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Abstract
Background Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by cholinergic 
dysfunction, neuroinflammation, oxidative stress, and memory impairment. The Salvia genus has been used since 
ancient times for its anti-inflammatory and neuroprotective properties. In this study, we aimed to investigate the 
effects of Salvia aristata hydroalcoholic extract (SAHE) and dichloromethane extract (SADE) on various aspects of 
memory and AD.

Methods Column chromatography was utilized in the phytochemical analysis to isolate and purify bioactive 
compounds. The structures of the isolated compounds were determined through spectroscopic techniques, 
including 1D and 2D NMR, along with IR, UV, and HRESIMS for the new compound. Cholinesterase inhibitory activity 
was assessed using a modified Ellman’s method. Additionally, the antioxidant activity and metal chelation capacity 
of SAHE and SADE were evaluated using the DPPH assay and spectroscopic methods, respectively. Moreover, the 
neuroprotective effects in PC12 cells were investigated using the AlamarBlue assay, and the ability to mitigate 
scopolamine-induced memory impairment in rats was assessed using the Morris water maze (MWM) test.

Results In this study, we isolated and structurally elucidated an undescribed compound, namely salvinarin (2), 
as well as four known compounds including linariin (1), pectolinarin (3), scutellarein 4’-O-methyl-7-O-rutinoside 
(4), and 5-O-coumaroylquinic acid (5) from SAHE for the first time. In vitro analyses revealed that SAHE, SADE, and 
linariin exhibited significant neuroprotective effects against H2O2-induced cytotoxicity in PC12 cells. Notably, SAHE 
demonstrated potent acetylcholinesterase (AChE) inhibition (IC50 = 322.83 ± 1.11 µg/mL), significant antioxidant 
activity (IC50 = 99.16 ± 1.24 µg/mL), and strong metal chelating capacity toward Cu2+, Zn2+, and Fe2+. Moreover, oral 
administration of SAHE (400 mg/kg/day) significantly ameliorated memory impairment induced by scopolamine 
in a rat model. This improvement was evident in parameters such as traveled distance (p < 0.001), escape latency 
(p < 0.001), and time spent in the target quadrant (p < 0.01) in the Morris water maze test.

Neuroprotective, and memory enhancement 
effects of Salvia aristata and its phenolic 
constituents: an in vitro, and in vivo study
Farid Dabaghian1, Mohammad-Reza Delnavazi1, Roshanak Hariri2, Tahmineh Akbarzadeh2, Zahra Tayarani-Najaran3, 
Mohammad Reza Shams Ardekani1, Mohammad Sharifzadeh4 and Mahnaz Khanavi1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12906-025-04902-1&domain=pdf&date_stamp=2025-5-16


Page 2 of 18Dabaghian et al. BMC Complementary Medicine and Therapies          (2025) 25:181 

Background
Alzheimer’s disease (AD) is a progressive amnestic disor-
der characterized by cognitive decline, memory impair-
ment, and various behavioral and neuropsychiatric 
changes [1]. While the precise mechanisms underlying 
AD remain incompletely understood, key pathological 
features include cholinergic dysfunction, oxidative stress, 
neuroinflammation, and the accumulation of amyloid-
beta (Aβ) plaques [2]. Among these, cholinergic dys-
function -particularly in the cortical and hippocampal 
regions- plays a critical role in the cognitive deficits 
observed in AD. On the other hand, changes in the 
metabolism of the amyloid precursor protein and the 
phosphorylation of tau are associated with cholinergic 
system abnormalities, which can lead to neuroinflam-
mation and neuronal death [3]. Cholinergic neurons are 
crucial for learning and memory, and their degeneration 
has been linked to deficits in neurogenesis, decreased 
levels of choline acetyltransferase, and impaired memory 
functions [4]. Consequently, one of the primary clinical 
approaches to address AD involves the restoration of the 
cholinergic system in the human body.

Along with cholinergic imbalance, oxidative stress, 
and reactive oxygen species (ROS) accumulation, other 
factors such as dyshomeostasis of bio-metal ions (Cu2+, 
Fe2+, and Zn2+) at the cellular and organismal levels, 

glymphatic system malfunction, and tau protein hyper-
phosphorylation and neurofibrillary tangle formation 
are linked to the pathophysiology of AD [5]. Given the 
multifactorial nature of AD, a more effective treatment 
approach would involve compounds that target multiple 
pathological mechanisms simultaneously. In this regard, 
medicinal plants, and their derived natural compounds, 
have gained significant attention for their ability to mod-
ulate various molecular targets. Moreover, the use of 
medicinal plants for the prevention and treatment of var-
ious diseases is of great interest among people [6], which 
further underscores their use in managing conditions 
such as AD. These compounds often exhibit antioxidant, 
anti-inflammatory, and neuroprotective properties, mak-
ing them promising candidates for AD management [7].

Recent studies have highlighted the neuroprotective 
potential of extracts and their bioactive compounds in 
AD therapy. For instance, the aqueous extract of Cype-
rus esculentus L. has been shown to mitigate oxidative 
stress and improve memory function in scopolamine-
induced mice by significantly reducing brain levels 
of AChE, malondialdehyde, and nitrite [8]. Addition-
ally, polyphenols have emerged as promising multitar-
geted agents for managing neurodegenerative diseases, 
including AD [9]. These compounds exert neuroprotec-
tive effects through multiple mechanisms, including 

Conclusions Considering all findings, including significant neuroprotective, antioxidant, and metal-chelating 
properties, alongside notable efficacy in enhancing memory in rat models, S. aristata could be a potential candidate 
for memory improvement.
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antioxidant activity, modulation of neuroinflammation, 
inhibition of Aβ aggregation, and enhancement of cholin-
ergic neurotransmission [10, 11]. Notably, curcumin and 
resveratrol have demonstrated significant therapeutic 
potential against AD in several studies [12, 13]. Further-
more, synthetic curcumin analogs have exhibited AChE 
inhibitory effects, with IC50 values ranging from 112.52 
to 5839.96 nM. Among these, a synthetic analog contain-
ing a chlorine substituent on the aromatic rings displayed 
the highest activity and significantly improved cognitive 
performance in mice. At oral doses of 7.5 and 15 mg/kg/
day, this analog effectively reversed scopolamine-induced 
amnesia in behavioral tests, including the elevated plus 
maze, Y-maze, and novel object recognition test [14].

Among the numerous medicinal plants investigated, 
Salvia species have garnered attention due to their tradi-
tional use in improving memory and cognitive function. 
In the 16th century, the herbalist John Gerard described 
it as beneficial for brain function, highlighting its poten-
tial to enhance memory and stimulate neural activity 
[15]. Moreover, recent investigations have demonstrated 
the efficacy of various Salvia species in addressing mem-
ory and AD. For instance, Sezer Şenol et al.. identified 
that Salvia fruticosa Mill. extract inhibited AChE activ-
ity by 51.07% at 100 µg/mL [16]. Similarly, another study 
reported that the extract of Salvia staminea Montbret & 
Aucher ex Benth. exhibited notable cholinesterase (ChE) 
inhibitory activity, with 55.17% inhibition of AChE and 
79.75% inhibition of butyrylcholinesterase (BChE) at 200 
µg/mL [17]. Additionally, several cellular studies have 
substantiated the neuroprotective effects of Salvia spe-
cies. For example, Ververis et al.. demonstrated that pre-
treating SH-SY5Y cells with 20 µg/mL of petroleum ether 
extract of S. fruticosa significantly reduced the toxicity 
induced by Aβ25−35 compared to cells exposed solely to 
Aβ25−35 [18].

In addition to in vitro experiments, some Salvia spe-
cies have been studied for their effectiveness in animal 
models of memory impairment, emphasizing the neces-
sity of both approaches to obtain reliable conclusions 
about their memory-enhancing properties. For instance, 
Salvia officinalis L. exhibited moderate AChE inhibi-
tory activity, with an IC50 value of 268.45 µg/mL, while 
galantamine, used as a positive control, had an IC50 of 
0.12 µg/mL [19]. However, in animal studies, the oral 
administration of S. officinalis extract significantly alle-
viated scopolamine-induced memory impairment in 
mice. The group receiving 400 mg/kg of the extract dem-
onstrated a substantial reduction in escape latency time 
(21.37 ± 1.38  s) compared to the scopolamine-treated 
group (102.34 ± 1.34 s), suggesting a notable neuroprotec-
tive effect [20]. Similarly, Ayoub et al.. reported that oral 
administration of S. officinalis and Salvia microphylla 
Kunth extracts improved cognitive performance in a 

scopolamine-induced rat model, with enhancements of 
1.62 to 2.01 fold in probe trial performance compared to 
the scopolamine-treated group [21]. Moreover, although 
the ethanolic extract of Salvia miltiorrhiza Bunge dem-
onstrated relatively weak in vitro AChE inhibition (27% 
at 2  mg/mL) [22], its effects on memory enhancement 
were significant in a scopolamine-induced rat model of 
memory impairment [23]. Consequently, it can be con-
cluded that both in vitro assessments (such as ChE inhib-
itory effects, neuroprotective, and antioxidant activities) 
and animal studies should be considered to provide more 
conclusive evidence of the memory-enhancing effects of 
Salvia species.

While various Salvia species have shown promis-
ing therapeutic potential, the effects of Salvia aristata 
Aucher ex Benth. on memory and AD remain largely 
unexplored. This perennial herb, endemic to Iran and 
eastern Turkey [24], has not yet been thoroughly investi-
gated for its bioactive compounds, with existing research 
limited to its essential oil composition [25]. Additionally, 
S. aristata, commonly known as “Maryam goli-e-sikhak-
dar” in Iran, has exhibited neuroprotective properties by 
attenuating H2O2-induced oxidative stress in SH-SY5Y 
neuroblastoma cells. These protective effects are medi-
ated through the downregulation of apoptosis-related 
genes such as Caspase 3, Bax, and Caspase 9 and the 
upregulation of the anti-apoptotic gene Bcl-2. Further-
more, S. aristata preserves mitochondrial membrane 
integrity, prevents the release of cytochrome c into the 
cytosol, and inhibits apoptotic cell death. These find-
ings suggest that S. aristata exerts its neuroprotective 
effects through a series of interconnected mechanisms 
[26]. However, its bioactive compounds and therapeu-
tic potential in AD models (in vitro, and in vivo have yet 
to be fully characterized. Therefore, this study aims to 
explore the therapeutic potential of S. aristata in AD by 
pursuing the following objectives: (1) evaluating the anti-
AChE and anti-BChE activities of its extracts and frac-
tions; (2) isolating and elucidating structure of bioactive 
compounds; (3) assessing its antioxidant and metal che-
lating activity, two factors involved in memory, and AD 
pathophysiology; and (4) studying the neuroprotective 
effects of S. aristata extracts, and major isolated com-
pound against H2O2-induced neurotoxicity in PC12 cells, 
as well as its inhibitory potential on cognitive and mem-
ory impairments in a scopolamine-induced rat model of 
AD.

Materials and methods
General experimental procedures
The NMR spectra were obtained at 25 ºC using an 
AVANCE III spectrometer (Bruker BioSpin) set to 
300.81 MHz for 1H-NMR and 75.65 MHz for 13C-NMR, 
2D HSQC, and HMBC spectra. The results were given in 
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ppm units relative to TMS. HRESI-MS data was obtained 
using a Waters LCT Premier mass spectrometer. The 
UV spectroscopic data were obtained using a UV-1800 
spectrophotometer (Shimadzu) with a scanning range of 
250 to 550 nm. The optical rotation was measured with 
sodium D line (590 nm) using a Perkin-Elmer 241 polar-
imeter instrument (Perkin-Elmer). Infrared spectra (IR) 
were analyzed by using a Nicolet is10 spectrophotometer 
equipped with an attenuated reflectance (ATR) contain-
ing a diamond crystal (Thermo Scientific) in the 400–
4000  cm− 1 scan range. Column chromatography (CC) 
was conducted using silica gel with mesh sizes of 70–230 
and 230–400 (Merck) and Sephadex LH-20 (Pharma-
cia). Thin-layer chromatography (TLC) plates measuring 
20 × 20 cm, pre-coated with silica gel F254 were acquired 
from Merck. Spots on TLC plates were observed under 
UV illumination (254 and 365  nm) (CAMAG). Also, 
anisaldehyde-sulfuric acid was applied, followed by heat-
ing at 120 ºC. The absorbance intensity of 96-well plates 
during the cell viability test was assessed using a micro-
plate reader (Synergy H4 Hybrid Multi-Mode, BioTek).

Chemicals and reagents
AChE (Type V-S, lyophilized powder, E.C. 3.1.1.7, 1000 
unit, from electric eel), BChE (E.C. 3.1.1.8, from equine 
serum), butyrylthiocholine iodide (BTCI), acetylthiocho-
line iodide (ATCI), p-nitrophenyl α-D-glucopyranoside 
(p-NPG), 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB), 
scopolamine hydrobromide (purity ~ 95%), donepe-
zil hydrochloride (purity > 98%), AlamarBlue, and 
RPMI were purchased from Sigma-Aldrich. Potassium 

dihydrogen phosphate, dipotassium hydrogen phosphate, 
sodium hydrogen carbonate, and potassium hydroxide 
were purchased from Fluka. The extraction and CC sol-
vents were of technical grade and were redistilled before 
use. Also, we purchased penicillin-streptomycin (Pen-
Strep) and fetal bovine serum (FBS) from Gibco.

Plant material
The aerial parts of S. aristata were collected in May 
2021 from their natural habitat in Fereydan, located in 
the western region of Isfahan province, Iran (Fig. 1). The 
plants were harvested during the flowering stage under 
mild spring conditions with moderate humidity. Identifi-
cation of the plant was confirmed by botanist Mr. M.T. 
Feyzi (Agriculture & Natural Resources Research Cen-
ter of Isfahan, Iran). A voucher specimen (7082-TEH) of 
this plant was deposited at the herbarium of the School 
of Pharmacy, Tehran University of Medical Sciences, 
Tehran, Iran. Experimental research and field studies on 
plants, including the collection of plant material, comply 
with relevant institutional, national, and international 
guidelines and legislation.

Extraction
The aerial parts of S. aristata were air-dried in the 
shade at room temperature for one week. After that, 
it was converted into crushed parts using the grinder. 
To obtain S. aristata dichloromethane extract (SADE), 
the ground powder (1 kg) was macerated for 3 × 72 h in 
5 L of dichloromethane (the solvent was replaced every 
72 h). The plant residue was then used to yield S. aristata 

Fig. 1 Salvia aristata Aucher ex Benth. in its natural habitat
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hydroalcoholic (70% MeOH) extract (SAHE) as directed 
for SADE. The obtained extracts underwent filtration 
using filter paper and concentration in a rotary evapo-
rator under reduced pressure at below 40 ºC. The SADE 
was obtained as a semi-solid, sticky residue due to the 
presence of non-polar compounds, whereas SAHE was 
obtained in powdered form after drying. At the end, they 
were kept at -20 ºC until further analysis.

Isolation and characterization
The chromatographic process was performed based on 
the AChE inhibitory activity of the extracts, utilizing 80 g 
of SAHE for CC (9 × 15 cm) on silica gel (70–230 mesh). 
The sample was eluted using a gradient of CHCl3:MeOH 
(90:10 → 0:100, v/v) to afford 22 individual fractions. 
Based on the TLC results (detection of bands using UV 
(254 and 365  nm) and visualization by anisaldehyde-
sulfuric acid spray), the fractions displaying similar spots 
were mixed to give five distinct fractions (I-V). Com-
pound 1 (12  g) was isolated from fraction I using the 
recrystallization method with CHCl3. Fraction II was 
subjected to normal phase CC (230–400 mesh, 3 × 40 cm) 
with a gradient solvent system of CH2Cl2:MeOH (100:0 
→ 75:25, v/v) to afford 33 subfractions (B1- B33). After 
that, a mixture of B7 and B8 was applied on the Sephadex 
LH-20 column with MeOH as a mobile phase to purify 
compound 2 (17.1 mg).

Fraction IV was chromatographed on another normal 
phase CC (230–400 mesh, 4.5 × 45 cm) and eluted with a 
gradient mixture of CH2Cl2:MeOH (100:0 → 60:40, v/v) 
to give 60 subfractions (C1- C60). Compound 3 (16.7 mg) 
was purified from subfraction C1 by recrystallization with 
CHCl3. Loading of C34 and the mixture of C43- C47 onto 
different Sephadex LH-20 and eluting with MeOH:H2O 
(80:20, v/v) led to the isolation of compounds 4 (25 mg) 
and 5 (32.4 mg), respectively.

In vitro cholinesterase inhibitory activity
AChE, and BChE inhibitory assays were applied on 
SAHE and SADE, as well as various obtained fractions by 
CC, and isolated compounds using the modified Ellman’s 
method, precisely following the procedures outlined pre-
viously [27]. To achieve the desired enzyme inhibitory 
activity, we prepared initial solutions of the extracts and 
fractions at a concentration of 10 mg/mL and pure com-
pounds at 1 mg/mL using DMSO. These solutions were 
further diluted with a mixture of DMSO and methanol 
to yield four distinct final concentrations for the extracts, 
fractions (63.5, 125, 250, 500 µg/mL), as well as for the 
pure compounds (1, 10, 20, 40 µg/mL) while preserv-
ing a final ratio of 50/50 (DMSO/ MeOH). In each well, 
there were 25 µL of the above-mentioned prepared 
sample, along with 50 µL of potassium phosphate buf-
fer (KH2PO4/ K2HPO4, 0.1 M, pH 8) and AChE (25 µL) 

at a final concentration of 0.22 units/mL in the buffer. A 
pre-incubation of 15 min at room temperature was car-
ried out before adding 125 µL of DTNB (3 mM in buf-
fer). Following that, 25 µL of the substrate (ATCI, 3 mM 
in water) was introduced into the mixture, and changes 
in absorbance were spectrometrically assessed at 405 nm. 
To consider the non-enzymatic reaction, a blank, consist-
ing of all components except the enzyme, was employed 
simultaneously. Furthermore, a negative control with-
out an inhibitor was included, and donepezil served as 
a positive control under the same conditions. Finally, 
the IC50 values were calculated graphically through the 
analysis of log concentration versus inhibition (%) curves 
for samples that showed an inhibition greater than 50% 
at the highest concentration. Every experiment was done 
in triplicate. The same procedure was utilized to assess 
BChE inhibitory effects with BTCI as the substrate.

Antioxidant activity by DPPH method
One of the most widely used techniques for determining 
the antioxidant properties of medicinal plants involves 
the utilization of the 1, 1-diphenyl-2-picrylhydrazyl 
(DPPH) radical [28]. Briefly, this experiment was car-
ried out using several concentrations of SAHE and SADE 
(7.81, 15.62, 31.25, 62.5, 125, 250, 500, and 1000 µg/mL), 
which were prepared in MeOH. Five mL of DPPH metha-
nolic solution (0.08 mg/mL) were added to the aliquots of 
each concentration of the extract (5 mL). The final mix-
ture was thoroughly shaken and then allowed to incubate 
in a dark place at room temperature for 30 min. Subse-
quently, the absorbance at 517 nm was determined using 
a UV spectrophotometer. In the same method, quercetin 
was used as the positive control. Each experiment was 
conducted three times. The following formula was used 
to calculate the percentage of scavenging activity:

 

Scavenging activity (%)

=
[

(Absblank − Abssample)
(Absblank)

]
× 100

Here, the Abs sample represents the absorbance of the 
extracts, and the Abs blank is the absorbance of the blank 
(containing DPPH in MeOH at a 1:1 ratio). The IC50 val-
ues (µg/mL) were utilized to represent the DPPH radical 
scavenging activity of the extracts, which was calculated 
using a linear regression plot of extract concentrations 
versus inhibition percentages.

Metal ion chelating ability
For this experiment, all solutions, including extracts and 
metal ions, were prepared in methanol and the test was 
carried out based on Rastegari et al. [29]. Cu2+, Fe2+, and 
Zn2+ ion solutions were prepared using CuCl2.2H2O, 
FeSO4.7H2O, and ZnCl2, respectively. To assess the 
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bio-metal chelating capability, the absorbance of the 
methanolic solutions of the extracts (31.25 and 250 µg/ml 
for SAHE and SADE, respectively) was initially measured 
in the wavelength range of 260–550  nm. After that, an 
equal volume of extract solution and targeted metal ions 
(final concentration of 20 µM) were mixed and allowed 
to react at room temperature for 30  min. Finally, the 
absorbance of the mixture in a 1 cm quartz cuvette was 
measured in the spectral range from 260 to 550 nm and 
compared with the absorbance acquired from the extract 
alone.

Cell culture
PC12 cells, derived from rat pheochromocytoma, were 
obtained from the National Cell Bank of Iran, Pasteur 
Institute. Cells were cultured in RPMI-1640 medium 
supplemented with 1% Pen-Strep and 10% v/v FBS in 
a controlled setting at 37 ºC with a humidified atmo-
sphere containing 5% CO2. The RPMI-1640 medium was 
replaced every 48 h. Finally, the seeding of cells was car-
ried out with a density of 5 × 103 cells in each well in a 
96-well plate and then incubated for 24 h. SAHE, SADE, 
and compound 1 (linariin) as a major bioactive isolated 
compound were selected for this assay.

Cell viability analysis and neuroprotectivity assay
At first, the cytotoxicity of the samples was assessed 
based on the AlamarBlue test as described by Hadipour 
et al. [30]. In this assay, resazurin serves as an indicator of 
the reducing power of viable cells and is used to evaluate 
cell viability. Following a 24  h incubation of the seeded 
cells in 96-well plates, the cells were subjected to treat-
ment with the extracts at concentrations of 2.5, 5, 10, and 
20 µg/mL, and compound 1 (linariin) at 12.5, 25, 50, and 
100 µM for 24 h. Finally, AlamarBlue (10% v/v) was intro-
duced to each well, and subsequently, the cells were incu-
bated for 4–6 h at 37 ºC. The absorbance at 600 nm was 
determined using a microplate reader. This experiment 
was performed in triplicate.

To investigate the neuroprotective properties of the 
samples against H2O2-induced apoptosis in PC12 cells, 
the cells were seeded at a density of 5 × 103 cells/well in 
96-well plates and incubated for 24  h. They were then 
pretreated with the extracts at concentrations of 2.5, 5, 
10, and 20 µg/mL, and compound 1 (linariin) at 12.5, 
25, 50, and 100 µM for 24 h. Subsequently, the cells were 
exposed to 500 µM H2O2 for 24  h, following which the 
AlamarBlue test and analysis were conducted using the 
aforementioned procedure [30]. In addition, N-acetyl 
cysteine (NAC) was employed at a concentration of 5 
mM as a positive control using the same methodology 
described earlier. This experiment was performed in 
triplicate.

Learning and memory evaluation by Morris water maze 
test
Animals
The experimental male albino Wistar rats (200–220  g) 
were obtained from the Faculty of Pharmacy, Tehran 
University of Medical Sciences, Tehran, Iran. The ani-
mals were housed in an animal facility with a 12-h light/
dark cycle (lights on from 7:00 to 19:00) at a controlled 
temperature (25 ± 2 ºC) and relative humidity (60 ± 10%). 
They were randomly divided into seven groups, with 
each group consisting of seven rats. Water and food were 
made available ad libitum. Animal treatment and main-
tenance were carried out in strict compliance with the 
“Institutional Guide for the Care and Use of Laboratory 
Animals” guidelines and were approved by the Tehran 
University of Medical Sciences Ethical Committee for 
the Care and Use of Laboratory Animals (approval ID: 
IR.TUMS.TIPS.REC.1398.153 at January 4th 2020).

Morris water maze test
The Morris water maze (MWM) test was utilized to eval-
uate spatial learning and memory as previously described 
[31]. The maze consisted of a black circular tank (60 cm 
in height and 136  cm in diameter) filled to 35  cm with 
warm water (25 ± 2 ºC). Walls were covered with various 
shaped visual cues. The swimming pool was segregated 
into 4 equal quadrants, and a circular-shaped transparent 
platform with a diameter of 10 cm was submerged 1 cm 
below the water surface in the central area of the tank’s 
northwest quadrant (target quadrant). The MWM test 
was conducted over four consecutive days for training 
and one day later for testing. The swimming trajectory of 
each rat, starting from the initial position to the platform, 
was tracked and pertinent data were documented utiliz-
ing a video camera-based Ethovision system (Noldus 
Information Technology, Wageningen, Netherlands). In 
each training day, the rats were subjected to four 90-sec-
ond trials, during which they were placed in water within 
a randomly chosen quadrant of the pool. They were per-
mitted to swim freely for a maximum duration of 90  s. 
If the rats did not locate the platform within this dura-
tion, the experimenter guided them to the platform and 
allowed them to remain there for 20 s. After that, quan-
titative data was presented in terms of traveled distance, 
escape latency, and swimming speed during the initial 
four days of training. On the fifth day, the rats were not 
treated, and a probe trial test (in which the platform was 
eliminated from the pool) was carried out to record time 
spent in the target quadrant (Q1). However, they received 
treatment for four days during the training period.

Treatments in animals
The SAHE was suspended in 5% ethanol in distilled water 
solution using a sonicator probe at approximately 40 ºC, 
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while scopolamine and donepezil were dissolved in nor-
mal saline. Seven groups of rats (n = 7 per group) were 
investigated in this study: (1) Control group was received 
normal saline (5 mL/kg/day, p.o.) 2 h prior to testing, (2) 
Scopolamine group was given scopolamine hydrobro-
mide (4 mg/kg/day, i.p.) 30 min before the behavioral test, 
(3) Vehicle group was administered 5% ethanol in dis-
tilled water (5 mL/kg/day, p.o.) 2 h prior to test, (4) SAHE 
200 mg group was administered SAHE (200 mg/kg/day, 
p.o.) and scopolamine (4 mg/kg/day, i.p.), 2 h and 30 min 
before test, respectively, (5) SAHE 300  mg group was 
received SAHE (300  mg/kg/day, p.o.) and scopolamine 
(4  mg/kg/day, i.p.), 2  h and 30  min before test, respec-
tively, (6) SAHE 400 mg group was given SAHE (400 mg/
kg/day, p.o.) and scopolamine (4 mg/kg/day, i.p.), 2 h and 
30 min before test, respectively, and (7) Donepezil group 
was administered donepezil (2.5  mg/kg/day, p.o.) and 
scopolamine (4  mg/kg/day, i.p.), 2  h and 30  min before 
test, respectively. The selection of SAHE doses was based 
on previous studies of Salvia species, which reported 
similar dose ranges exhibiting neuroprotective effects 
in animal models of memory impairment without caus-
ing significant toxicity [21, 32]. One day after complet-
ing the MWM test, all animals were euthanized using a 
saturated CO2 gas chamber. A certified veterinarian then 
confirmed death by verifying the absence of both heart-
beat and pulse.

Statistical analysis
The results of the antioxidant activity test have been 
expressed according to three measurements using 
Excel software (version 16.0, Microsoft Corporation). 

Moreover, the IC50 values for the ChE inhibitory assay 
were obtained by extrapolating from the log inhibi-
tor concentration vs. percent of inhibition curves using 
Excel software (version 16.0, Microsoft Corporation). 
This calculation was based on data points plotted using 
a non-linear logarithmic model. Furthermore, each 
experiment was performed in triplicate. In addition, the 
GraphPad Prism software (version 6.07, Graph Pad) was 
used to perform statistical analysis on the cell viability 
and animal study results. One-way analysis of variance 
(ANOVA) and then Tukey’s post-hoc multiple compari-
son tests were used for the comparison of various sam-
ples in the cell viability analysis, as well as the test groups, 
first 4 days of trials (training days), and post-training 
probe trial test in animal study. Statistical significance 
was specified as p < 0.05.

Results
Isolation of compounds from the S. aristata
Successive column chromatography process on SAHE, 
alongside spectroscopic analysis, led to the isolation, 
and structural characterization of an unreported flavo-
noid (compound 2, namely salvinarin), and four known 
compounds (compounds 1,3,4, and 5) from this plant 
for the first time (Fig.  2). Identification of the known 
compounds relied on their 1D (1H, 13C, and DEPT 135 
experiments) and 2D NMR (HSQC, and HMBC experi-
ments) spectra, and comparing acquired data to those 
reported in the literature. These compounds were rec-
ognized as linariin (4‴-O-acetyl pectolinarin) (1), pec-
tolinarin (scutellarein 6, 4’- di-OCH3 7-O-rutinoside) 
(3), scutellarein 4’-O-methyl-7-O-rutinoside (4), and 

Fig. 2 The structure of isolated compounds (1–5) from the aerial parts of S. aristata
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5-O-coumaroylquinic acid (5) [33–36]. The NMR spectra 
of the compounds are included in the supplementary file.

Linariin (4‴-O-acetyl pectolinarin) (1)
Pale yellow powder; MW = 664.61. 1H NMR (DMSO-d6): 
12.97 (1H, s, 5-OH), 8.07 (2  H, d, J = 9.4  Hz, H-2′ and 
H-6′), 7.15 (2 H, d, J = 9.4 Hz, H-3′ and H-5′), 7.01 (1H, 
s, H-8), 6.96 (1H, s, H-3), 5.20 (1H, d, J = 7.1  Hz, Ano-
meric H-1′′), 4.73 (1H, t, J = 9.6  Hz, H-4′′′), 4.63 (1H, 
bs, Anomeric H-1′′′), 3.88 (3  H, s, 4′-OMe), 3.80 (3  H, 
s, 6-OMe), 3.55–3.72 (3  H, m, H-2′′′, H-3′′′ and H-5′′′ 
of α-rhamnopyranose), 3.21–3.71 (6 H, m, H-2′′ to H-6′′ 
of β-glucopyranose), 1.99 (3  H, s, 4′′′-OCOCH3), 0.88 
(3 H, d, J = 6.5 Hz, H-6′′′). 13C NMR (DMSO-d6, based on 
DEPT 135, HSQC, and HMBC experiments): 182.8 (C4), 
170.4 (4′′′-OCOCH3), 164.4 (C2), 162.90 (C4′), 156.9 
(C9), 153.0 (C7), 152.6 (C5), 133.2 (C6), 128.8 (C2′ and 
C6′) 123.1 (C1′), 115.1 (C3′ and C5′), 106.3 (C10), 103.8 
(C3), 100.6 (C1′′), 100.4 (C1′′′), 94.9 (C8), 76.9 (C3′′), 
75.8 (C5′′), 74.3 (C4′′′), 73.7 (C2′′), 70.8 (C2′′′), 69.7 
(C4′′), 68.7 (C3′′′), 66.2 (C5′′′), 66.0 (C6′′), 60.7 (6-OMe), 
56.0 (4′-OMe), 21.3 (4′′′-OCOCH3) 17.6 (C6′′′).

Salvinarin (2)
white-yellowish powder; Rf 0.38, silica gel 60 F254, 
CH2Cl2:MeOH (80:20); UV (MeOH) λmax (log ɛ) 286 

(4.26) and 330 (4.33) nm; [α ]25
D : − 114.0º (c = 0.0016, 

MeOH); ATR-FTIR νmax 3346.18, 2934.64, 1721.22, and 
1659.96 cm− 1; 1H and 13C NMR data (DMSO-d6): 12.72 
(1H, s, 5-OH), 8.04 (2  H, d, J = 8.7  Hz, H-2′ and H-6′), 
7.16 (2 H, d, J = 8.7 Hz, H-3′ and H-5′), 6.95 (1H, s, H-8), 
6.92 (1H, s, H-3), 5.07 (1H, d, J = 7.2 Hz, Anomeric H-1′′), 
4.75 (1H, t, J = 9.3  Hz, H-4′′′), 4.66 (1H, bs, Anomeric 
H-1′′′), 3.87 (3 H, s, 4′-OMe), 3.55–3.72 (3 H, m, H-2′′′, 
H-3′′′ and H-5′′′ of α-rhamnopyranose), 3.21–3.71 (6 H, 
m, H-2′′ to H-6′′ of β-glucopyranose), 1.99 (3 H, s, 4′′′-
OCOCH3), 0.94 (3  H, d, J = 6.5  Hz, H-6′′′). 13C NMR 
(DMSO-d6,): 182.9 (C4), 170.4 (4′′′-OCOCH3), 164.2 
(C2), 162.7 (C4′), 151.7 (C9), 149.5 (C7), 147.1 (C5), 130.9 
(C6), 128.7 (C2′ and C6′) 123.3 (C1′), 115.2 (C3′ and C5′), 
106.4 (C10), 103.6 (C3), 101.3 (C1′′), 100.5 (C1′′′), 94.3 

(C8), 76.0 (C3′′), 74.3 (C5′′), 74.3 (C4′′′), 73.6 (C2′′), 70.8 
(C2′′′), 69.9 (C4′′), 68.7 (C3′′′), 66.3 (C5′′′), 66.2 (C6′′), 
56.0 (4′-OMe), 21.3 (4′′′-OCOCH3) 17.8 (C6′′′). HRESI-
MS (neg. ion mode) m/z 649.1791 [M-H]− (calculated for 
C30H33O16, 649.1768).

This compound, identified as a new compound, was 
isolated as a white-yellowish powder. Its molecular for-
mula, determined to be C30H34O16 by HRESI-MS in neg-
ative ion mode, exhibited an ion peak at m/z 649.1791 
[M-H]− (calculated for C30H33O16, 649.1768). The 1H, 
13C, HSQC, and HMBC NMR spectra of compound 2 
revealed a structure similar to linariin; however, this mol-
ecule contains just one methoxy group. The 13C, HSQC, 
and HMBC NMR spectra of compound 2 confirmed the 
presence of 27 carbon atoms and a single methoxy group. 
Based on the signals of 13C NMR which resonating at δC 
164.2 (C2), 103.6 (C3), and 182.9 (C4), as well as acquired 
data from DEPT-135 spectrum it could be perceived that 
this compound is belonged to a flavone subcategory. In 
addition, the presence of a C3 olefinic proton signal at 
δH 6.92 (1H, s, H-3) in the 1H NMR spectrum confirmed 
this scaffold. The 1H NMR spectrum (Fig.  6S) revealed 
the presence of an additional five aromatic protons. The 
proton resonances at δH 8.04 (2  H, d, H-2′ and H-6′), 
and 7.16 (2 H, d, H-3′ and H-5′) exhibit coupling with a J 
value of 8.7 Hz, suggesting the existence of a B ring with 
para-substitution. Another aromatic proton appeared as 
a singlet at δH 6.95. The HMBC correlation revealed cross 
peaks of this aromatic proton with δC 106.4 (C10), 130.9 
(C6), 149.5 (C7), and 151.7 (C9), indicating its attach-
ment to C8, which resonates at δC 94.3.

Furthermore, in the HMBC spectrum, the hydro-
gens of the methoxy group (s, 3.87) showed a correla-
tion with C4′ (162.7), indicating that the methoxy was 
attached to C4′, while H-4′′′ (t, 4.75) showed strong cor-
relations with C6′′′ (17.8), C5′′′ (66.3), C3′′′ (68.7), and 
4′′′-OCOCH3 (170.4). The proton resonances at chemical 
shifts δH 5.07 (1 H, d, J = 7.2 Hz) and 4.66 (1 H, bs) were 
assigned to the anomeric protons of β-glucopyranose and 
α-rhamnopyranose, respectively. Additionally, the reso-
nance observed at δH 0.94 (3 H, d, J = 6.5 Hz, H-6′′′), cor-
responding to three protons, confirmed the presence of a 
rhamnose moiety. The downfield chemical shift observed 
at δC 66.2 ppm (C6′′) in the carbon spectrum of the glu-
cose unit indicated a possible connection of the rham-
nose unit at the C6′′ position. In addition, a singlet peak 
detected at δH 1.99 ppm implied the existence of an ace-
tyl group, linked to the C4′′′ hydroxyl group of the rham-
nose unit, as indicated by the downfield shifts of the H4′′′ 
at δH 4.75 (1 H, t, J = 9.3 Hz) and C4′′′ (74.3) resonances 
of rhamnose. This compound was named salvinarin (scu-
tellarein 4’-O-methyl-7-O-rutinoside-4’’’-acetate). The 
key HMBC correlations of compound 2 are shown in 
Fig. 3.Fig. 3 The key HMBC correlations of compound 2 (salvinarin)
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Pectolinarin (Scutellarein 6, 4’- di-OCH3 7-O-rutinoside) (3)
White-yellowish amorphous powder; MW = 622.58. 
1H NMR (DMSO-d6): 12.98 (1H, s, 5-OH), 8.06 (2  H, 
d, J = 9.2  Hz, H-2′ and H-6′), 7.19 (2  H, d, J = 9.2  Hz, 
H-3′ and H-5′), 6.96 (2  H, bs, H-3 and H-8), 5.15 (1H, 
d, J = 7.0  Hz, Anomeric H-1′′), 4.58 (1H, bs, Anomeric 
H-1′′′), 3.88 (3 H, s, 4′-OMe), 3.79 (3 H, s, 6-OMe), 3.18–
3.68 (4  H, m, H-2′′′ to H-5′′′ of α-rhamnopyranose), 
3.12–3.66 (6  H, m, H-2′′ to H-6′′ of β-glucopyranose), 
1.09 (3  H, d, J = 6.5  Hz, H-6′′′). 13C NMR (DMSO-d6, 
based on DEPT 135, HSQC, and HMBC experiments): 
182.8 (C4), 164.5 (C2), 162.9 (C4′), 157.0 (C7), 153.0 (C9), 
152.6 (C5), 133.1 (C6), 128.9 (C2′ and C6′) 123.1 (C1′), 
115.2 (C3′ and C5′), 106.4 (C10), 103.8 (C3), 100.8 (C1′′, 
and C1′′′), 94.8 (C8), 76.9 (C3′′), 76.2 (C5′′), 73.6 (C2′′), 
72.5 (C4′′′), 71.2 (C3′′′), 70.9 (C2′′′), 70.0 (C4′′), 68.8 
(C5′′′), 66.4 (C6′′), 60.8 (6-OMe), 56.0 (4′-OMe), ) 18.2 
(C6′′′).

Scutellarein 4’-O-methyl-7-O-rutinoside (4)
White-yellowish amorphous powder; MW = 608.55. 
1H NMR (DMSO-d6): 12.98 (1H, s, 5-OH), 8.05 (2  H, 
d, J = 8.8  Hz, H-2′ and H-6′), 7.20 (2  H, d, J = 8.8  Hz, 
H-3′ and H-5′), 6.93 (2  H, bs, H-3 and H-8), 5.03 (1H, 
d, J = 7.3  Hz, Anomeric H-1′′), 4.61 (1H, bs, Anomeric 
H-1′′′), 3.88 (3 H, s, 4′-OMe), 3.18–3.68 (4 H, m, H-2′′′ to 
H-5′′′ of α-rhamnopyranose), 3.14–3.66 (6 H, m, H-2′′ to 
H-6′′ of β-glucopyranose), 1.12 (3 H, d, J = 6.5 Hz, H-6′′′). 
13C NMR (DMSO-d6, based on DEPT 135, HSQC, and 
HMBC experiments): 182.9 (C4), 164.4 (C2), 162.8 (C4′), 
151.8 (C9), 149.6 (C7), 147.2 (C5), 131.0 (C6), 128.8 (C2′ 

and C6′), 123.4 (C1′), 115.3 (C3′ and C5′), 106.5 (C10), 
103.6 (C3), 101.5 (C1′′), 101.0 (C1′′′), 94.2 (C8), 76.3 
(C3′′), 76.0 (C5′′), 73.6 (C2′′), 72.6 (C4′′′), 71.3 (C3′′′), 
70.9 (C2′′′), 70.1 (C4′′), 68.9 (C5′′′), 66.6 (C6′′), 56.0 (4′-
OMe), 18.3 (C6′′′).

5-O-Coumaroylquinic acid (5)
Yellowish amorphous powder; MW = 338.31. 1H NMR 
(DMSO-d6): 7.56 (1H, d, J = 16.2 Hz, H-7′), 7.54 (2 H, d, 
J = 8.4  Hz, H-2′ and H-6′), 6.81 (2  H, d, J = 8.4  Hz, H-3′ 
and H-5′), 6.35 (1H, d, J = 16.2  Hz, H-8′), 5.21 (1H, m, 
H-5), 3.85 (1H, m, H-3), 3.58 (1H, dd, J = 7.4, 3.37  Hz, 
H-4), 1.93–2.12 (2 H, m, H-2 and H-6), 1.82–1.92 (2 H, 
m, H-2 and H-6). 13C NMR (DMSO-d6, based on DEPT 
135, HSQC, and HMBC experiments): 176.9 (C7), 166.6 
(C9′), 160.1 (C4′), 144.5 (C7′), 130.5 (C2′ and C6′), 125.7 
(C1′), 116.2 (C3′ and C5′), 115.6 (C8′), 73.4 (C1), 71.5 
(C5), 71.4 (C4), 68.0 (C3), 39.2 (C6), 35.7 (C2).

In vitro ChE inhibitory activity
The cholinergic hypothesis represents a fundamental 
approach to managing AD, highlighting the significant 
decline in the integrity of cholinergic pathways through-
out all stages of the disease [3]. With this regard, the 
anti-ChE activity of SAHE, SADE, obtained fractions, 
and isolated compounds were assessed and compared 
with donepezil (as the positive control) (Table 1). As seen 
in Table  1, SAHE exhibited a good inhibitory effect on 
AChE (IC50 = 339.8 µg/mL, 95% CI: 294.9-384.8) com-
pared to SADE. Thus, this extract was selected for further 
fractionation and isolation. Moreover, although none of 
the fractions showed significant ChE inhibitory activity, 
fractions I and IV were the more effective. In addition, 
as indicated in Table  1, the AChE and BChE inhibitory 
activity of all isolated compounds is lower than that of 
fractions (I-IV). However, compound 1, the major iso-
lated compound, demonstrated greater BChE inhibitory 
activity than the others, and its neuroprotective effects 
were also evaluated.

Antioxidant activity
DPPH is a free radical that can be converted into a stable 
molecule by accepting a hydrogen radical or an electron. 
SADE and SAHE were assessed for possible antioxidant 
activity using DPPH radical scavenging activity com-
pared to quercetin as the positive control (IC50 = 4.08 µg/
mL, 95% CI: 4.01–4.15). As presented in Table 2, SAHE 
exhibited greater potency (IC50 = 99.1 µg/mL, 95% CI: 
96.0-102.2) compared to SADE and demonstrated signifi-
cant antioxidant activity.

Metal chelating ability of S. aristata
Metal homeostasis in the central nervous system is 
vital due to their roles as enzyme cofactors and critical 

Table 1 Cholinesterase inhibitory activity of extracts, fractions 
(in 500 µg/mL), and compounds 1–5 (in 40 µg/mL) a of S. aristata
Sample AChE inhibition % BChE inhibi-

tion %
SADE 3.66 ± 0.69 35.86 ± 1.77
SAHE 62.74 ± 3.57 (IC50 = 339.8 µg/

mL, 95% CI: 294.9-384.8)b
15.21 ± 1.15

Fraction I 23.42 ± 0.09 5.72 ± 1.60
Fraction II 21.66 ± 0.19 0.81 ± 0.12
Fraction III 19.48 ± 0.11 1.12 ± 0.31
Fraction IV 27.77 ± 0.31 17.93 ± 2.10
Fraction V 6.49 ± 0.06 0.90 ± 0.21
Compound 1 10.91 ± 1.30 18.41 ± 2.72
Compound 2 11.93 ± 2.51 5.86 ± 0.91
Compound 3 6.55 ± 0.22 10.97 ± 0.18
Compound 4 11.54 ± 0.19 10.97 ± 0.77
Compound 5 10.03 ± 0.08 3.08 ± 0.18
Donepezil 89.11 ± 3.73 (IC50 = 0.02 µM, 

95% CI: 0.01–0.03)
86.60 ± 4.81 
(IC50 = 1.92 µM, 
95% CI: 1.82–2.03)

a Inhibition percent are presented as mean ± SD (three independent 
experiments)
b The IC50 value was calculated for the sample exhibiting inhibitory activity 
exceeding 50%
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components in neuronal signaling. However, excessive 
accumulation of metal ions can induce oxidative stress, 
disrupt synaptic function, and ultimately result in cog-
nitive impairments. Therefore, the bio-metal chelation 
hypothesis appears to be a promising therapeutic strat-
egy for managing AD [37]. Accordingly, the metal-che-
lating potential of S. aristata extracts for Fe2+, Cu2+, and 
Zn2+ ions was evaluated. For this purpose, UV-visible 
absorption spectra of the extracts were recorded within 
the wavelength range of 260–550  nm and compared to 
extracts treated with Fe2+, Cu2+, and Zn2+ solutions.

The SAHE exhibited two absorption peaks at 326 
and 277  nm. The interaction between the extract and 
Cu2+ ions led to two red shifts, from 326 nm to 332 nm 
and from 277  nm to 289  nm, respectively. Additionally, 
interactions with Fe2+ and Zn2+ resulted in a red shift 
from 277 nm to 281 nm and a blue shift from 326 nm to 
325 nm (Fig. 4; Table 3).

The UV spectrum of SADE revealed multiple absorp-
tion peaks at 532, 469, 405, 327, and 273  nm. Interac-
tion of the extract with Cu2+ ions resulted in significant 
shifts of absorption peaks (a blue shift from 405  nm to 
398 nm and a red shift from 327 nm to 333 nm). After the 
interaction of the sample with Fe2+ ions, slight blue shifts 
from 327 nm to 325 nm and from 273 nm to 269 nm were 
confirmed. In addition, when the extract was treated 
with Zn2+, only a red shift from 273 nm to 276 nm was 
detected (Fig. 5; Table 4).

Neuroprotectivity effects of S. aristata against H2O2-
induced apoptosis in PC12 cells
The cytotoxicity of SAHE, and SADE in 2.5–20 µg/mL 
and linariin in 12.5–100 µM were measured in com-
parison to the control group for PC12 cells by the Ala-
marBlue test. As shown in Fig.  6a-c, none of the tested 
concentrations exhibited any cytotoxicity after 24  h of 
treatment.

Table 2 Free radical scavenging activity of the extracts of S. 
aristataa

Extract IC50 µg/mL (95% CI)
SAHE 99.1 (96.0-102.2)
SADE 784.5 (775.8-793.3)
Quercetin 4.08 (4.01–4.15)
a Data were acquired from three independent experiments

Table 3 Maximum absorption wavelength of S. aristata 
hydroalcoholic extract (SAHE) alone and in the presence of 
various metal ions (nm)
SAHE in MeOH SAHE + Fe2+ SAHE + Cu2+ SAHE + Zn2+

277 281 289 281
326 325 332 325

Fig. 4 The absorbance changes of S. aristata hydroalcoholic extract (SAHE) alone (green line) and in the presence of Cu2+ (orange line), Fe2+ (blue line), 
and Zn2+ (red line) ions
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Treating PC12 cells with H2O2 (500 µM) could nota-
bly decrease cell viability compared to the control group 
(p < 0.001). However, pretreatment with SAHE, SADE, 
and linariin notably enhanced cell viability, demonstrat-
ing strong neuroprotective effects against H2O2-induced 
neurotoxicity (Fig. 6a′-c′). As a case in point, when PC12 
cells were exposed to H2O2-induced oxidative dam-
age, cell viability rates of 90.94%, 97.67%, and 90.35% 
were respectively demonstrated in response to the pre-
treatment with 10 µg/mL of SAHE, SADE, and 50 µM 
of linariin. Furthermore, the protective effects of SAHE 
against H2O2-induced toxicity in PC12 cells could poten-
tially be linked to its major polyphenolic compounds, 
especially linariin, which exhibited nearly 99.0% protec-
tive effect at a concentration of 100 µM (Fig. 6c′). Also, 
it should be noted that the NAC (5 mM) was used as the 
positive control (p < 0.001).

Effects of S. aristata hydroalcoholic extract on memory 
improvement in scopolamine-induced memory deficit rats
Knowing that memory loss is regarded as a pathogno-
monic symptom of AD, we performed the MWM test to 
assess spatial memory and learning in a rat model [38]. 
Scopolamine, a muscarinic cholinergic antagonist, was 
utilized to induce memory deficits. It can cause various 
cellular alterations, such as mitochondrial dysfunction, 
heightened oxidative stress, disruption of the antioxi-
dant defense system, and neuroinflammation. The patho-
logical changes induced by scopolamine resemble those 
found in AD patients and models, making it a valuable 
pharmacological tool for inducing memory deficits like 
AD pathogenesis [39].

Based on the in vitro anti-AChE studies, SAHE was 
selected for in vivo studies. The MWM test was carried 
out on seven groups, with each group assigned to a dif-
ferent treatment regimen. The experimental groups 
included a group that received 5 mL/kg/day of normal 
saline, a scopolamine group that received 4 mg/kg/day of 
scopolamine, a vehicle group that was given 5% ethanol in 
distilled water, three groups treated with different doses 
of SAHE (200, 300, and 400 mg/kg/day) and 4 mg/kg/day 
of scopolamine, and a donepezil group (positive control) 
that received 2.5  mg/kg/day of donepezil and 4  mg/kg/
day of scopolamine. As shown in Fig.  7, the evaluation 
included traveled distance, escape latency, and swimming 
speed over the initial four days of training, as well as the 
time spent in the target quadrant on the fifth day during 

Table 4 Maximum absorption wavelength of S. aristata 
dichloromethane extract (SADE) alone and in the presence of 
various metal ions (nm)
SADE in MeOH SADE + Fe2+ SADE + Cu2+ SADE + Zn2+

273 269 - 276
327 325 333 327
405 - 398 405

Fig. 5 The absorbance changes of S. aristata dichloromethane extract (SADE) alone (green line) and in the presence of Cu2+ (orange line), Fe2+ (blue line), 
and Zn2+ (red line) ions
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the post-training probe trial. Our analysis revealed that 
there were no significant differences (p > 0.05) between 
the vehicle group and the control group in any of these 
assessments. On the other hand, scopolamine injection 
resulted in a significant increase in both the traveled dis-
tance (p < 0.001) and the escape latency (p < 0.01) when 
compared to the control group.

As shown in Fig.  7a, the groups treated with 300 and 
400  mg/kg/day of SAHE in combination with scopol-
amine exhibited a significant improvement in the traveled 

distance (p < 0.01 and p < 0.001, respectively) compared 
to the scopolamine group. Furthermore, administration 
of 300 and 400  mg/kg/day of SAHE along with scopol-
amine resulted in a significant decrease in the average 
escape latency period (p < 0.05 and p < 0.001, respectively) 
compared to the scopolamine-treated group (Fig.  7b). 
However, treatment with 200  mg/kg/day of SAHE in 
combination with scopolamine resulted in no signifi-
cant reduction in either the mean traveled distance or 
the mean escape latency time. No statistically significant 

Fig. 6 Effects of various concentrations of SAHE (a), SADE (b), and linariin (c) on cell viability of PC12 cells after 24 h in comparison to the control group. 
Effects of pretreatment with various concentrations of SAHE (a’), SADE (b’), and linariin (c’ )on H2O2-induced cytotoxicity in PC12 cells. All experiments 
were done in triplicate. The data is presented as the mean ± SEM. The significance of the difference is presented as * p < 0.05, ** p < 0.01, *** p < 0.001
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differences in swimming speed were observed among the 
various treatment groups (Fig. 7c).

The post-training probe trial test was carried out on the 
fifth day following the training period. The trained ani-
mals were placed in the water for 90 s in the absence of 
the platform. To evaluate memory, the duration spent in 
the target quadrant (Q1) was recorded. As illustrated in 
Fig. 7d, the group treated with 400 mg/kg/day of SAHE 
alongside scopolamine exhibited a significant increase 
in the time spent in the target quadrant compared to 
the scopolamine group (p < 0.01). Furthermore, the posi-
tive control group receiving donepezil demonstrated a 

significant improvement in memory performance relative 
to the scopolamine-treated group.

Discussion
In this study, we showed how extracts and linariin, the 
major compound of S. aristata, function within different 
pathological pathways associated with memory and AD. 
The results demonstrate their notable anticholinergic, 
antioxidant, metal-chelating, and neuroprotective prop-
erties. In particular, SAHE exhibited significantly greater 
bioactivity than SADE, including stronger AChE inhibi-
tion (62.74% vs. 3.66%), enhanced antioxidant capac-
ity (IC50 = 99.1 µg/mL vs. 784.5 µg/mL), and superior 

Fig. 7 The in vivo study; effects of different doses of SAHE, scopolamine, and positive control (donepezil) on the traveled distance (a), escape latency (b), 
swimming speed (c), and time spent in target quadrant in probe day (d). Each column displays the mean ± SEM for seven rats. Abbreviations: Con., Control; 
Don., Donepezil; Sco., Scopolamine. * Significantly different from scopolamine groups (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). # Significantly 
different from control group (# p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001)
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metal-chelating activity, as indicated by a more pro-
nounced red shift for Cu²⁺ and Zn²⁺ (Tables  3 and 4). 
Due to these superior biological attributes, further phy-
tochemical investigations were conducted on SAHE. Fur-
thermore, this extract significantly enhanced cognitive 
performance in a scopolamine-induced memory impair-
ment rat model, reinforcing its potential as a promising 
candidate for memory improvement.

Considering the multifactorial nature of AD, therapeu-
tic agents derived from natural sources that target diverse 
pathological mechanisms stand as the preferred phar-
maceutical option [40]. The Salvia genus has a long his-
tory of usage in AD treatment and has received increased 
interest in recent decades for its efficacy in neurodegen-
erative disorders. In this respect, many published stud-
ies have indicated the effectiveness of various species of 
this genus and their natural compounds in managing AD. 
For instance, Sezer Şenol et al. assessed 55 Turkish Sal-
via spp. for their AChE inhibitory activity and found that 
at a concentration of 100 µg/mL, the dichloromethane 
and ethyl acetate extracts of S. fruticosa inhibited AChE 
by 51.07% and 34.27%, respectively [16]. In another 
research, isolated compounds from the roots of Salvia 
syriaca L. showed significant AChE inhibitory activity, 
with IC50 values ranging from 24.1 to 63.0 µg/mL, com-
parable to galanthamine, which was used as a reference 
drug (IC50 = 8.7 µg/mL) [41].

To the best of our knowledge, this study is the first 
report on the ChE inhibitory activity of S. aristata. 
Our findings suggest that SAHE demonstrates signifi-
cant inhibitory effects on AChE, which are consistent 
with previous studies [16, 41]. It is proposed that the 
ChE inhibitory, and neuroprotective activity of flavo-
noids, such as linariin is influenced by the presence of a 
4′-methoxy group and the monoacetylation of the sugar 
moiety in their structure [42]. Additionally, in our study, 
salvinarin and scutellarein 4’-O-methyl-7-O-rutino-
side exhibited the most potent AChE inhibitory effects 
among the identified flavonoids, both of which contain a 
hydroxyl group at the C6 position of the flavonoid back-
bone’s A ring. These findings suggest that substituting a 
6-methoxy group with a 6-hydroxy group may enhance 
AChE inhibitory activity. Conversely, when the sugar 
moiety of a flavonoid undergoes acetylation, the presence 
of a 6-methoxy group (as in linariin) appears to confer 
stronger BChE inhibitory activity than a 6-hydroxy group 
(as in salvinarin). Furthermore, in the absence of an ace-
tyl group on the sugar moiety, the presence or absence 
of a 6-methoxy group does not seem to have a signifi-
cant impact on BChE inhibition. Notably, the anti-ChE 
activity of SAHE in our study was greater than that of 
the individual isolated compounds, suggesting potential 
synergistic interactions among these constituents. These 
findings indicate that the combined effects of the isolated 

compounds may contribute to ChE inhibition, potentially 
playing a role in AD management and memory enhance-
ment through multiple mechanisms.

The brain, as a highly oxygen-demanding organ, is par-
ticularly prone to the creation of ROS, which can prompt 
the aggregation of Aβ, the breakdown of lysosomal mem-
branes, and ultimately contribute to neuronal death [43, 
44]. Therefore, the consumption of nutrients, such as 
vitamin E, and glutathione, as well as plant-derived anti-
oxidants such as piperine can slow the progression of 
AD [43, 45]. In this context, the antioxidant potential of 
SAHE and SADE was evaluated using the DPPH radi-
cal scavenging assay, with quercetin serving as the posi-
tive control. As seen in Table 2, SAHE exhibited notable 
antioxidant activity, aligning with previous findings on 
other Salvia spp [46, 47]. The presence of polyhydroxy 
compounds in SAHE may be responsible for this effect. 
It has been revealed that the main mechanisms by which 
flavonoids demonstrate antioxidant properties include 
transferring hydrogen atoms to free radicals, binding 
with trace metal ions like Fe2+ and Cu2+, and inhibiting 
prooxidant enzymes [48].

Another factor that can promote Aβ deposition and 
oxidative stress in the brain is an imbalance in metal ions 
such as copper, iron, and zinc [49]. Post-mortem analy-
ses revealed that within the amygdala of individuals diag-
nosed with AD, the levels of iron, copper, and zinc are 
2.8, 5.7, and 3.1 times higher, respectively, compared to 
those in individuals without the condition [50]. Iron has 
a strong affinity for binding to Aβ, which may accelerate 
its oligomerization and aggregation [51]. Additionally, 
evidence indicates that Fe2+ plays a role in tau protein 
phosphorylation through activating the CDK5 and GSK-
3β pathways [52]. Therefore, the use of iron chelators 
may be considered a complementary approach in the AD 
treatment. In support of this, an animal study revealed 
that the administration of iron chelators, such as defer-
oxamine, mitigated iron-induced tau protein phosphory-
lation in transgenic AD mice [53]. Additionally, research 
suggests that high concentrations of zinc ions can rapidly 
disrupt the stability of the Aβ solution, promoting fibril 
formation [54]. A harmful cycle is established between 
oxidative stress, excessive zinc, and tau hyperphosphory-
lation. Increased zinc levels stimulate the production of 
ROS within mitochondria, while oxidative stress elevates 
zinc concentrations and induces tau hyperphosphoryla-
tion. Additionally, both hyperphosphorylated tau and 
elevated zinc contribute to neurotoxicity and oxidative 
damage. The disruption of microtubule function caused 
by hyperphosphorylated tau further amplifies oxida-
tive stress, thus perpetuating this detrimental feedback 
loop [55]. Moreover, copper can form linkages with Aβ, 
generating small oligomers capable of infiltrating neu-
rons, leading to oxidative stress and damage to them. 
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Furthermore, these processes may lead to a deficiency of 
copper in other brain areas crucial for normal function-
ing [56]. Hence, metal chelating agents regulate metal 
ion balance and represent another potential target for 
addressing AD. The results of metal chelating ability indi-
cated that both SAHE and SADE can form complexes 
with bio-metals (Fe2+, Cu2+, and Zn2+). However, the 
most significant shift in absorption peaks was observed 
when SAHE was exposed to Cu2+ ions. Furthermore, 
SAHE exhibited moderate activity in the presence of 
Zn2+ ions. Previous studies have shown that copper and 
zinc influence Aβ production through different mecha-
nisms that affect the processing of amyloid precursor 
protein (APP). Additionally, the modulation of APP pro-
cessing and tau phosphorylation is connected to the acti-
vation of synaptic NMDA receptors induced by zinc [56]. 
Therefore, it is clear that the chelation of copper and zinc 
ions represents a promising therapeutic strategy. In addi-
tion, it should be noted that Cu2+ homeostasis may serve 
as a key regulatory point in metal ion balance, and our 
findings demonstrate that SAHE shows more significant 
chelation with Cu2+ than with other metal ions.

As previously mentioned, an elevation in ROS levels 
can result in cellular damage and cognitive impairment 
by affecting mitochondrial function, disrupting the bal-
ance of metal ions, and interfering with synaptic activity 
and neurotransmission in neurons [44, 49]. Recent find-
ings suggest that oxidative stress serves as an early trigger 
for Aβ plaque formation, tau protein dimerization, and 
subsequent hyperphosphorylation, thereby exacerbating 
neurodegenerative processes [57]. Consequently, target-
ing ROS inhibition may serve as a promising neuropro-
tective strategy in the pathogenesis of AD. In this study, 
H2O2 was utilized to induce cellular toxicity and oxida-
tive damage in PC12 cells, as a suitable model to simulate 
cellular damages in AD. The results demonstrated that 
SAHE, SADE, and linariin exhibited no cytotoxic effects 
relative to the control group (Fig. 3a-c). In addition, pre-
treatment with SAHE, SADE, and linariin effectively 
reduced oxidative stress in PC12 cells and improved cell 
viability compared to the group treated solely with H2O2 
(Fig.  3a′-c′). These results are consistent with previous 
studies that have explored the neuroprotective effects 
of Salvia spp. Tusi and Khodagholi’s study [58] demon-
strated that Salvia macilenta Boiss. possesses antigly-
cation properties and exerts protective effects against 
H2O2-induced toxicity in PC12 cells. They reported a 
notable reduction in the Bax/Bcl-2 ratio, accompanied 
by decreased activation of caspase-3 and cleaved PARP. 
Moreover, an isolated flavonoid in our study, pectoli-
narin, has exhibited neuroprotective properties against 
H2O2-induced oxidative stress in SH-SY5Y neuronal cells 
by reducing the release of LDH and the production of 
ROS [59]. Therefore, S. aristata, which is rich in phenolic 

compounds such as linariin, may be considered a poten-
tial neuroprotective agent.

The MWM test is widely employed to assess learning 
and memory, with its performance dependent on proper 
hippocampal function [60]. In this assessment, the spa-
tial memory of rodents was evaluated by measuring their 
ability to find a hidden platform within a circular water 
pool [61]. In the MWM experiment, SAHE significantly 
reduced escape latency and traveled distance without 
affecting swimming speed. Furthermore, SAHE dem-
onstrated a substantial protective effect against scopol-
amine-induced memory impairment in the probe test. 
Our findings were consistent with previous research 
indicating the memory-enhancing properties of other 
Salvia species [21, 62], suggesting that the administration 
of SAHE could effectively lead to memory improvement 
during scopolamine-induced impairment in an animal 
model of AD [31].

The memory-enhancing effects of SAHE observed in 
the MWM experiment may be associated with its ChE 
inhibitory properties and antioxidant activity. Previous 
studies have demonstrated that scopolamine administra-
tion leads to neurodegeneration in the prefrontal cortex 
of rats, along with necrotic pyramidal neurons in the CA1 
and CA3 regions of the hippocampus. Additionally, sco-
polamine has been shown to elevate AChE activity in the 
cortex and hippocampus [21, 63]. Conversely, research 
has indicated that treatment with Salvia species, such as 
S. officinalis and S. microphylla effectively mitigates these 
pathological changes and restores AChE activity to nor-
mal levels [21]. Based on this evidence and our in vitro 
ChE inhibition results, SAHE may exert its improvement 
effects by suppressing ChE activity and enhancing cho-
linergic function, potentially through interactions with 
muscarinic receptors, as observed in other Salvia species 
[64]. Additional mechanisms may involve the upregula-
tion of choline acetyltransferase activity and the enhance-
ment of vesicular acetylcholine transporter function [65].

Furthermore, scopolamine has been shown to induce 
oxidative stress by decreasing glutathione levels and 
catalase activity while enhancing lipid peroxidation [66]. 
Previous studies have demonstrated that these oxidative 
imbalances can be reversed with Salvia extracts [67, 68]. 
In our investigation, SAHE exhibited significant in vitro 
antioxidant activity, suggesting that its neuroprotective 
effects in scopolamine-induced memory impairment may 
be mediated through its ability to neutralize free radicals. 
This effect is likely attributed to the extract’s high content 
of polyphenolic compounds, which have been widely rec-
ognized for their antioxidant potential [69].

Finally, it can be highlighted that the polyphenolic com-
pounds of S. aristata likely play a pivotal role in its diverse 
effects on memory improvement. Singh et al.reported 
that trimethoxy flavones from Ocimum basilicum L. 
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contribute to cognitive improvement by inhibiting AChE 
activity, reducing inflammatory markers, and enhancing 
antioxidant capacity through increased glutathione levels 
[69]. In addition, previous studies have underscored the 
significance of polyphenols in mitigating neurodegenera-
tion by reducing oxidative stress, inhibiting ChE activity, 
and chelating metal ions [70, 71]. Therefore, the memory-
enhancing effects of SAHE may be attributed to its poly-
phenolic content, particularly its ability to inhibit ChE, 
exert antioxidant properties, and chelate metal ions.

Conclusion
In this study, a new flavonoid (salvinarin, 2) and four 
known phenolic compounds (1, and 3–5) were isolated 
from the hydroalcoholic extract of S. aristata for the first 
time. Moreover, the biological effects of this plant on 
memory deficits and AD were extensively investigated 
through both in vitro and in vivo studies. Our findings 
indicated that SAHE and its major compound, linariin 
(1), exhibited significant neuroprotective effects against 
H2O2-induced cytotoxicity in PC12 cells, along with ChE 
inhibitory activity. Additionally, the SAHE has demon-
strated antioxidant and metal-chelating activities and 
could prevent memory deficits induced by scopolamine 
in a rat model by improvement in cholinergic transmis-
sion. These effects could be ascribed to the synergistic 
interactions among its polyphenolic compounds. Given 
these promising results, further research is essential to 
elucidate the precise molecular mechanisms underlying 
the neuroprotective properties of S. aristata, particularly 
in relation to polyphenol interactions with cholinergic 
pathways and oxidative stress. Future studies should also 
explore its pharmacokinetics, bioavailability, and safety 
profile through preclinical and clinical evaluations. Over-
all, S. aristata holds promise as a potential natural thera-
peutic agent for the prevention and treatment of memory 
deficits, warranting further multidisciplinary research in 
neuropharmacology and drug development.
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