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ARTICLE INFO ABSTRACT
Keywords: This study presents the development and biological evaluation of an Eudragit-coated liposomal oral delivery
Salvia macilenta system for an extract from Salvia macilenta Boiss. The phytochemical analysis of an extract from S. macilenta

Phytochemical screening
Liposome-based delivery
oxinflammation

Cellular stress response

aerial parts, based on liquid chromatography-mass spectrometry, led to the isolation of a new rearranged nor-
abietane diterpenoid, along with 31 known metabolites encompassing various classes, including flavonoids,
phenolic compounds, and terpenes with known antioxidant/anti-inflammatory properties. The S. macilenta
extract was incorporated into Eudragit-coated liposomes with a two-step process involving sonication and enteric
polymer-coating. The Eudragit-coated liposomes exhibited an average diameter of 118 nm and a high entrap-
ment efficiency of the extract’s bioactive marker compounds: rosmarinic acid at 83.24 % and carnosol at 51.19
%. The Eudragit-coated liposomes showed excellent storage stability over three months and remained unaltered
in simulated gastric and intestinal fluids. In vitro studies in LPS-stimulated HepG2 cells demonstrated that the
Eudragit-coated liposomes significantly enhanced the extract’s protective effect against oxidative stress and
inflammation, as indicated by the upregulation of antioxidant proteins (SOD-2, NQO1, NRF-2) and the reduction
of pro-inflammatory markers (NO, TNF-q, IL-1p, NF-kB, IL-6). Moreover, the Eu-liposomes achieved a 20-fold
enhancement of the intracellular uptake of the extract’s marker compounds (rosmarinic acid and carnosol),
compared to the non-formulated extract. Overall, the findings of this study suggest that Eudragit-coated lipo-
somes are a promising oral delivery system for boosting the bioavailability and bioactivity of S. macilenta extract,
which could be exploited for nutraceutical purposes to restore oxInflammation balance.

1. Introduction plants [2]. The genus has long been used in traditional medicine for the
prevention and treatment of diseases worldwide [3] due to its diverse

Salvia, one of the biggest genera in the Lamiaceae family, includes pharmaceutical activities, including analgesic, hemostatic, anti-tumor,
nearly 1000 species worldwide. Of these, 60 grow in Iran, 17 of which anti-inflammatory, anti-plasmodial, and anti-bacterial [4-7]. A broad
are endemic [1]. Some members of this genus are highly valuable range of terpenoids with unusual or rare scaffolds are considered to be
because they are used in cosmetics and perfumes and as ornamental specialized metabolites of this genus and responsible for these activities
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[8-10]. The health benefits of Salvia species are also correlated with
phenolic compounds that can counteract oxidative stress and inflam-
mation [11]. S. officinalis is the most widespread species, and it is the
most studied regarding antioxidant capacity [12,13]. Due to their high
antioxidant capacity, S. officinalis extracts are often used as a reference
to evaluate the antioxidant properties of other less-investigated plants
[14,15].

Asadi et al. [16] studied the antioxidant activity of extracts of Salvia
species (S. hydrangea, S. macilenta, S. lachnocalyx, S. multicaulis, S. sclarea
and S. xanthocheila). Extracts from S. hydrangea and S. macilenta showed
the strongest antioxidant power, and extract from S. lachnocalyx showed
the weakest. In addition, the extracts from all these species inhibited
DNA damage induced by free radicals.

S. macilenta Boiss is an aromatic subshrub endemic to southern Iran,
specifically to Baluchistan, Hormozgan, Kerman, and Yazd provinces
[17]. Research indicates that S. macilenta has significant antioxidant and
neuroprotective effects [16]. In another study, a methanolic extract
demonstrated anti-glycating and anti-apoptotic activities and decreased
neurite growth [18]. A neurodegenerative investigation revealed S.
macilenta protective effects against Af-induced damage in male Wistar
rats [19]. Oral administration of the extract enhanced NRF-2 (a tran-
scription factor for stress response) levels and reduced TNF-a and IL-6
(inflammatory markers) levels in the brain. It also decreased apoptosis
by 41 % in the hippocampus and 42 % in the prefrontal cortex, sug-
gesting that S. macilenta is a promising dietary supplement for pre-
venting Alzheimer’s disease and dementia [19].

Predominant compounds in S. macilenta, including a-pinene and
p-eudesmol, are recognized for their significant value in the pharma-
ceutical and perfumery industries, as well as for nutraceutical applica-
tions in Oman. Notably, the literature lacks reports on the
phytochemical characterization of S. macilenta, apart from analyses of its
essential oil [20,21]. Therefore, this study involved a phytochemical
investigation conducted on an S. macilenta n-hexane-ethyl acetate
extract using liquid chromatography-mass spectrometry. Furthermore,
this study investigated the extract’s antioxidant and anti-inflammatory
activities, as well as the possibility of using it for nutraceutical appli-
cations upon formulation within nanocarriers. Liposomes are the most
explored nanocarriers for drug delivery [22]. Their success in numerous
areas of nanomedicine is due to their high biocompatibility, biode-
gradability, low immunogenicity, versatility and tunability, which allow
for the loading of drugs with diverse chemical properties as well as a
variety of targeted and controlled release strategies [23]. Liposomes
have been proven to enhance the solubility, biodistribution profile and
effectiveness of their payload. For liposomes to be administered orally,
they must be protected (together with their cargo) from the harsh
environment of the stomach to reach the intestines. This protection can
be achieved by modifying surface charge, structure, coating, etc., and it
may affect the liposomes’ adhesion and transit in the gastrointestinal
tract. Liposomes coated with pH-responsive Eudragit polymers have
been proposed for use in the oral delivery of both synthetic drugs and
naturally occurring compounds. Eudragit-coated liposomes have been
proven to prevent the premature release of budesonide in simulated
stomach and small intestine fluids, thus achieving a pH-dependent
dissolution of the coating layer at a pH of 7.4, followed by the release
of the drug during the transit time through the colon [24]. In an in vivo
pharmacokinetic study, Eudragit-coated liposomes were demonstrated
to prolong the residence time of marker fluorescein in the gastrointes-
tinal tract after oral administration [25]. Wang et al. [26] showed that
Eudragit-coated liposomes loaded with betulinic acid inhibited tumor
growth, enhanced the autoimmunity levels and regulated the immune
infiltration levels in tumor-bearing mice. Eudragit-coated liposomes
have also been proposed for the co-loading and oral delivery of resver-
atrol and artemisinin. In intestinal adenocarcinoma cells treated with
resveratrol and artemisinin in Eudragit-coated liposomes rather than
with the non-formulated compounds, the Eudragit coating had a pro-
tective effect against simulated gastrointestinal fluids, and the
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compounds demonstrated increased pro-oxidant activity and growth
inhibitory effects [27]. Eudragit-coated liposomes have also been
explored for the oral delivery of a plant extract (Ptilostemon casabonae)
that has been found to exert an antihyperglycemic effect in rats sub-
jected to a sucrose load. Similar reductions in glucose peak were ach-
ieved using the extract on its own and the extract in the Eudragit-coated
liposomes, but the extract delivered by the vesicles produced this effect
with only one-fourth of the dose used of the extract on its own [28].

Therefore, based on this prior knowledge, we hypothesized that the
in vitro bioavailability and antioxidant and anti-inflammatory activities
of S. macilenta extract could be enhanced by formulating it within
Eudragit-coated liposomes to be administered orally.

2. Material and methods
2.1. Materials

Solvents for liquid chromatography-mass spectrometry (LC-MS)
were from Romil Ltd (Cambridge, UK). Phospholipon 90G (>94 % soy
phosphatidylcholine) was sourced from Lipoid GmbH (Ludwigshafen,
Germany). Stearylamine, phosphate-buffered saline (pH 7.4) and other
reagentswere from Merck (Milan, Italy), unless otherwise reported.
Eudragit® L100 was supplied by Evonik Industries AG (Essen,
Germany).

2.2. Plant material

The aerial parts of S. macilenta Boiss were collected at full flowering
stage in the Khash area in Zahedan, Iran, in April 2015. The plant was
identified by Dr Ali Sonboli and a voucher specimen (MPH-56) was
deposited at the herbarium of the Medicinal Plants and Drugs Research
Institute at Shahid Beheshti University, Iran.

The extraction procedure is reported in the Supplementary material.

2.3. General techniques for phytochemical analysis

NMR spectroscopy was performed using a Bruker DRX-600 spec-
trometer (Milan, Italy) and CDCls, CD3OD, and CsDsN as solvents. High-
resolution electrospray ionization mass spectrometry was performed
using an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Electronic circular dichroism spectra were obtained
in methanol (25—-100 pg/mL) on a Chirascan spectrometer (Applied
Photophysics, Leatherhead, UK). Optical rotations were measured with
a polarimeter (PerkinElmer 241, Waltham, MA, US). Chromatographic
separations were performed on Sephadex LH-20 (40-70 pm) and silica
gel 60 (70-230 mesh) columns. Thin layer chromatography was per-
formed on silica gel aluminum sheets coated with fluorescent indicator
F254 (Merck). Reverse-phase high-performance liquid chromatography
was performed on a Waters 590 system equipped with a refractive index
detector (Milford, MA, US), and on a Shimadzu LC-8A system equipped
with a differential refractive index detector (Milan, Italy), using a
pBondapak C18 column (10 pm, 300 x 7.8 mm; Waters) and methanol-
water mixtures as mobile phase at a flow rate of 2.0 mL/min.

2.4. Qualitative analysis of S. macilenta metabolites

The S. macilenta n-hexane-ethyl acetate extract was dissolved in
methanol:water (4:1), centrifuged, and injected (10 mg/mL; 10 pL) into
the LC-MS apparatus. Qualitative profiles were obtained using a Q
Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer con-
nected to an UltiMate 3000 UHPLC system (Thermo Fisher Scientific,
Milan, Italy). The MS data were collected in positive ion mode, and the
ESI-MS/MS experiments were performed with a normalized collision
energy of 35 %. The auxiliary gas and the sheath gas flow rates were kept
at 15 and 35 arbitrary units, respectively. The capillary temperature was
set at 320 °C. A Luna C18 column (3 pm, 150 x 2.0 mm; Phenomenex,
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Torrance, CA, US) was used. The mobile phase consisted of 0.1 % v/v
formic acid in water (eluent A) and acetonitrile (eluent B). The flow rate
was 0.2 mL/min. An isocratic step at 5 % B for 5 min was applied, fol-
lowed by a gradient from 5 % to 50 % B over 30 min, and from 50 % to
100 % B over 20 min [29].

2.5. Preparation of the liposomal formulation

Firstly, uncoated liposomes were prepared by dispersing phosphati-
dylcholine (P90G), stearylamine and S. macilenta extract (SMA) in
phosphate-buffered saline (Table 1) and sonicating this dispersion for 60
alternating cycles (20 cycles at 5 s on plus 20 cycles at 3 s on plus 20
cycles at 2 s on) using an ultrasonic disintegrator. Secondly, liposomes
were coated with an enteric polymer by adding the liposome dispersion
dropwise to an equal volume of 0.1 % w/v Eudragit® L100 in phosphate
buffered-saline while stirring [28]. Empty uncoated liposomes and
empty Eudragit-coated liposomes were prepared following the above
procedure, in absence of the S. macilenta extract (Table 1).

2.6. Characterization of Eu-liposomes

The mean diameter, polydispersity index, and zeta potential of
S. macilenta Eu-liposomes were measured by light scattering using a
Zetasizer nano-ZS (Malvern Panalytical, Worcestershire, UK) under the
following conditions: dispersant viscosity 0.8872 cP, refractive index
1.33, dielectric constant 78.5. The above parameters were measured
monthly to determine the storage stability of the S. macilenta Eu-
liposomes at 4 °C. S. macilenta uncoated liposomes, empty uncoated li-
posomes and empty Eu-liposomes were characterized as well.

The stability of S. macilenta Eu-liposomes was assessed also in
simulated gastric fluid (0.1 M HC], pH 1.2) and simulated intestinal fluid
(disodium hydrogen phosphate buffer, pH 7.0), both supplemented with
0.3 M sodium chloride to increase ionic strength. S. macilenta Eu-
liposomes were diluted (1:100 v:v) with the simulated gastric or intes-
tinal fluid and incubated at 37 °C for 2 h or 6 h, respectively. The mean
diameter, polydispersity index, and zeta potential of the dispersions
were measured after dilution and after incubation. S. macilenta uncoated
liposomes were analyzed as well to determine the protection provided
by the polymer coating against pH and ionic stress.

The S. macilenta Eu-liposomes were dialyzed against water to remove
the non-incorporated extract’s components. Non-dialyzed and dialyzed
dispersions were diluted (1:100 v/v) with methanol and processed by
LC-MS (see section 2.4). The percentage entrapment efficiency was
calculated using quantitative data of characteristic compounds of
S. macilenta extract, rosmarinic acid and carnosol, according to the
following formula:
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2.7. Antioxidant activity

The antioxidant activity [30] of S. macilenta extract was studied by
means of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and Ferric Reducing
Antioxidant Power (FRAP) colorimetric tests. For the DPPH assay,
S. macilenta extract in methanol (1 mg/mL) or S. macilenta extract in
Eu-liposomes (1 mg/mL) was added (20 pL) to a 25 pM DPPH methanol
solution and stored in the dark for 30 min. The decrease in absorbance
was detected at 517 nm and the antioxidant activity was estimated by
calculating the percentage of the absorbance of the samples relative to
the absorbance of the DPPH solution.

For the FRAP assay, S. macilenta extract in methanol (1 mg/mL) or
S. macilenta extract in Eu-liposomes (1 mg/mL) was added (20 pL) to the
FRAP solution and stored in the dark for 4 min. The increase in absor-
bance was detected at 593 nm and the ferrous equivalents (pg FE/mL
solution) were calculated by using a standard calibration curve of
ferrous sulphate (linearity range: 27.8-2224 pg/mL).

2.8. Cell line and culture conditions

Human hepatocarcinoma cells (HepG2, HB-8065™ ATCC, Manassas,
VA, US) were grown in Dulbecco’s Modified Eagle Medium with 10 %
fetal bovine serum, 100 pg/mL streptomycin, 100 units/mL penicillin,
and 2 mM glutamine, under standard culture conditions. The cells were
treated at 70 % confluence. Dexamethasone (DEX) was used as a positive
control of the experiments.

2.9. MTT assay

To determine the effect of the S. macilenta extract on cell viability,
HepG2 cells were exposed to the extract (0.1-10 pg/mL) in DMSO or in
Eu-liposomes. After 2 h or 24 h, the cells were incubated with an MTT
solution (0.75 mg/mL). After 4 h, the formazan crystals produced by
metabolically active cells were dissolved by adding 1:1 DMSO:iso-
propanol, and the absorbance at 560 nm was measured. The viability of
treated cells was expressed as a percentage of the viability of untreated
control cells.

2.10. Measurement of ROS

Intracellular reactive oxygen species (ROS) levels were estimated by
using 2-7- dichlorodihydrofluorescein diacetate (DCFH-DA) staining
[31]. In brief, HepG2 cells were pre-treated for 2 h with S. macilenta
extract in DMSO or in Eu-liposomes (0.1 and 1 pg/mL: non-cytotoxic
concentrations according to MTT assay results) or dexamethasone (10
uM) and subsequently incubated with lipopolysaccharide (1 pg/mL) for
24 h to simulate an inflammatory state. Dexamethasone was used as

amount of rosmarinic acid or carnosol in dialyzed vesicles

Entrapment efficiency = (

Table 1
Composition of S. macilenta uncoated liposomes and Eudragit-coated liposomes.
P90G SMA SA PBS 0.1 % Eu
Empty uncoated liposomes 120 mg 6 mg 1 mL
Empty Eu-liposomes 120 mg 6 mg 1 mL 1 mL

SMA uncoated liposomes
SMA Eu-liposomes

120 mg 2mg 6 mg 1 mL
120 mg 2mg 6 mg 1 mL 1 mL

P90G, phosphatidylcholine; SMA, S. macilenta extract; SA, stearylamine; PBS,
phosphate-buffered saline; Eu, Eudragit® L100.

— - - — - 00
amount of rosmarinic acid or carnosol in non — dialized vesicles

positive control due to its previously reported ROS reducing effects [32].
Then, the cells were stained with DCFH-DA and the fluorescence of the
hydrolized and oxidized probe was measured at Aexy 485 nm and Aem,
515-540 nm by using a FACSCanto II flow cytometry system (BD Bio-
sciences, Milan, Italy).

2.11. Measurement of inflammatory cytokines and nitrite levels

After pre-treating HepG2 cells with S. macilenta extract (in DMSO or
in Eu-liposomes) or dexamethasone for 2 h and inducing inflammation
with LPS for 24 h as described above, culture medium was collected.
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Tumor necrosis factor TNF-a and interleuchin IL-18 levels were
measured using commercial ELISA kits, and nitrite levels were measured
using a nitrite assay kit (Griess Reagent, Sigma-Aldrich, Milan, Italy).

2.12. Western blot assay

HepG2 cells were lysed using RIPA buffer and protein concentration
was detected via Bradford assay. For each sample, 40 ug of proteins were
subjected to precoated SDS-PAGE and protein bands were transferred to
nitrocellulose membranes. For the detection of target proteins, the
membranes were incubated with mouse or rabbit antibodies overnight
at 4 °C: anti-f-actin (1:5000), anti-superoxide dismutase SOD2, anti-
interleuchin IL-6 (1:1000) and anti-nuclear factor kappa-light-chain-
enhancer of activated B cells NF-kB p-65 (1:1000) (ThermoFisher Sci-
entific, Milan, Italy), anti-nuclear factor-erythroid 2-related factor 2
NRF-2 (1:100) and anti-NAD(P)H quinone dehydrogenase 1 NQO1
(1:1000) antibodies (Santa Cruz Biotechnology Inc., Dallas, TX, US). The
primary antibodies were captured with peroxidase-conjugated second-
ary antibodies for 1 h. Inmunoreactive bands were visualized using an
iBright 1500 Imaging system (ThermoFisher Scientific). Densitometric
analysis was conducted using ImageJ software v. 1.53k (National In-
stitutes of Health, US) and results were expressed as a percentage of the
value of untreated control samples.

2.13. Estimation of cellular uptake of S. macilenta extract

To estimate the cellular uptake of S. macilenta extract, HepG2 cells
were treated with the extract (0.1 and 1 pg/mL) in DMSO or in Eu-
liposomes for 2 h and centrifuged. Supernatants were removed. 500
pL of 40 % MeOH with 0.1 % (v/v) formic acid were added to the cells,
which were lysed by sonication. Lysates were centrifuged and super-
natants were dried, dissolved in 200 pL of methanol and analyzed by
LC-MS [30]. The analyses were performed in polarity, positive and
negative modes, and the chromatographic setting was the following: a
Luna® Omega C18 column (1.6 pm, 100 x 2.10 mm; Phenomenex,
Torrance, CA, US); a mobile phase of 0.1 % v/v formic acid in water
(eluent A) and acetonitrile (eluent B) at a gradient of B from 5 % to 100
% in 25 min; flow rate of 0.25 mL/min; flow rates of sheath gas and
auxiliary gas at 35 and 15 arbitrary units; capillary temperature at
320 °C; spray voltage of 3 KV. Data were processed with Xcalibur soft-
ware v. 2.2 (Thermo Fisher Scientific).

2.14. Statistical analysis

Results were expressed as means + standard deviations. GraphPad

16

15

anllllO
I =

27
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Prism 8 Software (San Diego, CA, US) was used to determine statistically
significant differences among samples by one-way ANOVA tests with
Tukey-Kramer post hoc test. The level of significance was set at p < 0.05.

3. Results
3.1. Phytochemical investigation

The phytochemical investigation of the S. macilenta n-hexane-ethyl
acetate extract led to the identification of a new diterpenoid (27) and 31
known metabolites (Figure 7S). These comprise eight abietane-type
diterpenes: 6-hydroxy-5,6-dehydrosugiol (15), isorosmanol (16), epi-
isorosmanol (18), rosmanol (20), formosanoxide (29), carnosol (24),
ferruginol (31), 8 p-hydroxy-9(11),13-abietadien-12-one (26); two
labdane-type diterpenes: manool (12), and 6-hydroxysclareol (32); one
icetexane diterpene: dimethyl salvicanol (23); one sesquiterpene:
p-eudesmol (28); three triterpenoids: arjungenin (13), arjunolic acid
(21), ursolic acid (30); three lignans: (+)-8-hydroxypinoresinol (11), 4-
O-methylcedrusin (7), isolariciresinol (5); two 1,2-diarylpropane type
phenylpropanoids: evofolin B (6), 1,2-bis-(4-hydroxy-3-methoxy-
phenyl)-propane-1,3-diol (17); three flavonoids: sterubin (8), Fla-
voyadorigenin (14), pilloin (19); six phenolics: homovanillyl alcohol
(3), rosmarinic acid (9), p-Hydroxy propiovanillone (4), caffeic acid
(10), vanillic acid (2), C-veratroylglycol (1), and two fatty esters 22 and
25, all of them are reported for the first time in S. macilenta. Known
metabolites were characterized by NMR and MS data compared with
literature data.

The molecular formula of new compound 27 (CigH203) was
determined by '*C NMR and HR-ESI MS spectra (Figs. 2S and 6S), with
[M+H]" observed at m/z 287.1646 (Fig. 1). The ESI MS/MS spectrum
displayed two fragments corresponding to the loss of two water mole-
cules at m/z 269 ([M + H-H,01™) and at m/z 251 ([M + H-2H,01"). The
13¢ NMR spectrum (Fig. 2S) exhibited 18 signals (Table 2), which were
assigned based on !3C NMR data as follows: two a, g-unsaturated ke-
tones (5¢ 203.0, 169.3, 137.0, 201.0 ppm), one hydroxylated carbon (6¢
79.0 ppm), three quaternary carbons (two sp2 at ¢ 149.0, 120.0 ppm
and one at 34.6 ppm), two methylene groups (5¢ 26.5, 37.1 ppm), four
methine groups (two attributable to an aromatic ring at §¢ 129.9, 131.5
ppm), and four methyl groups (¢ 31.3, 30.3, 21.9, 21.9 ppm). The 'H
NMR data (Fig. 1S) of compound 27 showed signals for two secondary
CH3 groups at 5y 0.91 (6H, d, J = 6.8 Hz) and two tertiary CH3 groups at
Sy 1.49 and 1.24 (each 3H, s). The secondary hydroxyl group at 5y 5.39
(1H, dd, J = 12.0 and 6.0 Hz) was attributed to C-1, supported by COSY
(Fig. 3S) correlations indicating a —CH(OH)—CHCHy— spin system
within the A ring. Additionally, two signals corresponding to ortho-

Q

Fig. 1. Chemical structure and key COSY (red bonds) and HMBC (blue arrows) correlations for new compound 27. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. LC-MS profile of S. macilenta n-hexane-ethyl acetate extract in the positive-ion mode.

Table 2
1H and'3C NMR data for new compound 27 (Methanol-d4; 600 MHz for H and
150 MHz for'3C NMR).

position 27
& (J in Hz) 8¢ (mult.) HMBC (H-C)
1 5.39, dd (12.0, 6.0) 79.0, d 2,5
2 1.60° 26.5, t 4
2.42°
3 1.99° 37.1,t 2,17,18,4,1,5
4 34.6, s
5 149.0, s
6 7.73, d (7.6) 131.5,d 4,5,10
7 7.60, d (7.6) 129.9,d 5,8,9,13
8 137.0, s
9 169.3, s
10 120.0, s
11 203.0, s
12 3.05, d (8.0) 52.5,d 15, 16, 11
13 201.0, s
14 2.17, m 87.5,d 15,16, 12,11
15 0.91,d (6.8) 21.9, q 12, 16, 11
16 0.91, d (6.8) 21.9,q 12,15, 14
17 1.24,s 31.3,q 18,4, 3,5
18 1.49, s 30.3,q 17,4, 3,5

@ Overlapped signal.

coupled aromatic hydrogens at § 7.60 and 7.73 (each 1H, d, J = 7.6 Hz)
were observed. The HSQC and COSY data (Figs. 4S and 3S) indicated the
presence of three spin systems: (C-1-C-2—C-3), (C-6—C-7), and an iso-
butyl group (C-12—C-14—C-16—C-15). The HMBC data (Fig. 5S)
confirmed the relationships between these moieties and the remaining
atoms in the scaffold. Key correlation peaks were observed from H-1 to
C-2 and C-5, from H-2a (6y 1.60) to C-10, and from CH3-17 to C-4, C-3,
C-5, and C-18. Additionally, correlations from H-7 to C-5, C-8, C-9, and
C-13 were detected. Moreover, HMBC connections from H-12 to C-11, C-
14, and C-15 indicated that the third ring is a cyclopentenedione, con-
firming the placement of the isobutyl moiety between the two carbonyl
groups. The relative stereochemistry of the hydroxyl group at C-1 was
established as 1a, based on the chemical shift and coupling constants of
H-1 (6 5.39, br dd, J = 6, 12 Hz), and was further corroborated by
comparing its coupling constants with those of similar compounds [33].

3.2. LC-MS analysis

LC-MS analysis of the S. macilenta n-hexane-ethyl acetate extract
showed the presence of 32 compounds (Fig. 2) listed in Table 3. The
extract from S. macilenta is noted for its complex phytochemical matrix,
featuring compounds from various chemical classes. A comprehensive
analysis of the multistage mass spectra associated with the main peaks
indicated the presence of several terpenoid derivatives, including
diterpenoids (12, 15, 16, 18, 20, 23-24, 26, 27, 31, and 32), triterpe-
noids (13, 21, 30), and sesquiterpenes (28). The MS/MS spectra of
compounds 16, 18, 20, and 24 revealed a prominent fragment ion, [(M
— COy) + H]™", which is characteristic of decarboxylation and aligns with
literature on carnosic acid derivatives [34]. Additionally, compounds
16, 18, and 20 were identified by the same deprotonated ion at m/z 347.
Following a decarboxylation reaction, the fragmentation patterns
showed a product ion at m/z 301, corresponding to the [M +
H-CO-H,0]" fragment, which then produced an ion at m/z 283
attributable to the loss of a water molecule [M + H-CO-2H50] ™. A loss
of a methyl radical from this ion yielded an ion at m/z 268. These mass
spectrometric findings confirm that compounds 16 and 20 are struc-
turally related to rosmanol (18), a diterpenoid that differs from carnosol
(24) by possessing a lactone function between the carboxylic acid and
the hydroxyl group at C-6, as well as an additional hydroxyl group at C-7
[35]. Other diterpenoids were identified by comparing them with the
literature and the characteristic fragment ions associated with the iso-
propyl group, particularly noting the radical cleavage that results in the
loss of CH(CH3), (43 Da) [36]. Triterpenoids are difficult to fragment,
and the MS/MS spectra did not reveal any additional complex mass
fragmentation patterns. For example, in compound 13, the excimer ion
peak was recorded at m/z 505.3525 [M+H] *. A series of neutral losses
of HyO led to fragment ions at m/z 487 [M + H-H,0]", 469 [M +
H-2H,0]", and 451 [M + H-3H,0]". Simultaneously, this ion lost a
carbonyl group along with a water molecule, resulting in a fragment ion
at m/z 459 [M + H-H,0-CO]™, which corresponds to decarboxylation.
Further losses of two hydroxyl groups produced fragment ions at m/z
441 [M + H-CO-2H,0]" and 423 [M + H-CO-3H0]". Based on these
distinctive ions and literature references, this compound was identified
as arjungenin. Another triterpenoid (21, 30) was identified by
comparing exact molecular weights, fragmentation patterns, and
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Fig. 3. A) Effect of S. macilenta extract (SMA) in solution on cell viability. B) Effect of S. macilenta extract (SMA) in Eu-liposomes on cell viability. C) Effect of
S. macilenta extract (SMA) in solution and in Eu-liposomes or dexamethasone (DEX) on intracellular ROS levels under LPS-stressed conditions. Values are the means
+ standard deviations of three separate experiments. B) ****p < 0.0001, **p < 0.01 vs untreated cells (CTRL). C) **##p < 0.0001 vs. CTRL; ***p < 0.001, **p < 0.01,

*p < 0.05 vs. LPS-treated cells (LPS).
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deviations of three separate experiments. The protein levels were normalized with f-actin content. Data were normalized to untreated control cells (CTRL) set to 100
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relevant literature [37]. Five low-molecular-weight phenolic com-
pounds were identified, specifically compounds 1-4 and 10. These
compounds possess several phenolic hydroxyl, methoxy, and carboxyl
groups, making them susceptible to losing CH3, H,O, CO3, and CO
during fragmentation. Taking vanillic acid (2) as an example, which has
an m/z of 169.0498 [M+H]", the ion loses neutral CO5 and H»O,
resulting in fragment ions at m/z 151 [M + H-H,0]" and 125 [M +
H-CO,] ™. Additionally, the fragments at m/z 154 and 141 reflect the loss

p < 0.0001, **p < 0.01 vs. untreated cells (CTRL), ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 vs. LPS-treated cells (LPS).

of a methoxy group [M + H-CH3] " and a carbonyl group [M + H-CO] ™,
with the ion 110 linked to the loss of [M + H-CH3-CO5]". The protonated
metabolite 9 at m/z 361 underwent dissociation, resulting in fragment
ions at m/z 199, 181, 163, 145, and 135, indicating the presence of a
caffeic acid derivative, likely rosmarinic acid. Notably, the ion at m/z
181 corresponds to a protonated form of caffeic acid, which subse-
quently dehydrated to yield an ion at m/z 163. The fragment ion at m/z
199 is associated with the 2-hydroxy derivative of hydrocaffeic acid.
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Fig. 6. Amounts of rosmarinic acid and carnosol, reported as areas of the
chromatographic peaks, detected in HepG2 cells after exposure to S. macilenta
extract (SMA) in solution and in Eu-liposomes. Results are the means + stan-
dard deviations of three replicates.

Caffeic acid is a key component in the biochemistry of the Lamiaceae
family, serving as a building block for various Salvia metabolites,
including rosmarinic acid. This compound, identified in over 77 species,
is the main phenolic source of the antioxidant activity in Salvia samples
[34]. The same criteria were used to identify the polyphenolic com-
pounds including lignans (5, 7, 11), diarylpropane-type

phenylpropanoids (6, 17), and flavonoid derivatives (8, 14, 19). Addi-
tionally, in flavonoids, the C-ring experienced degradation due to the
cleavage of 1,3 and 1,4 bonds, leading to the formation of the corre-
sponding retro-Diels-Alder fragment ions at m/z 167 [“3A + H]* and
163 [1’4B-H2+H]+, which is consistent with the literature data for the
sternbin flavonoid (8) [38]. Furofurano lignans have been demonstrated
to cleave within the tetrahydrofuran ring in negative ESI, yielding
product ions of m/z 151 for single methoxy-substituted phenol rings
(guaiacyl) and m/z 181 for di-methoxy substituted (syringyl) de-
rivatives. The resulting fragment can further lose a methyl radical (15
amu), producing product ions of m/z 136 or 166, respectively [39]. In
the current study, the MS/MS analysis of hydroxypinoresinol (11)
showed a molecular ion at m/z 375.1439 [M+H]". The fragment at m/z
357 was attributed to the loss of a neutral water molecule. Additionally,
the fragment ions at m/z 153 and 138 resulted from cleavage within the
tetrahydrofuran ring, followed by the loss of a methyl radical, observed
in the positive ion mode. Furthermore, two trihydroxylated derivatives
of fatty acid esters (22, 25) were identified in the extracts. Analysis of
the ESI-MS/MS data for compound 25 revealed that the upper section of
the spectrum was mainly characterized by the loss of CHs (m/z 330),
H,0 (m/z 327, 309, and 291), as well as CO and CO, (m/z 345-28 = 317
and 345-44 = 301).

3.3. Nanoformulation in Eu-liposomes

A liposome-based formulation was investigated for the oral delivery
of S. macilenta extract. To increase the stability of the liposomes and to
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Table 3
Liquid chromatography-mass spectrometry characterization of metabolites present in S. macilenta extract.
Peak  RT Molecular Molecular weight [M+H]" (A MS/MS m/z Compound Reference ~ MSI
[71 formula calculated ppm) Status”

1 9.33 C10H1205 212.0679 213.0767 198, 195, 177, 167, 151 C-veratroylglycol [40] 1
(4.65)

2 15.34 CgHgO4 168.0417 169.0498 154, 151, 141, 125, 110, Vanillic acid [41] 1
(1.39) 93, 67

3 15.83 CoH;203 168.0781 169.0868 154, 151,141, 111, 99 Homovanillyl alcohol [42] 1
(4.96)

4 15.66 C10H1204 196.0730 197.0813 182,179 B-hydroxy propiovanillone [43] 1
(2.53)

5 21.89 C20H2406 360.1567 361.1684 346, 343, 331, 328, 313, Isolariciresinol [44] 1
(—4.36) 299, 181

6 22.14 C17H1506 318.1098 319.1177 301, 283, 177, 151, 123 Evofolin B [45] 1
(0.20)

7 22.73 C20H2406 360.1567 361.1647 346, 343, 328, 330, 194, 4-0-ethylcedrusin [46] 1
(—4.36) 181, 137

8 23.82 C16H1406 302.0785 303.0862 285, 167, 163, 177,153 Sterubin [38] 1
(—0.25)

9 24.05  CgHp60s 360.0840 361.0919 199, 181, 163, 145, 135 Rosmarinic acid 1471 1
(2.45)

10 24.05 CoHgO4 180.0417 181.0496 163, 137,135 Caffeic acid [47] 1
(1.90)

11 24.50 Cz0H2207 374.1360 375.1439 357, 311, 161, 151, 137 8-hydroxypinoresinol [39] 1
(0.40)

12 27.73 CooH340 290.2604 291.2681 273 Manool [48] 1
(0.77)

13 33.56 C30H4506 504.3445 505.3525 487, 469, 459, 451, 441, Arjungenin [49] 1

423

14 34.40 C17H1406 314.0785 315.0859 300, 297, 282 Flavoyadorigenin [50] 1
(0.38)

15 34.93 Co0H2603 314.1876 315.1956 297, 245, 215, 185, 143, 6-Hydroxy-5,6-dehydrosugiol [51] 1
(0.38) 113, 95

16 35.60 Ca0H2605 346.1775 347.1853 329, 301, 283, 259 Isorosmanol [36] 1
(—3.60)

17 36.42 C17H2006 320.1254 321.1331 306, 303, 291, 285, 195, 1,2-Bis-(4-hydroxy-3-methoxyphenyl)- [52] 1
(-1.42) 137,107 propane-1,3-diol

18 36.46 C20H2605s 346.1775 347.1852 329, 319, 301, 283, 259 Epiisorosmanol [36] 1
(0.72)

19 37.75 C17H1406 314.0785 315.0858 300, 297 Pilloin [50] 1
(0.56)

20 38.42 C20H2605 346.1774 347.1855 329, 319, 301, 283, 259 Rosmanol [36] 1
(-0.14)

21 38.64  CaoHugOs 488.3496 489.3578 453, 435, 425, 407, 389 Arjunolic acid [37] 1
(0.75)

22 38.64 C19H3405 328.2244 343.2481 328, 325, 310, 307, 299, Fatty acid [53] 1
(—3.86) 281

23 41.84 C20H3003 318.2189 319.2269 301, 273, 259, 255, 205, Dimethyl salvicanol [54] 1
(0.87) 191, 179, 165

24 42.88 Co0H2604 330.1825 331.1899 313, 303, 285, 267, 243, Carnosol [55] 1

215,191

25 43.35 C19H3605 344.2557 345.2628 330, 327, 317, 309, 301, Fatty acid [53] 1
(-2.12) 291

26 43.65 C20H3002 302.2240 303.2320 285, 261, 275, 267 8p-hydroxy-(11),13-abietadien-12-one [56] 1
(—0.85)

27 44.45 C18H2203 286.1563 287.1646 269, 215 New compound 1

28 45.57 C15H260 222.1978 223.2058 208, 205, 181163, 149 B-eudesmol [57] 1

29 45.85 CooH2g05 300.2084 301.2163 283, 270, 259, 165 Formosanoxide isomer [58] 1
(0.24)

30 48.12 C3oHyg03 456.3597 457.3672 439, 411, 393 Ursolic acid [59] 1

31 49.35 Cz0H300 286.2291 287.2374 269, 245 Ferruginol [60] 1
(1.25)

32 50.38 C20H3603 324.2659 325.2739 307 6p-hydroxy sclareol [61] 1
(0.55)

2 [62].

protect their cargo from the harsh gastrointestinal environment, an
enteric polymer (Eudragit) coating was applied to the surface of the
vesicles. These S. macilenta Eu-liposomes were then characterized for
average diameter, homogeneity and surface charge and compared with
uncoated liposomes to evaluate possible changes induced by the poly-
mer coating (Table 4). The S. macilenta uncoated liposomes were around
90 nm and homogeneous in size (with a polydispersity index of 0.20),
and positively charged due to the stearylamine. The coating process led
to larger and less homogeneous vesicles (118 nm, with a polydispersity

index of 0.39; Table 4) with less positive charge (from +16 to +8 mV;
Table 4) due to the anionic chains of Eudragit surrounding the surface of
the cationic liposomes. Notably, the incorporation of the extract affected
the liposomes features, as indicated by the data obtained from the
characterization of the empty uncoated liposomes. These empty un-
coated liposomes were smaller, around 70 nm, less monodispersed (with
a polydispersity index of 0.26) and with similar positive charge (+18
mV; Table 4). Again, the coating process led to larger and less homo-
geneous vesicles (94 nm, with a polydispersity index of 0.39; Table 4)
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Table 4
Mean diameter (MD), polydispersity index (PI) and zeta potential (ZP) of empty
and S. macilenta (SMA) Eu-liposomes vs. uncoated liposomes.

MD nm + SD PI + SD ZP mV + SD
Empty uncoated liposomes 74 + 4.9 0.26 + 0.02 +18+ 1.1
Empty Eu-liposomes ‘94475 '0.39 + 0.05 +7+1.5
SMA uncoated liposomes 589 + 4.9 50.20 + 0.03 +16 + 0.9
SMA Eu-liposomes *#118 + 8.0 *0.39 + 0.04 *18+ 2.4

Values are the means + standard deviations (SD; n > 10). ~* statistically
different (p < 0.001) from empty and SMA uncoated liposomes, respectively.
statistically different (p < 0.001) from empty uncoated liposomes. “statistically
different (p < 0.001) from empty Eu-liposomes.

Table 5
Mean diameter (MD), polydispersity index (PI) and zeta potential (ZP) of empty
and S. macilenta (SMA) Eu-liposomes during storage at 4 °C.

Time MD nm + PI + SD ZP mV + SD
months SD
Empty Eu- to 94+ 7.5 0.39 + 0.05 +7+15
liposomes ty 104 +11.3 0.46 +£0.02  +11 +3.3
ty 106 + 5.4 0.44 £0.02 +13£25
t3 *114 + 6.0 °0.45 + +12 + 4.2
0.04
SMA Eu-liposomes to 118 + 8.0 0.39 + 0.04 +8 + 2.4
t1 122 +7.0 0.39 £ 0.01 +8+ 1.7
to 125 + 4.1 0.43 + 0.03 +9+1.5
t3 127 £ 4.2 0.45 £ 0.05 +8 + 3.0

MD, PI and ZP were measured after preparation (to) and after 1, 2 and 3 months
(t1, ta, t3). Values are the means =+ standard deviations (SD; n = 4). *° statisti-
cally different (p < 0.01, p < 0.05) from to.

with less positive charge (+7 mV; Table 4).

The storage stability of the S. macilenta Eu-liposomes was estimated
via monthly measurements of their mean diameter, polydispersity index
and zeta potential. During three months, the vesicles showed negligible
variations in size and homogeneity (Table 5), indicating a high stability
of the nanoformulation. On the contrary, a slight, but statistically sig-
nificant, instability was observed for empty Eu-liposomes: the mean
diameter was found to increase gradually during three months, in par-
allel with the polydispersity index (Table 5). This suggests that the
incorporation of the extract was key to producing a more stable colloidal

Table 6

Mean diameter (MD), polydispersity index (PI) and zeta potential (ZP) of
S. macilenta (SMA) Eu-liposomes vs. uncoated liposomes in simulated gastric and
intestinal fluids.

Simulated MD nm + PI + SD ZP mV +
fluid SD SD
SMA uncoated SGF 119 + 16.6 0.35 + +12 + 6.4
liposomes to 0.04
SMA uncoated 125+ 6.3 *0.48 £ +13+ 0.5
liposomes to 0.03
SMA Eu-liposomes 113 £ 2.7 0.34 = +13 £ 1.1
to 0.01
SMA Eu-liposomes 116 + 3.8 0.36 = +13 £ 2.2
ty 0.02
SMA uncoated SIF 176 £ 51.1 0.65 + +5 =+ 0.7
liposomes tq 0.19
SMA uncoated 181 + 50.6 0.56 + +4+1.2
liposomes tg 0.16
SMA Eu-liposomes 118 + 3.4 0.37 = +6 £ 0.8
to 0.06
SMA Eu-liposomes 122+ 5.4 0.34 + +5+1.9
te 0.02

MD, PI and ZP were measured after dilution (ty) and after incubation for 2 h (t,)
in simulated gastric fluid (SGF, pH 1.2) or for 6 h (t¢) in simulated intestinal fluid
(SIF, pH 7.0), respectively. Values are the means =+ standard deviations (SD; n =
4). * statistically different (p < 0.001) from SMA uncoated liposomes t.
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dispersion.

Because the S. macilenta Eu-liposomes were developed for oral
administration, this study examined their stability in fluids that simulate
the stress conditions of the gastrointestinal tract. The behavior of
S. macilenta uncoated liposomes was also evaluated. In simulated gastric
fluid, the S. macilenta uncoated liposomes displayed a marked increase
in size and polydispersity index (125 nm and 0.48, respectively;
Table 6), in comparison with the freshly prepared vesicles (89 nm, with
polydispersity index of 0.20; Table 4). The simulated intestinal fluid had
an even stronger effect on the uncoated liposomes. After 6 h of incu-
bation, the S. macilenta uncoated liposomes were approximately 180 nm
with a polydispersity index of 0.56 (Table 6).

However, Eu-liposomes incubated with the gastric fluid were unal-
tered, remaining at around 116 nm in size and maintaining a poly-
dispersity index of 0.36. These results point to an effective resistance to
acidic conditions offered by the polymer coating. The same negligible
effect was observed upon incubation of S. macilenta Eu-liposomes with
the simulated intestinal fluid (122 nm, with polydispersity index of 0.34;
Table 6).

Variations of zeta potential values were detected for both formula-
tions as a function of the ionic composition of the simulated fluids
(Table 6).

The entrapment efficiency of the Eu-liposomes, which was calculated
based on the amounts of rosmarinic acid and carnosol as marker com-
ponents of S. macilenta extract, was high: 83.24 + 4.02 % and 51.19 +
2.85 %, respectively.

The antioxidant activity of S. macilenta extract was determined based
on its radical scavenging and ferric reducing abilities. A methanol so-
lution of the extract scavenged the DPPH radical completely (96 %;
Table 7) as well as its nanoformulation (92 %; p > 0.05). Similarly, the
ferric reducing ability of the extract was maintained in the Eu-liposomes
(1053 vs. 1044 pg of ferrous equivalents/mL). These results demonstrate
the strong antioxidant activity of S. macilenta extract, which was not
affected by the formulation process.

3.4. Effect of S. macilenta extract on intracellular ROS

Before measuring the protective effects of S. macilenta extract in LPS-
stimulated HepG2 cells, its cytotoxicity was determined by the MTT
assay. The free extract did not show cytotoxic effects at the concentra-
tions tested, neither after 2 h nor after 24 h of treatment (Fig. 3A).
S. macilenta Eu-liposomes at the higher concentration (10 pg/mL)
reduced cell viability by 20 % and 80 % after 2 h and 24 h of treatment,
respectively (ICso: 6.0 + 1.41 pg/mL at 24 h; Fig. 3B). Based on these
data, further experiments were conducted applying the extract at 1 and
0.1 pg/mL for 2 h.

To establish the protective effect of the extract against LPS-induced
oxidative stress, ROS levels were studied. Addition of LPS to the cells,
as expected, induced a two-fold increase in ROS levels. However, by pre-
treating the cells with the extract, there was a significant reduction in
LPS stress-induced ROS levels. Similarly, dexamethasone, a known
glucocorticoid with anti-inflammatory properties, reduced ROS levels
significantly. Furthermore, the liposomal formulation maintained this
protective effect on cells (Fig. 3C).

Table 7
Antioxidant activity of S. macilenta extract (SMA; 1 mg/mL) in methanol or in
Eu-liposomes.

DPPH assay FRAP assay

AA% + SD FEpg Fe?* equivalents/mL + SD
SMA solution 96 + 3.0 1053 + 34
SMA Eu-liposomes 92 +1.6 1044 + 31

Results are expressed as AA (%) for the DPPH assay, and as FE (pg ferrous
equivalents/mL) for the FRAP assay. Values are the means + standard de-
viations (SD) of three experiments, each carried out in triplicate.
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3.5. Effect of S. macilenta extract on oxidative stress

To understand the mechanism underlying the protective effect of
S. macilenta extract against LPS-induced oxidative stress, the levels of
key protective proteins were measured. As shown in Fig. 4, the treat-
ment with S. macilenta extract at 1 and 0.1 pg/mL increased SOD-2
levels, while only the higher concentration increased NQO1 protein
expression. These effects are likely mediated by the increased expression
of NRF-2, which represents a regulatory activator of antioxidant gene
defense that contributes to the ROS-reducing effect observed in Fig. 3C.
Notably, when the Eu-liposomes were used, the protective effect of the
extract was maintained or even increased at the lower concentration,
especially in the case of NQO1 or NRF-2.

3.6. Effect of S. macilenta extract on nitrite production and pro-
inflammatory cytokines

The anti-inflammatory effect of S. macilenta extract was initially
evaluated by measuring nitrite levels. As reported in Fig. 5A, NO pro-
duction after LPS treatment for 24 h was significantly increased
compared to untreated cells. The extract at 1 pg/mL prevented this effect
by reducing nitrite levels by 30 %, compared to LPS-stimulated control
cells, in a manner comparable to the anti-inflammatory positive control
dexamethasone. Furthermore, the S. macilenta Eu-liposomes showed a
strong protective effect by reducing NO levels two-fold, even at the
lower concentration (0.1 pg/mL).

Other key factors that mediate inflammation are proinflammatory
cytokines, such as tumor necrosis factor TNF-q, and interleukins IL-6 and
IL-1p, which are linked to the pathogenesis of many inflammatory dis-
eases. S. macilenta extract showed a slight effect in reducing the
increased levels of TNF-a and IL-14 in LPS-treated cells, but when
formulated in Eu-liposomes, the effect on IL-14 increased, especially at
the lower concentration (0.1 pg/mL), which restored basal levels
(Fig. 5B).

Furthermore, both the S. macilenta extract in solution and in Eu-
liposomes reduced the expression of IL-6 protein, which was evaluated
by Western blot. The extract showed a dose-dependent effect that
increased when delivered by Eu-liposomes.

This protective effect obtained by treating HepG2 cells with
S. macilenta extract in solution or in Eu-liposomes prior to LPS-induction
of inflammation, could be attributed to the reduction of NF-kB protein
expression compared to LPS-stressed cells (Fig. 5C). Indeed, NF-xB in-
duces the expression of pro-inflammatory genes, including cytokines,
thus playing a critical role in the regulation of inflammation. Once
again, S. macilenta extract delivered by the Eu-liposomes at 0.1 pg/mL
restored the basal expression level of the protein, indicating the poten-
tial use of a lower concentration of S. macilenta extract to protect cells
from inflammation, if formulated in Eu-liposomes.

3.7. Intracellular uptake of S. macilenta extract

The cellular uptake of S. macilenta extract delivered by the Eu-
liposomes was assessed in comparison with that obtained after expo-
sure of HepG2 cells to the free extract. Rosmarinic acid and carnosol
were used as marker compounds for relative quantification by LC-MS/
MS. The results in Fig. 6 clearly show that the intracellular amounts of
rosmarinic acid and carnosol were higher (~20 fold) when the extract
was delivered by Eu-liposomes than in its free form, without statistically
significant differences between the two tested concentrations (0.1 and 1
pg/mL).

4. Discussion
Recent studies have increasingly highlighted the potential of natural

products to fight oxidative stress and inflammation, especially in liver
cells such as HepG2, a widely studied human hepatoma cell line [63].
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Oxidative stress, which is caused by an imbalance between ROS pro-
duction and antioxidant defenses, plays a key role in the development of
chronic diseases such as cancer, cardiovascular diseases, and neurode-
generative disorders [64].

This study showed that S. macilenta extract significantly decreased
ROS levels in LPS-stimulated HepG2 cells, demonstrating its strong
antioxidant potential. Previous research on Salvia species has shown
similar antioxidant effects ascribed to the ability to absorb and
neutralise oxygen radicals and inhibit oxidase activity, a mechanism
well documented in S. miltiorrhiza [65,66]. Results suggest that
S. macilenta may be a valuable source of bioactive compounds with
useful antioxidant activity [65,66]. Most Salvia antioxidant effects are
attributed to phenolic compounds, such as rosmarinic acid, salvianolic
acid, and sagerinic acid [67]. In the present study, the phytochemical
screening, which was, to the best of our knowledge, carried out for the
first time on a S. macilenta extract, allowed the identification of a new
rearranged nor-abietane diterpenoid and known phenolic compounds,
diterpenoids, triterpenoids, and sesquiterpenes that have been held
responsible for Salvia antioxidant and anti-inflammatory activities.

The ability of the S. macilenta extract to reduce ROS levels suggests
not only a direct antioxidant effect, but also a potential modulation of
cellular pathways that enhance intrinsic antioxidant defenses, in
particular the NRF-2 pathway. Activation of this pathway could lead to
upregulation of key phase II detoxification enzymes or Antioxidant
Response Elements ARE-controlled genes, such as NQO1 and SOD-2.
This could provide enhanced protection against LPS-induced oxidative
stress in HepG2 cells. These results highlight the potential of the extract
to activate cellular defense mechanisms critical to the management of
oxidative stress. Our data confirm what was reported by a previous study
in which S. macilenta increased NRF-2 protein expression and decreased
the levels of TNFa and IL-6 in Ap-injected rats [19]. It is well known that
NRF-2 activation reduces the inflammatory response and regulates
NF-xB signaling pathway [68]. NF-kB stimulates and maintains inflam-
mation by inducing the expression of proinflammatory factors, such as
cytokines, and enzymes that mediate inflammation, such as inducible
NO synthase [69]. The inhibition of the NF-xB pathway induced by
S. macilenta extract led to a decrease in the release or expression of the
proinflammatory cytokines IL-14, TNF-a, and IL-6 in cells pre-treated
with the extract and subsequently stressed with LPS. Therefore, the
extract-induced cellular responses against LPS-induced oxidative stress
and inflammation are regulated by NRF-2 and NF-xB pathways. It has
been previously reported that phenolics from S. officinalis, such as car-
nosic acid, lowered the levels of inflammatory mediators [70]. Similarly,
S. plebeian extracts reduced inflammation in vivo and in vitro by
decreasing the production of nitric oxide, COX-2, PGE, and iNOS [71].
Salvianolic acids from S. miltiorrhiza exhibited anti-inflammatory effects
by inhibiting cytokine production and reducing COX-2 and NF-kB ac-
tivities [72]. In addition, caffeic acid, rosmarinic acid, and ursolic acid
that were identified in Salvia species and in the present S. macilenta
extract, have been confirmed to have strong anti-inflammatory effects
[73].

While this study highlights the bioactivities of S. macilenta extract
and the cellular mechanisms in which it is involved, it is important to
consider the bioavailability and clinical applicability of its active con-
stituents. The effectiveness of natural products can be severely affected
by metabolic pathways, uncontrolled distribution, physiological insta-
bility, poor water solubility. Hence, strategies to facilitate their delivery
and possibly enhance their effects are needed [74].

Liposomal systems have been widely proposed to improve the effi-
cacy of drugs and phytochemicals against several diseases. More spe-
cifically, Eudragit-coated liposomes have been proven to be effective for
the oral delivery of phytoproducts, offering protection and modulating
release in gastrointestinal environment [75,76]. To the best of our
knowledge, no previous study has been conducted on Salvia extracts
formulated in Eudragit-coated liposomes. An essential oil from Salvia
triloba has been loaded into conventional liposomes and tested for
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antioxidant, anti-inflammatory and anti-bacterial activities [76]. Salvia
species, particularly Salvia officinalis but also Salvia pratensis, Salvia
plebeia, Salvia moorcroftiana, and Salvia hispanica, are being explored for
the green synthesis of nanoparticles (e.g. silver or zinc oxide nano-
particles) [77,78]. Salvia extracts containing bioactive compounds act as
reducing and stabilizing agents for metal ions, forming nanoparticles
with antimicrobial activity, antioxidant properties, and catalytic activity
[79]. Therefore, the findings of this study extend the applications of
Salvia extracts and open new possibilities for unlocking their healthy
potential. Indeed, our results indicate that the liposomal formulation
proposed for the S. macilenta extract (i.e. Eu-liposomes) enhanced its
antioxidant and anti-inflammatory effects, at the identified
non-cytotoxic concentrations. In particular, it was evident that, in the
inflammatory pathway hallmarked by TNF-a, IL-1p, NF-kB, IL-6 and
nitrite levels) the lower concentration of the extract in Eu-liposomes
(0.1 pg/mL) exerted effects that were greater than or comparable to
those observed with 1 pg/mL of the free extract or with 1 pg/mL of the
extract in Eu-liposomes. This indicates that similar or enhanced bio-
logical responses could be achieved using a ten-fold lower concentration
of the S. macilenta extract when delivered by the Eu-liposomes. A com-
parable trend was observed for the expression of antioxidant proteins
NRF-2 and NQOI1. For SOD-2 and ROS levels, the effects were not as
pronounced, suggesting that these may not be direct targets of the
extract and that alternative mechanisms are involved. The incorporation
of the S. macilenta extract into Eu-liposomes not only ensured protection
to its bioactive components but also promoted their accumulation into
cells, which is reasonably behind the enhanced
antioxidant/anti-inflammatory efficacy detected in vitro.

5. Conclusion

The phytochemical investigation of a S. macilenta n-hexane-ethyl
acetate extract led to the isolation of a new rearranged nor-abietane
diterpenoid characterized by a rare five-membered C-ring, which is
uncommon in nature. Our findings showed the extract’s biological ac-
tivity against oxidative stress and inflammation, attributed to its rich
profile of metabolites, and the enhancement provided by the nano-
formulation. Eudragit-coated liposomes proved to be resistant to simu-
lated gastrointestinal conditions and to boost the cellular uptake of the
extract, as compared to its free form. This could explain the superior
upregulation of antioxidant proteins and downregulation of pro-
inflammatory markers in LPS-stimulated HepG2 cells. Therefore, by
harnessing the unique properties of Eudragit-coated liposomes, the
bioavailability and efficacy of S. macilenta extract can be enhanced,
which suggests that further research is needed, both in vitro and in vivo,
to unlock its nutraceutical potential.
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