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Neurodegenerative disorders are known to be commonly associated with neuroinflammation. Plants with antioxidant and anti-
inflammatory properties hold prospect in alleviating neuroinflammation. One such plant with documented anti-inflammatory
and antioxidant potential is Salvia officinalis L. This study looked at effects of the hydroethanolic leaf extract of S. officinalis L.
on lipopolysaccharide (LPS)-induced neuroinflammation and associated memory impairment using an ICR mouse model.
Assessment of the phytochemical constituents in S. officinalis L. and its acute toxicity was conducted. Mice were treated with S.
officinalis L. extract (30, 100, and 300mg/kg) after LPS administration. Object recognition and elevated plus maze tests were
employed to assess neuroinflammation-induced behavioral changes. Brain samples were taken to determine the levels of TNF-
α and conduct histopathological analysis. The hydroethanolic extract of S. officinalis L. was found to contain alkaloids,
glycoside, tannins, flavonoids, and coumarins and exhibited no observable acute toxicity. The extract showed the presence of
eicosatrienoic acid, methyl ester, and phenanthrene derivatives. The extract improved memory and cognitive performance but
had no significant effect on brain tissue TNF-α expression. S. officinalis L. treatment in mice with neuroinflammation also
resulted in reduced mononuclear infiltration and gliosis and reduced apoptotic and necrotic neurons as well as no observable
brain lesions. S. officinalis L. holds promising pharmacological activity at reducing neuroinflammation and its associated
cognitive impairment.
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1. Introduction

The effect of neuroinflammation on the increased risk of
cognitive decline is becoming increasingly apparent in
recent studies. It is commonly known that neurodegenera-
tive diseases such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and HIV-associated neurocognitive disorders
(HANDs) are frequently associated with neuroinflammation
[1–3]. However, defining neuroinflammation remains a
challenge. DiSabato et al. [4] define neuroinflammation as
an inflammatory response that takes place inside the brain
or spinal cord. Many chemicals, including reactive oxygen
species (ROS), chemokines, secondary messengers, and cyto-
kines, are released, which set off this reaction. Endothelial

cells originating from sources outside the central nervous sys-
tem (CNS) and CNS glial cells—particularly astrocytes and
microglia—produce these chemicals. Increases in ROS and
cytokine production, such as tumor necrosis factor-α (TNF-
α), together with other inflammatorymediators, are character-
istics of chronic and uncontrolled inflammation. Microglia,
which serve as the immune surveillance cells and perform
macrophage-like functions in the CNS, perform an important
role in the process of neuroinflammation [4].

Lipopolysaccharide (LPS)-induced neuroinflammation is
a widely used model of neuroinflammation, which involves
microglia activation in the brain [5]. LPS or endotoxin
comes from the outer membrane of gram-negative bacteria
[6]. LPS-induced neuroinflammation comprises the binding
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of LPS to CD14 on microglia membranes. This interaction trig-
gers the activation of microglia through Toll-like receptor-4
(TLR-4) [6]. Microglia activation then initiates various signal
transduction mechanisms, including mitogen-activated protein
kinase (MAPK) and phosphoinositide-3 kinase/protein kinase
B (PI3K/AKT) [7]. Ultimately, these processes lead to the acti-
vation of NF-κB (nuclear factor kappa-light-chain-enhancer
of activated B cells). Consequently, NF-κB activation results in
the synthesis of cyclooxygenase-2 (COX-2), inducible nitric
oxide synthase (iNOS), cytokines, and chemokines [7].

Salvia officinalis L., also known as sage, is a perennial
rounded shrub within the family Lamiaceae. It is the most
extensive genus within the Lamiaceae family, comprising
nearly 900 species. The name Salvia originated from a word
in Latin which means “to heal,” perfectly capturing the leg-
endary notion that it has “magical” healing powers for a
variety of diseases, hence its widespread use in traditional
medicine [8]. The species S. officinalis L.’s native root is
traced to the Mediterranean and Middle Eastern regions,
but it has become naturalized in various countries across
the globe [9]. In Africa, S. officinalis L. holds significant
importance in traditional medicine. Salvia is widely
employed for the treatment of many kinds of illnesses which
include inflammation, memory loss, cancer, malaria, and
microbial infections, as well as the disinfection of dwellings
following illness [10]. It is utilized by different African tribes
for a wide range of illnesses, including ethnoveterinary uses
and as disinfectants [11]. It is one among the spices and
herbs that are cultivated in Kenya for culinary purposes,
and its significance is growing [11].

Sage is renowned for its robust antioxidant and anti-
inflammatory characteristics. An ethanol extract of sage leaf
was observed to effectively suppress the manufacture of
interleukin-6 (IL-6), nitric oxide (NO), and TNF-α associ-
ated with RAW 264.7 macrophages that were stimulated
by LPS [12]. Also, the administration of sage extract orally
to mice before an LPS injection resulted in the inhibition of
NO production and liver iNOS expression [13]. Other studies
have also demonstrated S. officinalis L.’s neuroprotective
effects. Sage aqueous extract protected rat cerebellar granule
cells from amyloid beta (Aβ)–induced neurotoxicity by reduc-
ing apoptosis and oxidative damage [14]. At micromolar con-
centrations, carnosic acid and carnosol isolated from sage leaf
extracts inhibited acetylcholinesterase (AChE) competitively
in SH-SY5Y human neuroblastoma cells [15, 16], suggesting
that S. officinalis L. may improve cognitive function and pro-
tect against memory deficits by increasing available acetylcho-
line levels. This study is therefore aimed at assessing the effect
of the hydroethanolic leaf extract of S. officinalis L. on neuro-
inflammation and associated cognitive impairments.

2. Materials and Methods

2.1. Materials. Plexiglas chamber (Interplast Limited, Kumasi,
Ghana) and elevated plus maze (EPM) box were used.

2.2. Chemicals. LPS from Escherichia coli (Servicebio Tech-
nology, Wuhan, China), ethanol (Fisher Scientific, Leicester-
shire, England), dimethyl sulfoxide (DMSO) (Fisher

Scientific, Leicestershire, England), prednisolone (Taj
Pharma, Mumbai, India), and ketamine (Hameln Pharma
gmbh, Inselstraße 1, Germany) were used.

2.3. Experimental Animals. In this study, mice of the Insti-
tute of Cancer Research (ICR) species, both male and female,
weighing 25–30 g and aged 8–10 weeks, were utilized. Ani-
mals were obtained from the Noguchi Memorial Institute
of Medical Research in Legon, Accra. Mice were subse-
quently housed at the animal house facility of the Pharma-
cology Department at Kwame Nkrumah University of
Science and Technology (KNUST). They were housed in
groups of five in conventional 34 × 47 × 18 cm3 stainless-
steel cages with bedding made of soft wood shavings in an
Animal Biosafety Level 2 facility (ABSL2). The mice were
given standard commercial pellet food and had unrestricted
access to water, and the facility was lit for 12h every day,
from six in the morning to six in the evening. The animals
were given 3 days to become used to their new environment
before the experiment. Following this time of acclimation,
the mouse random assignments were done to one of the
experimental groups under investigation.

2.4. Plant Extraction. The leaves of S. officinalis L. were
obtained from Exotic Penina Fields Group Ltd. in Nairobi,
Kenya, a Global Good Agricultural Practices certified pro-
ducer (GGN 4050373351410) and authenticated at the
Department of Herbal Medicine, KNUST, where a voucher
specimen was deposited (KNUST/HMI/2018/L011). S. offici-
nalis L. was cultivated in well-drained volcanic soils at high-
altitude with temperatures of 15°C–25°C, moderate humidity
(50%–70%). It was harvested during the dry season (Janu-
ary–February) for optimal phytochemical content.

The leaves were meticulously cleaned, thoroughly rinsed
in sterile distilled water, and completely dried using air. Sub-
sequently, the plant material was finely grounded and stored
in a clean, sealed container for later usage. With utmost pre-
cision, 40 g of the pulverized leaves was added to 200mL of
70% ethanol [17] in a conical flask. Resulting mixture was
left undisturbed for 24h and then filtered using Whatman
No. 1 filter paper. After allowing the filtrate to air dry at
ambient temperature (~25°C) for 1 day, the extract was
scraped off and weighed. The S. officinalis leaves had pro-
duced 6.0 g of extract, resulting in a percentage yield of
15% relative to the initial weight of the leaf material. Subse-
quently, the ethanolic S. officinalis L. leaf extract was sus-
pended in 50% DMSO at a concentration of 10mg/mL and
stored in sterile bottles and referred to as SO. Ethanol
(70%) was chosen to mimic the traditional preparation of
the extract and its ability to extract both polar and moder-
ately nonpolar phytochemicals, as supported by prior stud-
ies. Ethanol also minimizes potential toxicity in
downstream biological studies.

2.5. Extract Characterization. A PerkinElmer Clarus 580 gas
chromatography–Clarus SQ8S mass spectrometer system
equipped with a capillary column of 30m from the KNUST
Central Laboratory was used to characterize the plant. The
samples (1μL) were injected with a constant flow of helium
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at 2mL/min and temperature of 230°C. Ethanol was used as
the solvent. The oven temperature started at 80°C and was
then gradually increased to 330°C at a rate of 15°C per
minute. After reaching the desired temperature, it was held
for 5min. The mass spectrum was obtained using the full-
scan method, which ranged from 33 to 600m/z. The reten-
tion index was calculated using the n-alkane series, which
served as the retention time standard [18].

2.6. General Phytochemical Screening. S. officinalis L. leaf
extracts were screened for the presence of various phyto-
chemicals. The crude extract was tested for the presence of
alkaloids, glycosides, sterols, flavonoids, and saponins. Spe-
cific testing was conducted to confirm the existence of these
bioactive substances following methods described by Aiye-
goro and Okoh [19]. In order to determine whether tannins
were present, a filtrate consisting plant extract (1.0 g) dis-
solved in 10mL of distilled water was passed through a
Whatman No. 1 filter paper along with a solution of ferric
chloride reagent. Consequently, a blue tint was noticed, indi-
cating the presence of tannins. On a steam bath, 0.5 g of the
plant extract was dissolved in 5mL of 1% hydrochloric acid
(HCl) to look for alkaloids. One milliliter of the filtrate was
then mixed with a few drops of Dragendorff’s reagent. The
mixture may include alkaloids if turbidity or precipitation
starts to appear. In order to determine whether flavonoids
were present, the extract (0.2 g) was heated after dissolving
in 2mL of methanol. Subsequently, a fragment of magne-
sium metal and a small quantity of concentrated HCl were
added to the mixture. The manifestation of a red or orange
hue serves as an indicator for the existence of flavonoids [19].

2.7. Toxicity Tests

2.7.1. Acute Toxicity. Six groups of the animals with five
mice each were given 0, 10, 100, 300, 1000, and 3000mg/
kg of the extracts, respectively [20]. Subsequently, the ani-
mals were continually observed, 1 h post administration
and subsequently at 2-h interval, up to 24h for lethality,
weight changes, neurological functioning, respiration,
changes in fur, normal functioning, and behavior [21].

2.7.2. Irwin’s Test. ICR mice received oral administration via
gavage of the leaf extracts at doses of 0, 10, 100, 300, 1000,
and 3000mg/kg body weight. Each animal’s behavioral,
autonomic, and neurological conditions were assessed at 0,
15, 30, 60, 120, and 180min and up to 24 h following admin-
istration [22, 23]. These included a range of physiological
and behavioral changes, such as altered body posture, seda-
tion/excitation, piloerection, ptosis, exophthalmos, abnor-
mal behavior (e.g., forepaw treading, stereotypies, Straub
tail), writhing, breathing rate, head twitches, jumping,
tremor, and convulsions. The rating system consisted of a
score of 0=normal activity and 1, 2, 3, or 4= slight, moder-
ate, extreme, or severe changes, respectively (https://pspp
.ninds.nih.gov/TestDescription/TestIrwin).

The animals were carefully handled beginning at the 15-
min mark in order to note and record any changes in the fol-
lowing areas: grip strength; lacrimation; salivation; diarrhea;

increased urination; increased defecation; vocalization; tail
suspension; aggressiveness toward the handler; abdominal
tone, limb tone, and reactivity to touch. The alterations in
these parameters, including both magnitude and frequency,
were appropriately recorded [22, 23].

2.8. LPS-Induced Neuroinflammation

2.8.1. Grouping and Induction. Animals were divided into
five (5) treatment groups (n = 8). Each animal was injected
with LPS (500μg/kg of LPS in 0.5mL), after which animals
in the first group received 1mL/kg of normal saline while
the second group received oral prednisolone via gavage at
1mg/kg daily for 3 days [24, 25]. The third, fourth, and fifth
groups were also administered with 30, 100, and 300mg/kg
oral doses of S. officinalis L. leaf extracts, respectively, via
gavage, once daily for 3 days [26]. The LPS was reconstituted
in a vial disinfected with 70% alcohol and gauze, and the
appropriate amount of solution was drawn up into the
syringe. The animal was taken out of the cage and properly
restrained in a head down position. To inject into the correct
area of the abdomen, anatomical landmarks were identified.
To protect the abdominal organs, for example, urinary blad-
der and cecum, the injection was administered in the lower
right quadrant of the animal’s abdomen. The needle was
inserted with the bevel facing up into the injection site, hor-
izontally at a 30°–40° angle, and to a depth where the entire
bevel was within the abdominal cavity. Prior to injecting, the
plunger was pulled back to ensure negative pressure, and
when there was negative pressure, the injection proceeded.
The needle was then pulled straight out and placed directly
into a sharps container without being recapped. Animal
was then returned to its cage and checked for any complica-
tions. Animals were injected with LPS once daily for 7 days
to induce neuroinflammation.

2.8.2. Object Recognition Test (ORT). The recognition mem-
ory was assessed using the ORT. It evaluated the animal’s
ability to become familiar with a set of objects and then dis-
tinguish between a previously presented object and a new
object in a subsequent test [27]. The animals were initially
tested after receiving an IP injection of LPS but before
receiving any medication. The ORT is divided into three
phases: training, delay, and an object choice test.

The animals were exposed to a glass chamber
(60 × 60 cm) for 10min to acclimatize after which they
were removed. The chamber was cleaned with 70% ethanol
and after which a paper towel moistened with tap water was
used to remove any lingering scent of mice which can con-
found results for the next batch of mice to be observed in
the chamber. Oval-shaped containers were used in the exper-
iment. The duplicate objects were green, while the novel object
was blue. All the objects were 12.0 cm in size and could be eas-
ily climbed on to encourage exploration. The duplicate objects
were put toward the corners of the two opposing ends of the
chamber during the training phase (15 cm from each adjacent
wall). After being brought into the glass chamber, the animal
was given 5min to explore various objects (A1 and A2). After-
wards, the animal was removed from the chamber for a period
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of 5min or 2h (delay period) and was then returned to the
chamber for the novel object testing (5-min duration), where
it was shown two objects in the same spatial locations as dur-
ing training: one object (A3) was a third exact replica of the set
of objects used during training, and the other object (B) was a
novel object. On Day 2 of this study, the animals were trained
and tested prior to the first dose of the intraperitoneal injec-
tion of LPS. On Day 6, the animals were trained and tested,
45min after the injection of the last dose of the LPS but before
the commencement of any treatment. Afterwards, the animals
were trained and tested again on Day 9, after the treatment
regimen.

Testing on Day 9 examined the animals following the
completion of treatment. The animals were sacrificed on
Day 10. For training and testing sessions, exploration periods
were recorded and utilized to create a discriminating index:
[time spent with object B− time spent with object A3]/[total
time exploring both objects] [28]. Equal exploration of both
objects is indicated by discrimination indices of 0 [27].

On the days of the test, the test was conducted in dupli-
cate. The first one had a 5-min delay (time interval between
the training and testing periods) while the second had a 2-h
delay after the training. Positions of objects were counterba-
lanced between trials to eliminate location bias.

2.8.3. EPM Test for Memory Evaluation. Two open arms (16
by 5 cm) and two covered arms (16 by 5 by 15 cm) made up
the EPM. These arms were elevated from a central platform
(5 by 5 cm). The whole maze was raised to a level 25 cm
above the ground. On Day 1 of the experiment, animals were
placed facing away from the center platform, at the end of an
open arm. The length of time it took the animal to go from
its open arm to one of its covered arms with all four legs was
defined as the transfer latency (TL). The cut-off TL was set at
90 s. When an animal failed to enter one of the covered arms
within 90 s, it was gently directed into a covered arm, and
the TL stated as 90 s. Animals were then allowed to explore
the maze for 2 more minutes before being returned to the
cage. Twenty-four hours following the first trial, the memory
or retention of this newly learnt task was assessed. This test
was conducted on Day 2 before LPS administration, on Day
7, 45min after LPS administration to induce neuroinflam-
mation, and on Day 10, 1 h after the last dose of study treat-
ments. The EPM test was conducted in a controlled testing
room with low lighting (40–60 lux), quiet conditions
(< 50 dB), and a stable temperature of 22°C–25°C with
40%–60% relative humidity. The maze was cleaned with
70% ethanol between trials to eliminate residual odors [29].

2.8.4. Assay of TNF-α Expression in Brain Samples. To har-
vest the mouse brains, ketamine was administered at a dose
of 80mg/kg, i.p. to anesthetize the mice [30]. The anesthetized
mice were placed in a supine position on a clean dissection
surface with limbs secured. The surgical area was cleaned with
70% ethanol. A midline incision on the scalp to expose the
skull was made. Using a dental drill, a small hole in the skull
was created and enlarged toward the front. The brain was
carefully lifted out of the cranial cavity, making sure to detach
any remaining connections [31]. The extracted brain was

placed in a suitable container and frozen at −80°C. The frozen
whole hemispheres of the mouse brains were homogenized in
cold PBS containing 100mg tissue/mL and then centrifuged
for 15min at 12,000 g. The manufacturer’s instructions were
followed when using the ELISA kit to measure TNF-α levels
in the brain. All TNF-αmeasurements were conducted in trip-
licates for accuracy, and TNF-α expression levels were nor-
malized to the total protein content of brain homogenates.
Outlier values were excluded based on Grubbs’ test.

2.8.5. Histopathological Analysis. Hematoxylin and eosin
staining was performed on the mouse brain tissues to identify
neuronal cell loss, glial cell proliferation, and mononuclear
infiltration. The procedure was carried out as reported by Car-
diff et al. [32]. The brain tissue was initially fixed, dehydrated,
and subsequently embedded in paraffin wax. Subsequently,
thin sections with a usual thickness of 4–6μm were obtained
from the paraffin-embedded tissue using a microtome. The
paraffin sections on the glass slides were placed in staining
racks. Paraffin was removed from the samples in three rounds
of xylene for 2min each. The samples were hydrated by trans-
ferring them through a series of decreasing ethanol concentra-
tions: 100%, 95%, and 70%. Afterwards, the slides were rinsed
in running tap water for at least 2min. To stain the samples,
they were soaked in hematoxylin solution for 3min, followed
by thorough rinsing under running tap water. Then, they were
stained in working eosin Y solution for 2min. Dehydration
was done by dipping the slides in 95% ethanol, transferring
them through two rounds of 100% ethanol, and clearing them
in three rounds of xylene. Finally, the slides were mounted
with Permount and coverslips so they could be examined
under a microscope [32].

2.9. Statistical Analysis. One-way ANOVA was used to exam-
ine the data, which was then subjected to Tukey’s honest signif-
icant difference testing. GraphPad Prism Version 9.5.0 was
used, and the results are provided as the mean ± SEM. p <
0 05 is required for statistical significance to be accepted.

3. Results

3.1. Extract Characterization. A hydroethanolic extract of S.
officinalis L. was made and assessed for phytochemical com-
position using GC-MS to identify key phytoconstituents that
may contribute to its pharmacological effects. The com-
pound that made up the largest proportion, accounting for
74.87% of the total peak area, was identified as “8a(2H)-phe-
nanthrenol, 7-ethenyldodecahydro-1,1,4a,7-tetramethyl-,
acetate, [4as-(4a.alpha.,4b.beta.,7.beta.,8a.alpha.,10a.beta.)]”.
Other significant compounds included “11,14,17-eicosatrie-
noic acid, methyl ester” (11.12%), “citronellyl butyrate”
(6.92%), and “urea, 1-(4-fluorobenzoyl)-3-(4-methyl-6-tri-
fluoromethylpyrimidin-2-yl)-” (3.16%). These findings indi-
cate the presence of various organic compounds in S.
officinalis L. leaves, such as terpenes, esters, and nitrogen-
containing compounds. These compounds may contribute
to the aroma, flavor, and bioactive properties of sage leaves.
The results are shown in Table 1 and Figure 1.
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3.2. Phytochemical Screening. The phytochemical screening
of the hydroethanolic leaf extract of S. officinalis L. identified
the presence of several important phytochemicals including
alkaloids, glycosides, tannins, flavonoids, and coumarins.
Saponins, triterpenoids, and phytosterols were found to be
absent. Thus, the extract contains diverse phytochemicals
like alkaloids, glycosides, and phenolic compounds which
may be responsible for any pharmacological activities.

3.3. Toxicity Tests. The acute toxicity test results revealed
that a single oral administration of S. officinalis L. leaf extract
did not cause any significant observable adverse effects in the
mice. Also, no mortalities were recorded at doses up to
3000mg/kg of the leaf extract. Single dosing of the extracts
in Irwin’s test produced no changes in the behaviors of the
animals that received 0, 10, 100, and 300mg/kg throughout
the experiment. For the 1000mg/kg treatment group, all
the animals had increased vocalization and were irritable
to touch at 120 and 180min. This dosing level also produced
a Straub tail effect in the animals at 180min. There was a
delayed response to tail prick at the 180-min timestamp. In
the 3000mg/kg group, there was also increased vocalization
and irritability to touch in all the animals from 120 to
180min. In addition, Straub tail was observed in the animals
at 120 and 180min. Also, delayed response to tail prick was
observed in the animals at the 180-min time point. No mor-
tality was recorded in any of the treatment groups for up to
24 h.

3.4. Effect of S. officinalis on LPS-
Induced Neuroinflammation

3.4.1. Recognition Memory in Mice Before and After LPS
Administration. This section presents data on the evaluation
of the effect of S. officinalis extract on recognition memory
using the ORT that measures preference for novel objects.
In the ORT, the discrimination index (DI) reflects the pref-
erence for novel objects over familiar ones. A transition to
negative DI values in LPS-treated mice indicates impaired
recognition memory, as the mice spend more time exploring
previously encountered objects rather than showing a pref-
erence for novel ones.

Before the administration of LPS, positive DI values were
recorded across the time intervals with no significant differ-
ences among them. Following the administration of LPS, the
DI values were predominantly negative across all groups,
with no statistically significant differences among them.
There was however a significant change (p < 0 0001) in DI
when observations before and after LPS administration were
compared in the ORT (Figure 2).

3.5. Effect of S. officinalis L. on Recognition Memory in Mice.
After treatments, the normal saline control mice maintained
negative DIs. The S. officinalis L.–treated mice (30, 100,
300mg/kg) showed improvement in DI compared to con-
trol, shifting toward positive values. In the 5-min delay
period, all the other groups apart from the normal saline
control mice recorded positive DI values. There were

TABLE 1: GC-MS results of Salvia officinalis L. leaf extract.

RT Area % area Name

15.711 26,980.0 1.53 Methyl-6-deoxy-6-fluoro-2,3,4-tri-O-methylád-galactopyranoside

16.511 1,323,420.8 74.87
8a(2H)-Phenanthrenol, 7-ethenyldodecahydro-1,1,4a,7-tetramethyl-,

acetate, [4as-(4a.alpha.,4b.beta.,7.beta.,8a.alpha.,10a.beta.)]-

16.871 122,276.8 6.92 Citronellyl butyrate

17.281 7652.2 0.43 Cyclopropane, (2-methylenebutyl)-

17.351 196,636.3 11.12 11,14,17-Eicosatrienoic acid, methyl ester

18.181 55,791.4 3.16 Urea, 1-(4-fluorobenzoyl)-3-(4-methyl-6-trifluoromethylpyrimidin-2-yl)-

19.001 16,694.4 0.94 Phthalic acid, neopentyl 4-nitrophenyl ester

20.251 10,682.2 0.60 Hexanoic acid, 2-ethyl-, 2-octyldodecyl ester

36.025 7468.3 0.42 Formaldehyde, dimethylhydrazone

Note: Area (total peak area) = abundance; % area = relative abundance.
Abbreviation: RT, retention time.
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Time

0

100
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)
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Figure 1: Chromatogram for Salvia officinalis L. leaves.
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statistically significant differences in DI between the normal
saline control group and S. officinalis L.–treated mice at all
studied doses (30, 100, 300mg/kg) (p < 0 0001). Significant
difference in DI was also observed when normal saline con-
trol mice were compared with prednisolone-treated rats
(p < 0 0001) as seen in Figure 3a.

After the 2-h delay, there was 22.5% decrease in DI of
normal saline control mice from the baseline while that of
S. officinalis L. groups (30, 100, 300mg/kg) increased by
31.17%, 46.75%, and 65.5%, respectively. There was positive
and significant DI recorded for S. officinalis L. at 30mg/kg
(p < 0 0001), 100mg/kg (p < 0 0001), and 300mg/kg
(p < 0 0001). Prednisolone recorded the highest change in
DI from the baseline training value (96.50%) (Figure 3b).

Following the 5-min delay after the study treatments, the
normal saline–treated control mice had mean DI of −0 213
± 0 057. In contrast, the S. officinalis L.–treated mice recorded
positive mean DI, ranging from 0 11 ± 0 04 to 0 57 ± 0 02.
These increases in DI were statistically significant (p < 0 001)
when compared to the normal saline–treated control mice.
The prednisolone group had mean DI of 0 24 ± 0 05, which
was also statistically significant (p < 0 001).

During the 2-h delay post treatment period, the normal
saline–treated control mice had the lowest mean DI value
of −0 40 ± 0 11. The treatment groups receiving S. officinalis

L. showed positive mean DI ranging from 0 13 ± 0 030 to
0 48 ± 0 06. These increases in DI were statistically signifi-
cant (p < 0 001) when compared to the normal saline–
treated control. Similarly, the prednisolone group had
mean DI value of 0 78 ± 0 07, and the p value was highly
statistically significant (p < 0 001). Taken together, treat-
ment with S. officinalis L. resulted in improvements in dis-
crimination ability compared to the control as shown in
Table 2.

3.6. Spatial Memory in Mice Before and After LPS
Administration. To assess spatial memory performance, the
EPM test was used to determine changes in risk attitude
and exploratory behavior, both of which are influenced by
memory and anxiety-related processes. A decrease in TL
(the time taken to enter the closed arm) indicates improved
spatial memory, as the animal recalls the previously learned
safe environment, whereas an increase in TL suggests
impaired memory retention or heightened anxiety. In the
EPM before LPS administration, transfer latencies generally
decreased from training to testing in all the mice. The
decrease in TL from training to testing is statistically signif-
icant (p = 0 0001) (Figure 4a). After LPS administration, the
transfer latencies were markedly higher in the testing phase
compared to initial training in all the mice studied
(Figure 4b).

There was 12.6% reduction in testing transfer latencies
compared to that of training before LPS. Training transfer
latencies however increased by 52.3% compared to testing
transfer latencies post LPS. These percentage changes in
TL before and after LPS administration were statistically sig-
nificant (F 1, 38 = 162 8, p < 0 0001).

3.7. Effect of S. officinalis L. on Spatial Memory in Mice. After
treatment, the control group showed a decrease in mean
TL from 71 16 ± 6 57 during training to 64 37 ± 10 54 s
during testing. In contrast, the treatment groups receiving
different doses of S. officinalis L. demonstrated further
reductions in mean TL. The mean TL values for S. offici-
nalis L. 30–300mg/kg groups were 56 39 ± 15 45, 27 68 ±
6 16, and 26 09 ± 03 03 s, respectively, during the testing
phase. Notably, the p values associated with the S. officina-
lis L. 100 and 300mg/kg groups were statistically signifi-
cant (F 4, 35 = 10 57, p < 0 05), indicating a significant
difference compared to the control. On the other hand,
the prednisolone group exhibited the lowest mean TL of
18 05 ± 3 90 s, and the p value was highly statistically sig-
nificant (F 4, 35 = 4 29, p = 0 0079). In summary, after
treatment, the S. officinalis L.–treated groups demonstrated
significant reductions in TL compared to the control, with
100 and 300mg/kg exhibiting the most pronounced effect.
Nonetheless, prednisolone showed the most significant
reduction in TL (Table 3).

3.8. Effect of S. officinalis L. on TNF-α Expression in Mouse
Brain Tissues. Normal saline–treated control mice exhibited
TNF-α level of 20 17 ± 2 85pg/mL. After SO treatment at
30, 100, and 300mg/kg, mice showed brain tissue TNF-α
levels of 17 51 ± 0 57, 17 37 ± 0 93, and 14 20 ± 1 30pg/mL,
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Figure 2: Discrimination index before and after LPS administration
in the ORT. The values are presented as means ± SEM. ∗∗∗∗p <
0 0001 when comparisons were made before and after LPS
administration by multiple comparison using mixed-effects analysis.
DI= discrimination index; ORT=object recognition test.
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respectively. However, at the doses of SO studied, the
observed reduction in tissue levels of TNF-α was not statis-
tically significant compared with the normal saline–treated
control mice. Prednisolone administration resulted in the
mean TNF-α level reducing to 8 44 ± 1 71pg/mL
(F 3, 36 = 5 35, p = 0 004) (Figure 5).

3.9. Effect of S. officinalis on Histopathological Parameters of
Brain Tissues. The normal saline–treated control mice
(Figure 6a) showed extensive neuronal cell loss (red arrow),
along with gliosis (proliferation of glial cells) (white circle)
and a focal mononuclear infiltrate (presence of plasma cells
and lymphocytes) (blue arrow) in the cerebellum, pons,

–1.0

–0.5

0.0

0.5

1.0

1.5

D
isc

rim
in

at
io

n 
in

de
x

⁎⁎⁎⁎

+
+
- - - -

-
--

- - -
30 100 300

Normal saline (1 ml/kg)
Prednisolone (1 mg/kg)

SO (mg/kg)

(a)

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

D
isc

rim
in

at
io

n 
in

de
x

⁎⁎⁎⁎

+
+
- - - -

-
--

- - -
30 100 300

Normal saline (1 ml/kg)
Prednisolone (1 mg/kg)

SO (mg/kg)

(b)

Figure 3: Effect of S. officinalis on discrimination index in mice after (a) 5-min and (b) 2-h delay. The values are presented as mean ± SEM.
∗∗∗∗p < 0 0001, when treatments were compared with normal saline–treated control (one-way ANOVA followed by Dunnett’s post hoc
test). DI = discrimination index.

TABLE 2: Statistical significance of mean DI between treatment groups.

Study phase Treatment group
DI

Mean ± SEM p value

After treatment

Training

Control −0 174 ± 0 037
Prednisolone 0 287 ± 0 067 < 0.0001
SO 30mg/kg 0 192 ± 0 056 0.0003

SO 100mg/kg 0 283 ± 0 056 < 0.0001
SO 300mg/kg 0 328 ± 0 043 < 0.0001

Testing 5-min delay

Control −0 213 ± 0 057
Prednisolone 0 240 ± 0 049 < 0.0001
SO 30mg/kg 0 113 ± 0 036 < 0.0001
SO 100mg/kg 0 500 ± 0 017 < 0.0001
SO 300mg/kg 0 565 ± 0 024 < 0.0001

Testing 2-h delay

Control −0 399 ± 0 113
Prednisolone 0 778 ± 0 071 < 0.0001
SO 30mg/kg 0 125 ± 0 030 0.0002

SO 100mg/kg 0 294 ± 0 030 < 0.0001
SO 300mg/kg 0 481 ± 0 061 < 0.0001

Abbreviation: DI, discrimination index.
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hippocampus, cortex, and lateral ventricles. Mice treated with
prednisolone (Figure 6b) exhibited few apoptotic neurons, a
scanty periventricular mononuclear infiltrate, and no gliosis
or neuronal cell loss in the cerebellum, pons, hippocampus,
and cortex. Mice treated with 30mg/kg SO (Figure 6c) showed
focal neuronal cell loss, a few apoptotic neurons, and oedema
in the cerebellum (black circle), cortex, and hippocampus. At
100mg/kg of SO (Figure 6d), mice showed apoptotic neuronal
cells, a mild perivascular mononuclear infiltrate, and focal
mild neuronal cell loss in the cortex, hippocampus, cerebel-
lum, and pons. Mice receiving 300mg/kg of SO (Figure 6e)
did not show any significant histological lesions, with no glio-
sis, mononuclear infiltrates, apoptotic or necrotic neurons in
the cerebellum and pons, but there was a small focus of
oedema with occasional mononuclear cells noted in the cortex
(Figure 6).

4. Discussion

In this study, the acute toxicity evaluation of S. officinalis L.
leaf extracts in the mice revealed no adverse effects or mor-
tality up to a high dose of 3000mg/kg. This suggests that S.
officinalis L. leaf extracts have a high safety margin and a
low toxicity risk when administered orally [33, 34]. The
Irwin test, which assesses potential neurological and behav-
ioral effects more thoroughly, revealed that, at lower doses,
no changes were observed in the animals. This indicates that
the neurological and behavioral functions of the animals
were not noticeably affected by these doses. At 1000mg/kg,
some animals showed increased vocalization, irritability,
and the Straub tail effect, indicating mild neurological exci-
tation. These findings indicate that animals may experience
mild neurological excitement when given a higher dosage
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Figure 4: Transfer latency (a) before and (b) after LPS administration in the EPM test. The values are presented as mean ± SEM. ∗∗∗p ≤
0 0001, when training compared with testing (Student’s t-test). EPM= elevated plus maze.

TABLE 3: Mean transfer latency after treatment in the EPM test.

Study phase Treatment group
Transfer latency
Mean ± SEM p value

After treatment

Training

Control 71 160 ± 6 568
Prednisolone 29 790 ± 8 441 0.0229

SO 30mg/kg 54 570 ± 13 210 0.6928

SO 100mg/kg 30 780 ± 7 401 0.0198

SO 300mg/kg 33 390 ± 9 856 0.0329

Testing

Control 64 370 ± 10 540
Prednisolone 18 05 ± 3 897 0.0079

SO 30mg/kg 56 390 ± 15 450 0.9684

SO 100mg/kg 27 680 ± 6 162 0.0373

SO 300mg/kg 26 09 ± 03 031 0.0274

Abbreviation: EPM, elevated plus maze.
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of S. officinalis L. leaf extract. At 3000mg/kg, similar effects
were observed, as well as a slightly delayed pain response,
indicating moderate neurological excitation [22]. This sug-
gests that the extracts of S. officinalis L. leaves may have a
stronger effect on neurological function at this specific dose.
The effects, however, were mild to moderate and transient,
with no fatalities. This confirms the general safety of acute
S. officinalis L. extract administration.

The optimal therapeutic doses identified were 100–
300mg/kg, which showed no adverse effects and are signifi-
cantly lower than the doses causing observable neuroexcita-
tion. More chronic toxicity research can shed light on the
long-term safety of repeated dosing. Overall, these toxicity
studies show that S. officinalis L. leaf extracts are relatively
nontoxic in the short term, with potential adverse neurolog-
ical effects appearing only at very high supratherapeutic
doses. This emphasizes their advantage in terms of safety
over conventional synthetic drugs.

The ORT was used to assess recognition memory in this
study. Recognition memory is a type of declarative memory
that is dependent on the integrity of structures in the medial
temporal lobe, including the hippocampus [35]. Systemic
LPS administration causes neuroinflammation, which
results in the release of proinflammatory cytokines such as
IL-1β, IL-6, and TNF-α, which disrupt hippocampal synap-
tic plasticity through effects on NMDA receptor signaling.
Long-term potentiation, neurogenesis, and spatial memory
formation are all impaired as a result [36]. S. officinalis L.
treatment resulted in improvements in DI, indicating
improvements in recognition memory disruptions possibly
caused by neuroinflammatory cytokine signaling. This could
be accomplished by reducing microglial activation and sub-
sequent cytokine release. Notably, the highest S. officinalis L.
dose demonstrated resolution of recognition memory
impairment comparable to that of prednisolone, a cortico-
steroid drug that effectively suppresses neuroinflammation
by transrepressing NF-κB target genes encoding cytokines,

adhesion molecules, and other mediators [37]. The similar
observable effects suggest that at sufficient doses, S. officina-
lis L. can mimic the antineuroinflammatory effects of corti-
costeroid drugs.

The EPM was employed to assess spatial long-term
memory, which is dependent on hippocampal function
[38]. TL is a metric that measures the time it takes to move
from the open arm to the closed arm, with lower latency
indicating better spatial memory. LPS is known to cause
neuroinflammation and impairs spatial memory consolida-
tion and retrieval by disrupting hippocampal synaptic plas-
ticity [36]. S. officinalis L. treatment after LPS significantly
reduced TL with significant reductions at the higher doses.
This suggests that taking S. officinalis L. after LPS exposure
can reduce neuroinflammation-induced hippocampal syn-
aptic dysfunction and effectively restore spatial memory
[39]. Ultimately, S. officinalis L. has efficacy in restoring spa-
tial memory that has been compromised by neuroinflamma-
tion, most likely by targeting neuroinflammatory signaling
cascades that disrupt hippocampal synaptic plasticity. This
adds to the evidence that S. officinalis L. has the potential
to be a natural alternative for treating cognitive deficits asso-
ciated with neuroinflammatory conditions.

TNF-α is a proinflammatory cytokine that mediates neu-
roinflammation and contributes to cognitive impairment in
conditions such as AD [40]. The administration of LPS
causes neuroinflammation characterized by elevated TNF-α
levels [36]. Carnosol, carnosic acid, and rosmarinic acid
are compounds found in S. officinalis L. that can inhibit
TNF-α production by downregulating NF-κB signaling
[41]. S. officinalis L. however exhibited limited effect against
TNF-α levels. This may be due to the doses of S. officinalis L.
used in the experiment. Prednisolone was more effective
than S. officinalis L. in lowering TNF-α levels.

The histological report from this study revealed wide-
spread neuronal damage in the control and the lower S. offi-
cinalis L. dose groups, accompanied by gliosis. This suggests
that the LPS-induced neuroinflammation had detrimental
effects on the neurons in the brain. Gliosis refers to the acti-
vation of glial cells, particularly microglia, in response to
neuroinflammation [42]. The mononuclear infiltration con-
sisting of plasma cells and lymphocytes observed is also sug-
gestive of an immune response to neuronal damage. This
immune response is characterized by the recruitment and
activation of immune cells to the site of injury in order to
initiate the repair process and eliminate any potential threats
[43]. The prednisolone and highest S. officinalis L. dose
groups showed minimal pathological changes suggestive of
a protective effect on the neurons, preventing damage or
promoting repair mechanisms. Prednisolone as a corticoste-
roid is known to effectively reduce inflammation and sup-
presses immune response [44]. These findings indicate that
S. officinalis L. has an effect on neuronal health in mice.
While low and moderate doses of S. officinalis L. were asso-
ciated with varying degrees of neuronal damage, the highest
dose appeared to protect against these pathological changes.

The chemical profiling of S. officinalis leaf extracts using
GC-MS analysis also revealed valuable information about
the plant. The most abundant component found was
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8a(2H)-phenanthrenol, 7-ethenyldodecahydro-1,1,4a,7-tet-
ramethyl-acetate (74.87%), also known as carnosic acid. This
phenolic diterpene has anti-inflammatory, antioxidant, and
neuroprotective properties [45]. It inhibits proinflammatory
cytokines such as TNF-α and activates antioxidant signaling
via Nrf2 [46]. This most likely contributes significantly to S.
officinalis L.’s anti-neuroinflammatory efficacy observed in
this study. Another significant component was 11,14,17-
eicosatrienoic acid, methyl ester (11.12%), a fatty acid deriv-
ative. Polyunsaturated fatty acids, such as eicosapentaenoic
acid, have anti-inflammatory properties in the brain and
can reduce neuroinflammation-related cognitive impairment
[47]. Citronellyl butyrate (6.92%), a monoterpenoid ester that
inhibits NO and PGE2 production [48], was also identified as
an anti-inflammatory compound [49]. The presence of such a
diverse array of bioactive anti-inflammatory phytochemicals
likely explains S. officinalis L.’s observed efficacy in suppress-
ing neuroinflammatory signaling and restoring cognitive
function. Multitarget mechanisms provide advantages over
single-target drugs. Individual component isolation and test-
ing can provide more information about their specific neuro-
pharmacological properties.

In addition to these, the phytochemical screening of S.
officinalis L. extract revealed that it contains several bioactive
compounds that are likely to contribute to the anti-
neuroinflammatory effects observed in this study. Tannins
were found in the extract. Tannins such as gallic acid and
pentagalloylglucose have anti-inflammatory effects due to
their ability to inhibit NF-κB-mediated cytokine production
[50, 51]. Glycosides were also found. Salvianolic acids are
glycosides found in S. officinalis L. that exhibit neuroprotec-

tive properties through antioxidant, anti-inflammatory, and
antiapoptotic mechanisms [52]. The extract contained alka-
loids that were discovered. S. officinalis L. contains alkaloids,
which are important bioactive compounds [9]. These alka-
loids are the largest group of plant secondary metabolites
and have various pharmacological activities, such as anti-
inflammatory properties [53]. Flavonoids were also detected.
Luteolin and quercetin are flavonoids found in S. officinalis
L. [54]. They can repress microglial activation and its corre-
sponding proinflammatory cytokine release [55]. Coumarins
were found. Scopoletin is a coumarin that can cross the blood–
brain barrier and inhibit iNOS, COX-2, and TNF-α to reduce
neuroinflammation [56]. The synergistic multitarget action of
these diverse anti-inflammatory phytochemicals mediates the
efficacy of S. officinalis L. extract in mitigating neuroinflam-
mation and associated cognitive impairment. Individual phy-
tochemical isolation and testing can provide more
information about their neuropharmacology.

The cognitive and behavioral improvements observed
following S. officinalis extract treatment have been attributed
to its anti-inflammatory effects. However, we acknowledge
that neurotransmitter modulation and anti-inflammatory
activity could both contribute to produce these effects. Mul-
tiple studies have shown that S. officinalis along with its bio-
active constituents like phenolic diterpenes and flavonoids
block the action of major brain enzymes AChE, monoamine
oxidase (MAO), and catechol-O-methyltransferase (COMT)
[57–59]. Increased availability of acetylcholine due to AChE
inhibition plays a fundamental role in learning and memory
[60] potentially leading to better discrimination indices in
the ORT. The exploratory activity along with risk-taking
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Figure 6: Effect of S. officinalis on brain histopathology of mice with neuroinflammation. (a) Normal saline–treated control. (b)
Prednisolone-treated mice. (c) 30mg/kg SO–treated mice. (d) 100mg/kg SO–treated mice. (e) 300mg/kg SO–treated mice. Red arrow:
apoptotic neurons; blue arrow: periventricular mononuclear infiltration; black circle: oedema; white circle: gliosis. The micron bar
represents 100μm.
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behavior in the object recognition and EPM tests could be
altered by COMT and MAO-modulated dopamine signaling
[61, 62]. In this study, cognitive improvements were
observed even at lower extract doses, where reductions in
TNF-α levels and histopathological changes were less pro-
nounced. This suggests that S. officinalis may enhance mem-
ory and behavior through both anti-inflammatory and
neurotransmitter-related pathways. Future studies incorpo-
rating additional assays, such as ex vivo neurotransmitter
quantification or enzyme inhibition assays, will be necessary
to further describe these mechanisms.

Another limitation of our study is the absence of a con-
trol group receiving S. officinalis extract alone, without LPS
treatment. The analysis of data from an additional control
group receiving S. officinalis extract alone would have
allowed researchers to distinguish between neuroinflamma-
tory protection and independent procognitive properties of
the extract. Future research addressing this question must
incorporate S. officinalis extract treatment without LPS
exposure to prove how the plant produces protective or cog-
nitive improvement outcomes. Further, another limitation
arises from the lack of TNF-α measurements in untreated
control mice receiving LPS treatment. Studies show that
LPS treatment causes TNF-α elevation in brain tissue [36,
40, 42]. But our experimental design could have confirmed
LPS neuroinflammation better by directly measuring base-
line TNF-α amounts. Future research should include a con-
trol group receiving no LPS treatment to identify base TNF-
α levels to better understand the mechanism of action of S.
officinalis.

5. Conclusion

The present work demonstrated that neuroinflammation
modulating S. officinalis L. leaf extract improves memory.
When administered after the LPS treatment, S. officinalis L.
enhanced the memory and cognitive functions of mice. GC-
MS and phytochemical analysis revealed the presence of bio-
active compound that may explain the observed effects. From
the results of the acute toxicity studies performed, S. officinalis
L. possesses a relatively desirable safety consideration. S. offici-
nalis L. therefore has potential pharmacological activity of
neuroinflammatory diseases and requires further research as
a potential natural therapeutic agent.
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