73 - 3.1 2.72 (Romo Vaquero et al., 2013)
16 21.50 Rosmadial 0.90 79.43 88.2 5.25 (Ma et al., 2020)
17 23.69 Epiisorosmanolethylether 0.27 6.78 0.56 2.06 (Ma et al., 2020)
18 25.12 NI 1.81 0.21 1.41 - (Ziani et al., 2023)
19 27.21 4-Methoxytectochrysin 0.16 3.89 - (Psarrou et al., 2020)
20 29.72 Carnosic acid 0.89 9.70 (Ziani et al., 2023)




L. Ziani et al.

Industrial Crops & Products 223 (2025) 120125

120 120
—=—Fl (@) (b)
—e—PI1
—A— 2
— 1001 543 DU
c\° —&— Crude extract M g
5% E
Z 2
= 604 —
E E
E 40 E
a a
20+
0 T T T T T T 0+ T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0
Concentration (mg/mL) Concentration (mg/mL)
100 100
—a—F1 (C)
—e—PF1
< 804—v—r3 N
e —4&— Crude extract et
= =
2 2
E 60- Z
= =
C =
X
£ g
g g
= 20 &
0 T T T T T 0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Concentration (mg/mL)

Concentration (mg/mL)

Fig. 3. (a, b) Antioxidant and (c, d) anti-tyrosinase potency of R. tournefortii solid by-product fractionation and its purified fraction.

Table 5
IC50 values for the different fractions of R. tournefortii solid by-product in the
inhibition of DPPH free radicals and tyrosinase.

Samples Antioxidant and anti-pigmentation performance
DPPH Tyrosinase
IC50 (mg/mL) IC50 (mg/mL)
Crude extract 0.04 + 0.23* 0.166 + 0.009*
F1 2.43 + 0.03¢ 0.432 £ 0.033¢
PF1 2.53 + 0.14¢ 0.272 + 0.019"
F2 2.39 + 0.0259 0.684 + 0.029¢
F3 1.96 + 0.019° 0.157 + 0.007%
F4 1.81 + 0.03° 0.368 + 0.050°
F5 1.06 + 0.027° 0.312 + 0.050"
PF5 0.76 + 0.009" 0.222 + 0.030"
F6 0.65 + 0.02° 0.464 + 0.097°
F7 0.35 + 0.07% 0.049 + 0.010°
PF7 0.77 + 0.01° 0.045 + 0.007°
F8 0.36 + 0.02° 0.183 + 0.015%
F9 0.80 + 0.003" 0.154 + 0.039°

*Note: Distinct superscript letters within each column signify that the means
differ significantly (p < 0.05). Values are presented as Mean =+ Standard Devi-
ation (n = 3).

compounds depending on the specific fraction. Considering the chemical
profiles of the different fractions, fraction F8 had the highest concen-
tration of phenolic acids, known for their strong antioxidant activity due
to the presence of multiple hydroxyl groups. This likely explains the high
level of inhibition observed in the antioxidant tests. Similarly, fraction
F7 contained significant amounts of flavonoids, with luteolin (70.14 %)

and apigenin (19.78 %) being the dominant compounds. Flavonoids,
such as luteolin, are well-known for their potent antioxidant capabil-
ities, which contribute to free radical inhibition. In contrast, fraction F6
was notable for its high concentration of diterpenoids, including ent-
kaurane (36.40 %) and carnosol (47.23 %), with carnosol being partic-
ularly effective in neutralizing free radicals.

Compared with the existing literature, our results both align with
and differ from existing literature on antioxidant activity patterns. For
example, the crude extract showed the highest antioxidant activity,
followed by flavonoid-rich fractions, phenolic acids and phenolic
diterpenes. This pattern emphasizes synergistic interactions within the
crude extract, which is consistent with studies on lingonberry extracts,
where crude forms outperform isolated fractions due to molecular in-
teractions (Kostka et al., 2022). Conversely, research on rosemary ex-
tracts suggests that fractionation can improve efficacy, particularly for
isolated compounds such as carnosic and rosmarinic acids (Karaca et al.,
2023; Lefebvre et al., 2021). This corroborates our findings for fractions
rich in flavonoids and phenolic acids but also highlights that concen-
tration alone may not achieve the extensive antioxidant effects observed
in the full extract.

In summary, while fractionation can enhance antioxidant potency, it
can also reduce its effectiveness by eliminating synergistic molecules.
Consequently, applications requiring high antioxidant power may
benefit from fractions enriched in flavonoids and phenolic acids, while
broader antioxidant effects may be better achieved with the crude
extract. Further studies should focus on optimized combinations of
fractions to balance targeted potency and synergistic benefits, resulting
in tailor-made antioxidant profiles for specific applications.
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3.7. Evaluation of skin pigmentation control

The anti-pigmentation performance of R. tournefortii fractions,
assessed by their IC50 values (Table 5) for tyrosinase, shows significant
variability, confirmed by statistical analysis. As shown in Fig. 3(c, d), all
fractions exhibit significant inhibitory activity at selected concentra-
tions within the range of 0.01-1 mg/mL. Among these, the PF7 and F7
fractions, demonstrate the most potent inhibition, with IC50 values of
0.045 + 0.007 mg/mL and 0.049 + 0.010 mg/mL, respectively, which
are statistically distinct and significantly lower than all other fractions,
indicating their superior tyrosinase inhibition (p < 0.05). Other frac-
tions such as F3, F8 and F9 also show strong inhibition with IC50 values
in a similar range (e.g. 0.157 + 0.007 mg/mL for F3), although they are
statistically less effective than PF7 and F7. Conversely, fractions such as
F1, F2 and F6 show significantly lower inhibition, with IC50 values
above 0.4 mg/mL, making them the least effective inhibitors in the
group (p < 0.05). Interestingly, purification of certain fractions, such as
F1 to PF1, significantly improved inhibitory performance, with IC50
values rising from 0.432 + 0.033 mg/mL to 0.272 + 0.019 mg/mL (p <
0.05), underlining the increased efficacy that can be achieved by pur-
ifying fractions.

The purification of the fractions increased their inhibitory activity.
For example, fraction F1 exhibited an IC50 of 0.432 £ 0.033 mg/mL,
which reduced to 0.272 + 0.019 mg/mL after purification (PF1), indi-
cating stronger inhibition post-purification. Similarly, fraction F7’s IC50
decreased from 0.049 + 0.010 mg/mL to 0.045 + 0.007 mg/mL
following purification (PF7), reflecting a modest improvement. Both
fractions F7 and PF7 are rich in flavonoids, notably luteolin, apigenin
and cirsimaritin, compounds known for their potent inhibitory effects.
Fraction F3 showed a low IC50 (0.157 + 0.007 mg/mL), probably due to
the presence of chlorophyll derivatives and hinokione, whose specific
combination appears to contribute to its inhibitory strength. Further-
more, fractions F8 and F9 had IC50 values of 0.183 + 0.015 mg/mL and
0.154 + 0.039 mg/mL, respectively. Despite the lower IC50 of F9, F8
achieved a higher inhibition rate of 91.36 % compared to F9’s 70.92 %
at a concentration of 1 mg/mL, suggesting that F8’s enhanced efficacy
may be tied to its unique chemical profile. While F9 primarily comprises
3-hydroxyflavone (40.55 %) and caffeic acid (28.81 %), both recognized
for their strong inhibitory properties [40], F8 is mainly composed of 4-
hydroxybenzoic acid (51.87 %) and caffeic acid (27.54 %), which may
not exhibit the same synergistic effects as the compounds in F9.

Compared with the existing literature, the tyrosinase inhibitory ac-
tivities observed in R. tournefortii fractions strongly align with studies
highlighting flavonoids as potent inhibitors. For example, Taslimi
(2020) demonstrated that flavonoids exhibit high efficacy with IC50
values as low as 1.64 uM, outperforming standard inhibitors such as
kojic acid (IC50 of 9.28 uM). Similarly, our results reveal that
flavonoid-rich fractions PF7 and F7 have particularly low IC50 values,
reflecting a high affinity for tyrosinase inhibition, confirming the find-
ings of previous studies. In addition, Yener et al. (2020), highlighted
flavonoids such as quercetin as superior inhibitors with 405.09 pg kojic
acid equivalents per mg, observed comparable high activity in
flavonoid-enriched samples. These results concur with those of Morais
et al. (2018) who reported that flavonoids generally contribute more
significantly to tyrosinase inhibition than chlorophyll derivatives,
underlining the role of flavonoids as primary inhibitors. In line with this
pattern, our chlorophyll-containing R. tournefortii fractions showed
weaker inhibition than flavonoid-rich fractions, suggesting a similar
mechanism of stable binding to the enzyme’s active site.

Furthermore, the variable efficacy observed among R. tournefortii
fractions with different phenolic acid profiles echoes the findings of
Findik et al. (2024) which indicate that certain combinations, such as
caffeic and 4-hydroxybenzoic acids, can enhance inhibitory potency
through synergistic effects. This suggests that phenolic acids in specific
combinations may play a supporting role, although flavonoids remain
the main contributors to high levels of inhibition. Overall, these
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observations indicate that future research should focus on the isolation
of specific flavonoid compounds from R. tournefortii, particularly those
from F7, while also exploring synergies with phenolic acids. Such an
approach could optimize inhibitory potency for practical skin-whitening
and anti-tanning formulation applications.

3.8. Assessing pathogen-fighting capabilities

The solid by-products of R. tournefortii were fractionated using flash
chromatography on a silica gel column, yielding several purified frac-
tions. These fractions, together with the crude extract, were then tested
for their antimicrobial activity against different pathogenic microbes.
Organisms tested included two Gram-negative bacteria (E. coli and
P. aeruginosa), two Gram-positive bacteria (L. innocua and S. aureus), two
molds (Geotrichum sp. and Aspergillus niger), and two fungi (Penicillium
and Rhodotorula glutinis). Table 6 presents the inhibition diameters,
providing a comparative view of the antibacterial activity exhibited by
the crude extract and each fraction against these food-borne pathogens.
Following purification, statistical analysis (p < 0.05) revealed signifi-
cant differences in inhibition diameters across the tested fractions,
underscoring distinct levels of antimicrobial activity for each sample.
Fraction PF5 demonstrated the strongest inhibitory activity against
several pathogens, including P. aeruginosa (15.65mm), S. aureus
(17.34 mm), Aspergillus niger (16.8 mm), Penicillium (16.2 mm), and
Rhodotorula glutinis (24.1 mm), with results showing statistically sig-
nificant superiority over other fractions. Similarly, fraction F6 demon-
strated significant antimicrobial activity, mostly against E. coli
(13.85 mm), L. innocua (14.95 mm), Geotrichum sp. (16.3 mm), and
Rhodotorula glutinis (24.5 mm).

In contrast, fraction F9 and the crude extract exhibited the lowest
inhibitions across all pathogens tested. Meanwhile, other fractions
exhibited moderate inhibition levels; for instance, fraction F1 exhibited
inhibition values ranging between 10.15 mm and 17.8 mm, while frac-
tions F2 and F3 displayed inhibition zones from 10.1 mm to 21.2 mm.
Similarly, fraction F4 provided moderate inhibition against some bac-
teria (13.35 mm to 16.6 mm) but was limited against certain molds and
yeasts. Notably, fraction F5 was particularly effective against some
pathogens, including P. aeruginosa (14.85 mm), S. aureus (16.65 mm),
and Rhodotorula glutinis (23.3 mm). In addition, fraction F7 showed
moderate inhibition (23.7 mm), while its purified form, PF7, exhibited
higher activity. In contrast, fraction F8 was inactive against E. coli and
P. aeruginosa, Aspergillus niger and Penicillium, yet demonstrated notable
activity against S. aureus (14.25 mm).

Comparing our findings with existing literature highlights the
enhanced antimicrobial activity achieved through fractionation,
particularly in concentrating specific bioactive compounds within each
fraction. For instance, Amaral et al. (2019) found that a fraction of
rosemary, rich in carnosic acid, demonstrated superior antibacterial
activity, particularly against S. aureus and S. epidermidis. In our study,
fraction F6, which similarly contains carnosol, a diterpenoid with
known antimicrobial properties showed strong inhibition against path-
ogens. This suggests that, as in Amaral et al. (2019) findings, the high
concentrations of carnosol in F6 likely enhance its efficacy against
various pathogens.

Complementarily, the PF5 in our study reflects the results of Zhong
etal. (2021) who reported that the isolation of rosemary fractions rich in
triterpenes and other polar compounds had enhanced antimicrobial ef-
fects, particularly due to the presence of diterpenes and triterpenoids
such as carnosic acid and carnosol. Similarly, PF5 in our study, enriched
with 24-nor-ursane triterpenoid compounds, exhibited the highest zones
of inhibition, particularly against P. aeruginosa, S. aureus, and Rhodo-
torula glutinis. According to Wang et al. (2021), these triterpenoids
disrupt microbial cell membranes and inhibit critical enzymes, a
mechanism that could explain PF5’s potent activity. Furthermore, Lax
et al. (2012) reported that carnosol exhibits higher antimicrobial po-
tency than carnosic acid, confirming our observations in F6, where the
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Table 6
Antimicrobial performance of R. tournefortii solid by-product fractionation.

Industrial Crops & Products 223 (2025) 120125

Samples Inhibition diameter (mm)

Bacteria Gram - Bacteria Gram - Molds Yeasts

E. coli P.aeruginosa L. innocua S. aureus Geotrichum sp. A. niger Penicillium Rhodotorula glutinis
Ext 8.75+0.35" 10.15+0.21° 9.2+0.14° 9.9540.35" 11.45+1.20° - 10.1540.21° 12.6+0.32°
F1 10.95+0.91¢ 10.25:+0.21° 10.15+0.21¢ 13.85+0.35° - 12.5+0.21° 12.540.74° 17.8+0.24¢
PF1 11.1+0.11 8 10.5+1.5°F 12.4240.23 8 15.5+£0.5 " 10.7+0.64 12.8+0.25 8 14.3+0.55' 18.9+0.13/
F2 10.1+0.14¢ 10.4+0.28" 10.2540.21° 11.1540.63¢ - 14.4+0.28° 15.4:£0.424 17.340.11¢
F3 10.95+1.06° 11.65+0.49° 10.8540.21¢ 12.1540.49¢ 14.9540.49° 14.6-+0.14° 13.2:£0.42° 21.240.56¢
F4 - 13.7540.77¢ 13.35+0.25° 16.6:0.14° - - - 14.140.22°
F5 13.3540.21 14.85+0.21¢ 14.5+0.28 f 16.65+0.35° 15.8540.63¢ 16.65+0.49¢ 15.9+0.56 23.3+0.13 f
PF5 14.140.55 " 15.65+0.22 8 15.234+0.13 " 17.3440.32 15.1+1.2 8 16.840.5 " 16.2:£0.25’ 24.140.47%
F6 13.854+0.49 14.7+0.28¢ 14.9540.21 15.2+0.56 16.3+0.149 12.44+0.84° 14.34+1.55 & 24.5+0.52 &
F7 13.8540.51 13.35+0.21° 1540.28 15.5:+0.42 f 12.9+0.56° 14.5+1.27 f 12.4+0.14 " 23.740.66 *
PF7 13.940.98 " 14.5+0.91 " 14.5+0.91 " 15.9540.35' 15.6£0.56 & 15.85+0.49 1 15.5+0.98 22.540.11"
F8 - - - 14.25+0.49 8 10.3+0.31 f - - 11.8+0.22
F9 - - - - 10.54+0.22 f - - 11.5+0.61!
ct 22.340.34° 22.840.54° 22.140.81° 25.75+0.2° 23.140.52° 22.0+1.0° 28.3+1.03° 22.6+0.13°

*Note: C+; Cycloheximide was used as a positive control for fungi, whereas gentamicin was employed as a control for bacteria. Unique superscript letters in each
column indicate a significant difference between the means (p < 0.05). Data are shown as Mean + Standard Deviation, with a sample size of n = 3.

presence of carnosol likely enhances its antimicrobial effect. Overall,
these results highlight the potential of specific rosemary fractions,
particularly PF5 and F6, as effective natural antimicrobials. Further
study of their mechanisms and in vivo efficacy will be valuable in con-
firming these effects and extending their potential applications as nat-
ural preservatives.

3.9. Molecular docking studies

Molecular docking investigations were conducted on the purified
compounds PF1, PF5 and PF6 against the alpha-amylase, alpha-gluco-
sidase and tyrosinase enzymes. The high energy values observed for
these compounds suggest their stability in the respective active sites.
The negative and low docking scores, as summarised in Table 7, indicate
strong and favourable binding interactions. Among the compounds, PF5,
a 24-nor-ursane triterpenoid, exhibited the most potent inhibition of
alpha-amylase, with a docking score of —5.856 kcal/mol, forming stable
hydrogen bonds with ASP197 (Fig. 4(A)). This was followed by PF6, an
ent-kaurene diterpenoid, which demonstrated a docking score of
—5.141 kcal/mol, interacting via hydrogen bonds with LYS200 and
GLY306. PF1, a labdane diterpenoid, presented a docking score of
—4.886 kcal/mol, forming hydrogen bonds with ASP300 and GLY306.
Collectively, all compounds outperformed acarbose, which had a

docking score of —4.877 kcal/mol, thus representing more promising
candidates for alpha-amylase inhibition. Concerning alpha-glucosidase,
PF1 displayed the highest activity, achieving a docking score of
—5.898 kcal/mol and forming strong hydrogen bonds with PRO754 and
THR764 (Fig. 4(B)). PF6 followed closely, with a docking score of
—4.965 kcal/mol, displaying notable inhibition through interactions
with GLU169 and ARG585, including hydrogen bonds and a salt bridge.
PF5 exhibited similar interactions with MET363 and ARG585 (Fig. 4
(Q)), registering a docking score of —4.915 kcal/mol. Both PF5 and PF6
exhibited stronger inhibitory activity compared to acarbose
(-4.925 kcal/mol), underscoring their efficacy as potential alpha-
glucosidase inhibitors. In the context of tyrosinase inhibition, PF5
demonstrated the most significant activity with a docking score of
—4.385 kcal/mol, forming hydrogen bonds and salt bridges with
ASP275 and LYS281. PF6 followed, scoring —3.435 kcal/mol, while PF1
achieved a score of —2.921 kcal/mol, indicating moderate inhibition.
Notably, PF5’s performance was comparable to that of kojic acid
(-4.888 kcal/mol), pointing to its possible use in the management of
hyperpigmentation.

Comparing our findings with existing literature reveals that the
docking score of PF5 for alpha-amylase is similar to that of norursane
triterpenoids isolated from Rhododendron brachycarpum, which exhibit a
higher score of —7.9 kcal/mol (Verma et al., 2017). The superior

Table 7
The Docking score and detailed interaction studies of the purified compounds with proteins (1B2Y), (5NN8), and (3NQ1) using SP docking.
Compound Alpha-Amylase Alpha-Glucosidase Tyrosinase
Name Docking Interacting Type of Docking Interacting Type of Docking Interacting Type of
score (kcal/ Amino Acid Interaction score Amino Acid Interaction score Amino Acid Interaction
mol) Bond (kcal/ Bond (kcal/ Bond
mol) mol)
PF1 —4.886 GLY306 Hydrogen bond —5.898 PRO754 Hydrogen bond -2.921 GLU274 Hydrogen bond
ASP300 Hydrogen bond THR764 Hydrogen bond
PF5 —5.856 ASP197 Hydrogen bond —4.915 MET363 Hydrogen bond —4.385 ASP275 Hydrogen bond
ARG585 Salt bridge LYS281 Salt bridge
PF6 —5.141 LYS200 Hydrogen bond —4.965 GLU169 Hydrogen bond —3.435 GLU274 Hydrogen bond
GLY306 Hydrogen bond ARG585 Salt bridge LYS281 Hydrogen bond
LYS281 Salt bridge
Acarbose —4.877 ASP197 Hydrogen bond —4.925 ASP528 Hydrogen bond - - -
ASP300 Hydrogen bond ARG600 Hydrogen bond
GLY306 Hydrogen bond PHE525 Hydrogen bond
GLU240 Hydrogen bond ASP282 Hydrogen bond
ASP616 Hydrogen bond
Kojic acid - - - - - - —4.888 HIS60 Hydrogen bond
GLY216 Hydrogen bond
HIS208 Pi-Pi stacking
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Fig. 4. (A) 2D Intermolecular interactions between (a) PF5 and (b) Acarbose with the active site of a-Amylase (PDB: 1B2Y) protein. (B) 2D Intermolecular in-
teractions between (a) PF1 and (b) Acarbose (Standard) with the active site of a-Glucosidase (PDB: 5NN8) protein. (C) 2D Intermolecular interactions between (a)
PF5 and (b) Kojic acid (Standard) with the active site of Tyrosinase (PDB: 3NQ1) protein.

inhibition observed in the reported norursane is attributed to an addi-
tional hydroxyl group that enhances hydrogen bonding. In contrast, PF5,
despite its olefinic and vinyl protons contributing to hydrophobic in-
teractions, may have reduced flexibility, which affects its hydrogen
bonding capability. For alpha-glucosidase, the literature reports that
ent-kaurene diterpenoids show stronger inhibition, with docking scores
ranging from —9.1 to —9.4 kcal/mol (Hu et al., 2021), compared to the
labdane diterpenoid’s score of —8.58 kcal/mol (Doorandishan et al.,
2024). However, PF1, a labdane diterpenoid, demonstrated stronger
inhibition than PF6, an ent-kaurene diterpenoid, emphasizing the
importance of functional group arrangement and interaction types in
determining inhibitory activity. Regarding tyrosinase, the reported
norursane’s strong inhibition is reflected in its docking score of
—8.5 kcal/mol (Verma et al., 2017). Although PF5 has a lower score, it
still exhibits significant activity, though possibly less effective compared
to the literature due to the latter’s additional hydroxyl group that sta-
bilizes binding. Overall, PF5, PF6, and PF1 exhibit substantial potential
as enzyme inhibitors. The observed variability in binding affinities
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underscores the impact of structural differences in modulating binding
interactions. These comparisons indicate that while PF5, PF6, and PF1
show substantial promise as enzyme inhibitors, moving beyond in vitro
docking studies to in vivo investigations would provide more definitive
evidence of their therapeutic potential. In vivo studies would enable
verification of bioavailability, metabolic stability, and inhibitory effi-
cacy in complex biological systems, guiding further optimization for
real-world applications in glucose metabolism and pigmentation disor-
ders. Prioritizing in vivo testing could therefore substantiate these
findings and inform structural modifications that enhance therapeutic
performance.

4. Conclusions

This study highlights the substantial bioactive potential of
R. tournefortii by-products as promising sources of natural compounds.
Thin-layer chromatography successfully separated nine fractions with
distinct polarities. Subsequent FTIR, UHPLC-MS/MS, 'D and 2D NMR
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analyses confirmed new labdane diterpenoids, nor-ursane triterpenoids
and ent-kaurene diterpenoids, adding to the understanding of this
plant’s unique bioactive profile. In addition, phenolic profiling revealed
rosmadial and luteolin as the main phenolic components. Regarding
bioactivity, the crude extract exhibited the highest antioxidant activity,
demonstrating robust baseline efficacy. However, fractionation
enhanced specific bioactivities, with PF7, demonstrating the strongest
tyrosinase inhibition. Antimicrobial tests revealed that PF5 effectively
inhibited P. aeruginosa and R. glutinis, while F6 inhibited E. coli and
L. innocua. Molecular docking supported these findings, identifying PF5
as a potent inhibitor of alpha-amylase and tyrosinase, and PF1 as sur-
passing acarbose in alpha-glucosidase inhibition. These results indicate
that while the crude extract excels in antioxidant properties, fraction-
ation and purification amplify specific bioactivities. Collectively, this
study highlights the therapeutic and industrial potential of R. tournefortii
by-products, emphasizing fractionation as a key process for enhancing
bioactive properties. Future research should focus on elucidating the
mechanisms of action and conducting in vivo assessments to confirm
safety and efficacy, unlocking the full potential of these compounds for
pharmaceutical, cosmetic, and food preservation applications.
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