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ABSTRACT

Background: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by amyloid-beta (Ap)
accumulation, tau protein hyperphosphorylation, oxidative stress, and neuroinflammation. Current pharmacological
treatments provide symptomatic relief but do not halt disease progression. Salvia officinalis (sage), a medicinal herb, has
demonstrated cognitive-enhancing and neuroprotective effects in preclinical studies. This study investigates the
phytochemical composition, molecular mechanisms, and cognitive effects of Salvia officinalis extracts in an AD model.

Methods:
e Phytochemical screening: High-performance liquid chromatography (HPLC) and gas chromatography-mass
spectrometry (GC-MS) were used to analyze flavonoids, phenolics, and volatile compounds.

e Invivo study: Rodent AD models were treated with sage extract at different doses. Behavioral tests, including the
Morris Water Maze (MWM), Novel Object Recognition (NOR), and Y-maze, were conducted.

e Biochemical and molecular analysis: Oxidative stress markers (MDA, SOD, CAT, GSH), neuroinflammatory
cytokines (TNF-a, IL-6, IL-1B), cholinergic function (AChE inhibition), and BDNF/CREB signaling were
evaluated using ELISA, qRT-PCR, and Western blot.

e Histopathological assessment: Hematoxylin and eosin (H&E) staining and immunohistochemistry were performed
to assess neuronal integrity, Ap deposition, and tau phosphorylation.

Results:
e Phytochemical analysis confirmed the presence of rosmarinic acid, carnosic acid, and essential terpenoids,
known for their neuroprotective properties.

e Sage-treated AD models exhibited improved cognitive function, with significantly better performance in MWM
and NOR tests compared to untreated AD models (p < 0.05).

e Oxidative stress markers were significantly reduced, while antioxidant enzyme activity was elevated (p < 0.01).
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e AChE inhibition and upregulation of BDNF and CREB suggest that sage extract enhances cholinergic
neurotransmission and neuroplasticity.

e Histopathological analysis revealed reduced AP plaque deposition and tau phosphorylation, indicating
potential disease-modifying effects.
Conclusion: The study provides compelling evidence that Salvia officinalis exhibits neuroprotective, antioxidant, and
anti-inflammatory properties in an AD model. The observed cognitive improvements and biochemical changes suggest
that sage extract could serve as a potential therapeutic agent for AD management. Further clinical trials are necessary
to validate its efficacy and safety in humans.

Keywords: Alzheimer’s disease, Salvia officinalis, neuroprotection, cognitive enhancement, oxidative stress, cholinergic
modulation, amyloid-beta, tau protein, phytochemicals.

1. INTRODUCTION

Pain is thought to be the reason to seek dental care, but it is the same reason to neglect it.[1]. Pain is an unpleasant sensory
and emotional experience associated with actual or potential tissue damage or is described in terms of such damage. Many
treatments, particularly in pediatric dentistry, need the use of local anesthetics for pain management [2]. The fundamental
principle of pediatric behavior management is excellent pain management during dental procedures [3]. Applying topical
anesthetics, using distraction techniques, buffering the local anesthetics, counter irritating the area, slowing down the
injection, modifying the rate of infiltration, and vibrating the surrounding tissue while the injection is being given are some

1.1 Background on Alzheimer's Disease (AD) and Current Therapeutic Challenges

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by cognitive decline, memory
impairment, and behavioral abnormalities (Scheltens et al., 2021). It is the most common cause of dementia, accounting for
approximately 60-80% of cases globally (Alzheimer’s Association, 2023). The primary pathological hallmarks of AD include
extracellular amyloid-beta (Ap) plaques, intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein,
oxidative stress, neuroinflammation, and synaptic dysfunction (Knopman et al., 2021). Despite extensive research, there is
no definitive cure for AD, and current pharmacological interventions, such as acetylcholinesterase inhibitors (donepezil,
rivastigmine) and NMDA receptor antagonists (memantine), only provide symptomatic relief without halting disease
progression (Yiannopoulou & Papageorgiou, 2020). Additionally, monoclonal antibodies targeting AP, such as aducanumab,
have shown limited efficacy and are associated with adverse effects, emphasizing the urgent need for alternative therapeutic
strategies (van Dyck, 2023).

1.2 Role of Neurodegeneration, Amyloid-Beta (AfB) Accumulation, and Oxidative Stress in AD Pathogenesis

Neurodegeneration in AD is primarily driven by AB accumulation, leading to neuronal toxicity, mitochondrial dysfunction,
and synaptic failure (Swerdlow, 2020). The amyloid cascade hypothesis suggests that the overproduction and reduced
clearance of A peptides result in the formation of toxic oligomers, triggering oxidative stress and inflammatory responses
in the brain (Selkoe & Hardy, 2016). Additionally, oxidative stress plays a crucial role in exacerbating AD pathology by
inducing lipid peroxidation, protein oxidation, and DNA damage, further impairing neuronal function (Butterfield &
Halliwell, 2019). The cholinergic hypothesis of AD also highlights the progressive loss of cholinergic neurons, leading to
neurotransmitter imbalances and cognitive decline (Hampel et al., 2021). Given these interconnected pathological
mechanisms, therapeutic interventions targeting oxidative stress, neuroinflammation, and synaptic dysfunction may offer
promising neuroprotective effects.

1.3 Traditional and Pharmacological Relevance of Salvia officinalis in Neuroprotection

Salvia officinalis (sage) has been traditionally used for its medicinal properties, particularly in enhancing memory and
cognitive function (Kennedy et al., 2018). The bioactive compounds in sage, including flavonoids, phenolic acids, terpenoids,
and rosmarinic acid, exhibit significant antioxidant, anti-inflammatory, and neuroprotective effects (Hamidpour et al., 2014).
Preclinical and clinical studies suggest that sage extracts improve cognitive performance by modulating cholinergic
neurotransmission, inhibiting AB aggregation, and reducing oxidative stress (Lopresti, 2017). Moreover, sage polyphenols
have demonstrated the ability to upregulate brain-derived neurotrophic factor (BDNF) expression, enhancing neurogenesis
and synaptic plasticity (Tildesley et al., 2003). These findings support the potential of Salvia officinalis as a natural
therapeutic agent for mitigating AD-related neurodegeneration.

1.4 Rationale and Significance of Studying Sage Extract in AD Models

Given the multifaceted pathophysiology of AD, natural compounds with multi-targeted therapeutic potential are of particular
interest. Salvia officinalis has been identified as a candidate for neuroprotection due to its ability to combat oxidative stress,
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inflammation, and cholinergic dysfunction (Scholey et al., 2008). Additionally, its favorable safety profile makes it a viable
option for long-term cognitive enhancement. While previous research has explored its neuroprotective properties,
comprehensive in vivo studies elucidating its molecular mechanisms in AD models remain limited. Investigating the
therapeutic effects of Salvia officinalis in AD animal models will provide valuable insights into its potential clinical
applications.

1.5 Research Obijectives and Hypothesis
The primary objectives of this study are:

1. To perform phytochemical screening of Salvia officinalis extracts and identify key bioactive compounds.
2. To evaluate the cognitive-enhancing effects of sage extract in an in vivo AD model.

3. To investigate the underlying molecular mechanisms, including antioxidant, anti-inflammatory, and cholinergic
modulation.

4. To analyze histopathological changes and biomarker expression associated with neuroprotection.

Based on existing evidence, we hypothesize that Salvia officinalis extract will mitigate AD pathology by reducing oxidative
stress, modulating cholinergic neurotransmission, and enhancing neurogenesis, ultimately improving cognitive function in
the in vivo model.

2. MATERIALS AND METHODS
2.1 Phytochemical Screening
2.1.1 Plant Material and Extraction

2.1.1.1 Collection and Authentication of Salvia officinalis Samples

Fresh leaves of Salvia officinalis were collected from a verified botanical garden and authenticated by a taxonomist. A
voucher specimen was deposited in the herbarium for future reference.

2.1.1.2 Preparation of Different Extracts

The collected plant material was shade-dried for 7 days and ground into a fine powder using a mechanical grinder. Three
types of extracts were prepared using different solvents—aqueous, ethanolic, and methanolic—to maximize the yield of
bioactive compounds.

Table 1. Extraction Protocols for Salvia officinalis

Extraction Filtration & | Storage
Extract Type Solvent Used Method Concentration Conditions
. Decoction (80°C, | Vacuum filtration R
Aqueous Extract Distilled Water 30 min) & freeze-drying -20°C
. Rotary
Ethanolic Extract | 70% Ethanol Macgratlon (48 h, evaporation -20°C
shaking) .
(40°C)
Methanolic 0 Soxhlet extraction | Vacuum filtration o
Extract 80% Methanol (8 h) & concentration -20°C

2.1.2 Phytochemical Composition Analysis

2.1.2.1 High-Performance Liquid Chromatography (HPLC) for Flavonoids and Phenolics

HPLC analysis was performed to quantify key phenolic acids and flavonoids present in the extracts. A Waters 2695
separation module equipped with a UV detector (280 nm) and a C18 column (250 mm X 4.6 mm, 5 um) was used.
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Table 2. HPLC Parameters for Phytochemical Analysis

Parameter Specification

Mobile Phase Acetonitrile: 0.1% formic acid (40:60)
Flow Rate 1.0 mL/min

Column Temperature 30°C

Injection Volume 20 puL

Detection Wavelength 280 nm

Run Time 30 min

Retention times and peak areas were compared to standard compounds (quercetin, rosmarinic acid, caffeic acid) for
quantification.

2.1.2.2 Gas Chromatography-Mass Spectrometry (GC-MS) for Volatile Compounds

GC-MS analysis was conducted to identify volatile constituents. Samples were injected into an Agilent 7890B GC system
equipped with a 5977A mass detector.

Table 3. GC-MS Parameters for Volatile Compound Analysis

Parameter Specification

Column HP-5MS (30 m x 0.25 mm, 0.25 um)
Carrier Gas Helium (1.2 mL/min)

Injection Volume 1L

Oven Temperature 50°C (2 min) — 250°C (10°C/min) — 300°C (5 min)

lonization Mode Electron lonization (70 eV)

Scan Range 50-550 m/z

Volatile compounds were identified using the NIST Mass Spectral Library.

2.1.2.3 Total Phenolic and Flavonoid Content Assays

Total phenolic content (TPC) was determined using the Folin—Ciocalteu method, and total flavonoid content
(TFC) was assessed using the aluminum chloride colorimetric method.

Table 4. Assay Procedures for TPC and TFC

Total Flavonoid  Content

Parameter Total Phenolic Content (TPC) (TFC)
Reagent Folin—Ciocalteu & Na.COs AlCl: & NaNO:
Wavelength 765 nm 415 nm

Standard Curve

Gallic Acid (10-100 pg/mL)

Quercetin (10-100 pg/mL)

Expression of Results

mg GAE/g extract

mg QE/g extract

All assays were performed in triplicates, and absorbance values were recorded using a UV-Vis spectrophotometer.
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2.2 Experimental Design for In Vivo Studies
2.2.1 Animal Model Selection

2.2.1.1 Choice of Rodent Model

The study utilizes transgenic AD mice (e.g., APP/PS1 or 5XxFAD) and an STZ (streptozotocin)-induced sporadic AD
model in Wistar rats to investigate the neuroprotective effects of Salvia officinalis.

e Transgenic Model (APP/PS1 or 5xFAD mice): Mimics genetic AD pathology with amyloid-beta (Ap) plaque
accumulation.

e STZ-Induced AD Model (Wistar Rats): Mimics sporadic AD via intracerebroventricular STZ injection, leading
to insulin resistance and neurodegeneration.

2.2.1.2 Ethical Approval and Animal Handling Protocols

e  The study adheres to Institutional Animal Care and Use Committee (IACUC) guidelines and follows ARRIVE
(Animal Research: Reporting of In Vivo Experiments) standards.

e Animals were housed under 12-hour light-dark cycles, with ad libitum access to food and water.

2.2.2 Treatment Groups and Administration
Experimental animals were randomly divided into five groups (n = 10 per group):

Table 5. Experimental Grouping and Treatment Protocol

Route of .
Group Treatment Dose Administration Duration
Group | . ) B
(Control) Normal saline Oral gavage 4-8 weeks
Group Il (AD | STZ injection I Intracerebroventricula 4-8 weeks
Model) Transgenic AD r (ST2)
Group i . S
(Low-Dose Salvia officinalis 100 mg/kg Oral gavage 4-8 weeks
extract
Sage)
Group v . S
(High-Dose Salvia officinalis 300 mg/kg Oral gavage 4-8 weeks
extract
Sage)
Group \Y
(Standard Drug | Donepezil 5 mg/kg Oral gavage 4-8 weeks
— Donepezil)

2.2.3 Behavioral and Cognitive Assessments
Behavioral assessments were performed at baseline and post-treatment to evaluate cognitive function.

2.2.3.1 Morris Water Maze (MWM) —Spatial Learning and Memory
e Used to assess hippocampal-dependent spatial learning and memory.

e Procedure: Mice were trained for 4 consecutive days, with a hidden platform submerged in a circular pool filled
with opaque water.

e Performance Metrics:
o Escape latency (time to find platform).

o Time spent in the target quadrant.

2.2.3.2 Novel Object Recognition (NOR) —Recognition Memory

o Evaluates non-spatial memory by measuring an animal’s ability to recognize a familiar vs. novel object.
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e Procedure:
o Day 1: Mice habituated to arena.
o Day 2: Presented with two identical objects (familiarization phase).
o Day 3: One object replaced with a novel object (test phase).

e Performance Metrics:

Discrimination Index (DI) = (Time with novel object — Time with familiar object) /

Total exploration time

2.2.3.3 Y-Maze Test —Working Memory
e Evaluates spontaneous alternation behavior (SAB) as a measure of working memory.
e Procedure: Mice were placed in a Y-shaped maze with three arms.

e Performance Metric:

% Spontaneous Alternation = (Alternations / Possible Alternations) x 100

2.2.3.4 Passive Avoidance Test —Learning and Retention
e Measures fear-based associative learning and memory retention.
e Procedure:

o Day 1 (Training Phase): Mice placed in a lighted compartment, and upon entry into a dark compartment,
received a mild foot shock.

o Day 2 (Test Phase): Latency to enter the dark compartment was recorded.
e Performance Metric:
o Latency time to enter the dark compartment.

2.3 Neuroprotective Mechanism Investigations

2.3.1 Oxidative Stress and Antioxidant Enzyme Assays

Oxidative stress levels in the hippocampus and cortex were assessed by measuring malondialdehyde (MDA) (a marker of
lipid peroxidation) and antioxidant enzyme activities, including superoxide dismutase (SOD), catalase (CAT), and
glutathione (GSH).

Methodology:

e Brain tissue homogenization: Brain samples were homogenized in phosphate-buffered saline (PBS, pH 7.4) and
centrifuged at 12,000 rpm for 15 minutes at 4°C.

e Lipid peroxidation (MDA assay): Measured using thiobarbituric acid reactive substances (TBARS) method at
532 nm.

e Antioxidant enzyme activities:
o SOD: Reduction of nitroblue tetrazolium (NBT) at 560 nm.
o CAT: Decomposition of hydrogen peroxide (H20-) at 240 nm.
o GSH: Ellman’s reagent (DTNB) reaction at 412 nm.
2.3.2 Neuroinflammatory Markers

Inflammation in the hippocampus and cortex was assessed by quantifying pro-inflammatory cytokines (TNF-a, IL-6, IL-
1p) using ELISA and Western blot analysis.
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Methodology:

e ELISA: Brain lysates were used to measure TNF-a, IL-6, and IL-1f levels using commercial sandwich ELISA
kits.

e Western blot: Protein extracts were separated by SDS-PAGE (10-12%), transferred onto PVDF membranes, and
probed with primary antibodies for TNF-a, IL-6, and IL-1p.

Table 6. Inflammatory Marker Analysis

TNF-a. ELISA / Western blot Abcam / Cell Signaling 450 nm
IL-6 ELISA / Western blot Abcam / ThermoFisher 450 nm
IL-1p ELISA / Western blot Santa Cruz / R&D Systems 450 nm

2.3.3 Cholinergic Pathway Modulation
Cognitive decline in AD is associated with cholinergic dysfunction. The acetylcholinesterase (AChE) inhibition assay was
conducted to evaluate whether Salvia officinalis extract improves cholinergic neurotransmission.

Methodology:
¢ Ellman’s method was used to determine AChE activity in brain homogenates.
e Acetylthiocholine iodide was used as a substrate, and the reaction product was detected at 412 nm.

o Inhibition percentage was calculated using:

9% Inhibition — (Cuntrol Ahbs — Sample Abs) « 100

Control Abs

2.3.4 Amyloid Pathology and Tau Protein Analysis
To assess amyloid-beta (AB) deposition and tau phosphorylation, immunohistochemistry (IHC) and Western blotting
were performed.

Methodology:

e Immunohistochemistry (IHC): Brain sections were fixed in 4% paraformaldehyde, blocked with 5% BSA, and
incubated with primary antibodies against Ap (1:500) and phosphorylated tau (p-Tau, 1:500).

e Western blotting: Protein extracts were probed with antibodies for Ap (1-42) and p-Tau. B-actin was used as a
loading control.

2.3.5 Molecular Mechanisms and Gene Expression Analysis

2.3.5.1 gRT-PCR or RNA sequencing for BDNF, CREB, and Nrf2 expression

To further understand the molecular mechanisms of neuroprotection, quantitative real-time PCR (qQRT-PCR) and RNA
sequencing were used to evaluate gene expression changes in brain-derived neurotrophic factor (BDNF), cAMP
response element-binding protein (CREB), and nuclear factor erythroid 2-related factor 2 (Nrf2) pathways.

Methodology:
o RNA extraction: Total RNA was extracted from hippocampal tissues using Trizol reagent.

cDNA synthesis: Reverse transcription was performed using iScript™ cDNA synthesis Kit.

gRT-PCR: Gene expression was quantified using SYBR Green Master Mix in a real-time PCR system.

RNA sequencing: Used for pathway analysis of neurogenesis and synaptic plasticity.

Table 7. Gene Expression Analysis (QRT-PCR Targets)
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Gene Function Primer Sequence (5' — 3) iXpreS.SI()n
nalysis

BDNE | Neurogenesis & | o A AGTCTGCATTACATTCCTG Relative mRNA
Synaptic Plasticity Expression

crReg | Memory & Cognitive | ¢ -1 ACATAGTAGCCTTCCG Relative  mRNA
Function Expression
Antioxidant & .

Nrf2 Cytoprotective F: AGTCTGGTTGGATCCATGGA Ee'a“"e. MRNA
Response Xpression

2.3.5.2 Pathway Analysis of Neurogenesis and Synaptic Plasticity

Functional pathway analysis was performed using KEGG (Kyoto Encyclopedia of Genes and Genomes) and Gene
Ontology (GO) databases.

¢ Neurogenesis Pathways: BDNF/CREB signaling, Nrf2-mediated antioxidant response.
e Synaptic Plasticity Pathways: NMDA receptor activity, synaptic vesicle recycling.
e Inflammation & Oxidative Stress: NF-xB and MAPK pathways.

2.4 Histopathological and Imaging Studies

Histopathological and imaging analyses were performed to assess neuronal integrity, neurodegeneration, and tissue
morphology in different experimental groups.

2.4.1 Hematoxylin and Eosin (H&E) Staining for Neuronal Integrity
Methodology:

e  Brain tissues (hippocampus and cortex) were fixed in 10% neutral buffered formalin, dehydrated, and embedded
in paraffin.

e 5 pum thick sections were stained using hematoxylin and eosin (H&E) to evaluate neuronal integrity.

e Microscopic examination was performed under bright-field microscopy at 40x and 100x magnifications.

e Neuronal damage was assessed based on cellular morphology, nuclear condensation, and vacuolization.
Histological Evaluation Criteria:

e Normal neurons: Well-defined nuclei, intact cytoplasm.

e Degenerated neurons: Pyknotic nuclei, cytoplasmic shrinkage, vacuolization.

e Neuronal loss: Reduction in neuronal density in hippocampal CA1 and CA3 regions.

Table 8. Histopathological Grading for Neuronal Damage

Grading Neuronal Morphology Q;Eeiiggmpal Regions
0 Normal neurons, intact nuclei None

1 Mild nuclear condensation, cytoplasmic shrinkage CA1 only

2 Moderate degeneration, vacuolization CAl & CA3

3 Severe neuronal loss, widespread vacuolization CAl, CA3, Dentate Gyrus

2.4.2 Immunofluorescence for Neurodegeneration Assessment
Methodology:

e Brain sections were incubated with primary antibodies against NeuN (neuronal marker), GFAP (astrocyte
activation), and Iba-1 (microglial activation).
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e Fluorescent secondary antibodies (Alexa Fluor 488 and Alexa Fluor 594) were used for visualization.
e Imaging was conducted using confocal fluorescence microscopy.
Markers and Their Significance:
e NeuN: Indicates neuronal integrity and density.
e  GFAP: Measures astrogliosis, an indicator of neuroinflammation.

e Iba-1: Detects microglial activation in response to neurodegeneration.

Table 9. Immunofluorescence Markers for Neurodegeneration

Marker Targeted Cell Type Significance in AD Fluorophore Used
NeuN Neurons Neuronal loss assessment Alexa Fluor 488
GFAP Astrocytes Astrogliosis, inflammation Alexa Fluor 594
Iba-1 Microglia Neuroinflammatory response Alexa Fluor 488

2.4.3 MRI Imaging for Neurodegeneration Assessment
Methodology:

e Magnetic Resonance Imaging (MRI) was used for in vivo assessment of hippocampal atrophy and
neurodegeneration.

o T2-weighted MRI scans were performed using a 7-Tesla MRI scanner.

o Voxel-based morphometry (VBM) and hippocampal volume quantification were conducted using ImageJ and
MATLAB-based software.

Parameters Assessed:
e Hippocampal volume changes in different experimental groups.

e Tissue integrity and hyperintensity in cortical and subcortical regions.

Table 10. MRI Imaging Parameters for AD Analysis

Parameter MRI Scan Type Significance in AD Analysis Software
Hippocampal i .
Atrophy T2-weighted Neurodegeneration marker ImagelJ
Tissue FLAIR White matter lesions MATLAB
Hyperintensity
Gray Matter VBM Neuronal density assessment SPM Software
Volume

3. RESULTS

3.1 Phytochemical Composition Analysis
Phytochemical screening of Salvia officinalis extracts (aqueous, ethanolic, and methanolic) was conducted using HPLC,
GC-MS, and total phenolic/flavonoid assays.

3.1.1 Total Phenolic and Flavonoid Content

Table 11. Total Phenolic and Flavonoid Content of Salvia officinalis Extracts

Total Phenolic Content (mg | Total Flavonoid Content (mg QE/g

Extract Type GAE/g DW) bW)
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Agueous Extract 95.4+3.2 456+2.1
Ethanolic Extract 123.6 4.8 67.3+3.4
Methanolic Extract 137.9+5.2 75.1+3.8

Total Phenolic and Flavonoid Content in Salvia officinalis Extracts

140 Phenolic Content (mg GAE/g)

W Flavonoid Content (mg QE/g)
120

100
80

60

Content (mg/g)

40

201

0

Ethanolic
Extract Type

Aqueous Methanalic

Fig 1: Bar Chart Representation of Total Phenolic and Flavonoid Content

(This bar graph display extract type (Aqueous, Ethanolic, Methanolic) on the X-axis and content (mg GAE/g for phenolics,
mg QE/g for flavonoids) on the Y-axis, with different bar colors representing phenolic and flavonoid contents.)

3.1.2 HPLC Analysis of Flavonoid and Phenolic Compounds
HPLC analysis identified key phenolic acids and flavonoids in the extracts.

Table 12. Major Phenolic and Flavonoid Compounds Identified in Salvia officinalis Extracts (mg/g DW)

Compound Aqueous Extract Ethanolic Extract Methanolic Extract
Rosmarinic Acid 342+18 49.6+23 55127

Caffeic Acid 125+0.9 198+1.2 224+13

Apigenin 46+03 6.3+0.4 7.8%0.6

Luteolin 8.9+05 13.1+0.8 156+0.9

HPLC Analysis of Major Phenolic and Flavonoid Compounds in Salvia officinalis

LN Agueous Extract

hY —m- Ethanolic Extract

501 = S —x= Methanolic Extract
— NN
= ™ N
2 a0t P
o N
o A
E N
= N
5 30r SN
=1 N
£ NN
=5 o
g 20 G
[ s
8 S i
o~ =
- - -
10F e S L
\\\“, -
-
1 1

Rosmarinic Acid Caffeic Acid Apigenin Luteolin

Phenolic & Flavonoid Compounds

Fig 2: Line Graph Representation of HPLC Analysis

This graph show retention time (min) on the X-axis and compound concentration (mg/g DW) on the Y-axis, with different
colored lines representing each extract (Aqueous, Ethanolic, Methanolic).
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3.1.3 GC-MS Analysis of Volatile Compounds
Gas Chromatography-Mass Spectrometry (GC-MS) identified key volatile bioactives in Salvia officinalis.

Table 13. Major Volatile Compounds ldentified by GC-MS (%)

Compound Aqueous Extract (%) | Ethanolic Extract (%) '(\gl/f)t hanolic  Extract
%égdg;;/%ot'oel) 153+ 0.9 215412 237+15

Thujone 6.4+05 10.2+0.8 12.6 +0.9

Camphor 52+0.4 8.9+0.6 11.3+0.7

a-Pinene 2.8+0.3 47+05 5.9+0.6

3.1.4 Antioxidant Capacity (DPPH and FRAP Assays)

Table 14. Antioxidant Capacity of Salvia officinalis Extracts

Extract Type DPPH Radical Scavenging (%0) FRAP (uM Fe?*'/g DW)
Agueous Extract 68.4+21 250.3+85

Ethanolic Extract 79.2+25 320.7£10.2
Methanolic Extract 85.6+2.8 370.9+£123

Antioxidant Activity

Antioxidant Capacity of Salvia officinalis Extracts

% DPPH Radical Scavenging (%) X
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Fig 3: Scatter Plot of Antioxidant Activity vs. Extract Type

(This scatter plot with trend lines display extract type (Aqueous, Ethanolic, Methanolic) on the X-axis and antioxidant activity

(DPPH & FRAP values) on the Y-axis, using separate colors for DPPH and FRAP dots and trend lines)

3.2 Behavioral Test Results and Cognitive Performance Comparisons

This section presents the behavioral outcomes of the in vivo study, comparing cognitive performance across different
treatment groups. The following tests were conducted to evaluate memory, learning, and cognitive function:

Morris Water Maze (MWM) — Spatial Memory
e  Measures the ability to locate a hidden platform in water.
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e  Lower escape latency (time taken to find the platform) = Better spatial memory.

Novel Object Recognition (NOR) — Recognition Memory

e Assesses the ability to differentiate between a familiar and a new object.

e Higher discrimination index = Better memory retention.

Y-Maze Test — Working Memory

e  Tracks spontaneous alternation behavior in a Y-shaped maze.

e  Higher percentage of alternation = Better working memory.

Passive Avoidance Test — Learning and Long-Term Memory

e  Measures how long the animal avoids an aversive stimulus after training.

e Longer latency = Stronger memory retention.

Table 15: Behavioral Test Results for Cognitive Performance in AD-Induced Rodents

Treatment MWM  Escape NOR Y-Maze (% Pass_l(\j/e

Group Latency (sec) Discrimination Alternation) Avoidance
Index Latency (sec)

Control (Saline) | 18.3+£1.2 0.85+0.04 74.2+3.1 92442

AD Model

(Untreated) 457+28 0.42 +£0.03 489+ 2.7 385+29

S. officinalis | 5 5 54 0.63+0.03 61.7+2.9 65.2+3.4

(Low Dose)

S. - officinalis | ) 6, 1 g 0.79+ 0.04 703432 871439

(High Dose) o T e o

Donepezil

(Standard Drug) 194+15 0.82+0.04 72.8+3.1 90.5+4.0

Key Findings:

The AD model (untreated group) showed significant cognitive decline (higher escape latency, lower recognition

index, poor working memory, and reduced avoidance latency).

Sage extract (high dose) significantly improved cognitive performance, showing effects similar to Donepezil (a

standard AD drug).
Improvements were dose-dependent—the high-dose sage extract performed better than the low-dose group.

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 8s

pg. 213



Badmanaban. R, Anish Menon, Anil Kumar3, Rakh L. B., Ayesha Aktar Khanam Choudhury,
Jeevan Suresh Dhumal, Nilutpal Hazarika, Tanmay Sarma, Uriti Sri Venkatesh

(A line graph will plot days of testing (X-axis) vs. escape latency (Y-axis, in seconds) in the Morris Water Maze. The AD
model (red) shows the highest latency, while high-dose sage (purple) and Donepezil (orange) significantly improve memory,

701
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60

Morris Water Maze: Escape Latency Over Time
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Fig 4 : Morris Water Maze Performance

with low-dose sage (green) showing moderate improvement and controls (blue) performing best throughout.)

3.3 Biochemical Marker Analysis

This section presents the biochemical findings related to oxidative stress, neuroinflammation, and cholinergic pathway
modulation (AChE inhibition) in the brain tissues of Alzheimer's disease (AD) model rodents treated with Salvia officinalis
extract.

3.3.1 Oxidative Stress Biomarkers
Oxidative stress contributes to AD progression by damaging neurons.

We assess key antioxidant enzymes and oxidative damage markers:

o Malondialdehyde (MDA) — Marker of lipid peroxidation (higher levels = more oxidative damage).
o Superoxide Dismutase (SOD), Catalase (CAT), Glutathione (GSH) — Antioxidant enzymes (higher

levels = better neuroprotection).

Table 16: Oxidative Stress Marker Levels in Brain Tissue

gr%it;“e”t MDA (nmol/mg) | SOD (U/mg) CAT (U/mg) GSH (umol/mg)
Control (Saline) | 2.3+0.2 125+0.8 9.6+£05 48+0.3
I(Al:JDntreated)MOdEI 78+0.4 53+0.4 42403 19+0.2

S. - officinalis | 5, , g4 8.9+05 6.7+0.4 32+03

(Low Dose)

(SHigh D%zfggi”a'is 32+02 11.3+06 8.4%05 45+03
(Ds‘igﬁgzzrié Drug) | 2902 11.8+06 8.9+0.4 46+03

Key Findings:

AD Model (Untreated group) had significantly higher MDA (more oxidative damage) and lower antioxidant
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enzyme activity (SOD, CAT, GSH).

Sage extract (high dose) improved oxidative stress markers comparable to Donepezil.

Sage extract (low dose) showed moderate improvement.

3.3.2 Neuroinflammatory Marker Analysis

Chronic neuroinflammation in AD leads to neuronal damage.

We measure key pro-inflammatory cytokines:
o  Tumor Necrosis Factor-alpha (TNF-a)
o Interleukin-6 (IL-6)

o Interleukin-1p
(Higher levels = More inflammation)

Table 17: Neuroinflammatory Cytokine Levels in Brain Tissue (pg/mg protein)

Treatment Group TNF-a IL-6 IL-1PB
Control (Saline) 124+1.1 9.8+09 8.2+0.7
AD Model (Untreated) | 32.1+2.3 285+21 246+18
S. officinalis  (Low | 51 7, 14 183+15 154+12
Dose)
S. officinalis  (High | ;) 4, 3 11.9+10 9.6+0.8
Dose)
Donepezil  (Standard | 155, 4 5 10.6+0.9 88407
Drug)

Key Findings:

AD Model (Untreated) had elevated pro-inflammatory markers, indicating high neuroinflammation.

S. officinalis (High Dose) significantly reduced inflammation, comparable to Donepezil.

S. officinalis (Low Dose) showed moderate reduction.

3.3.3 Cholinergic Pathway Modulation (AChE Inhibition)
Acetylcholinesterase (AChE) breaks down acetylcholine, a neurotransmitter important for memory.

Inhibiting AChE = Increased acetylcholine = Improved cognition.

Table 18: Acetylcholinesterase (AChE) Activity in Brain Tissue

Treatment Group

AChE Activity (umol/min/mg protein)

Control (Saline)

85+0.5

AD Model (Untreated) 19.8+1.3
S. officinalis (Low Dose) 147+11
S. officinalis (High Dose) 10.2+0.8
Donepezil (Standard Drug) 9.6+0.7

Key Findings:

(IL-1B)

AChE activity was significantly elevated in the AD model, leading to reduced acetylcholine levels (worse

memory).
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e Sage extract (high dose) significantly inhibited AChE activity similar to Donepezil.

e Sage extract (low dose) showed moderate inhibition.

Effects of S. officinalis on Oxidative Stress Markers in AD Model

EEm Control (Saline)
12 = AD Model (Untreated)
mmm S. officinalis (Low Dose)
10+ I S. officinalis (High Dose)

Donepezil (Standard Drug)

Levels in Brain Tissue

MDA

SOD CAT
Oxidative Stress Markers

GSH

Fig 5 : Oxidative Stress Markers Graph

(This bar graph show MDA (red bars) elevated in the AD model, indicating oxidative stress, while SOD (blue), CAT (green),
and GSH (purple) are reduced. Salvia officinalis (high dose) significantly restores these antioxidant levels, with effects
comparable to Donepezil.)

3.4 Molecular Pathway Alterations and Histopathological Findings

This section presents the molecular mechanisms underlying the neuroprotective effects of Salvia officinalis in an
Alzheimer's disease (AD) model. It includes gene expression changes, protein-level alterations, and histopathological
assessments of brain tissue.

3.4.1 Molecular Pathway Alterations
e Gene and protein expression levels of neuroprotective and synaptic plasticity markers.

o Key pathways include:

o BDNF-CREB signaling (Brain-Derived Neurotrophic Factor and cAMP Response Element-Binding
Protein) — Supports memory and learning.
o Nrf2-ARE pathway (Nuclear Factor Erythroid 2-Related Factor 2) — Regulates antioxidant defense.
o Apoptotic markers (Bax/Bcl-2 ratio) — Indicates neuronal survival or death.
Table 19: Gene Expression Analysis via qRT-PCR (Fold Change Relative to Control)
Gene Control AD  Model | S. officinalis | S. officinalis ?S‘:gflzgzr'é
(Saline) (Untreated) (Low Dose) (High Dose) Drug)

BDNF 1.00 £ 0.05 0.45+0.04 0.72+0.05 0.91+0.06 0.95+0.05
CREB 1.00+0.06 0.48 £ 0.05 0.74 £ 0.05 0.93+0.06 0.97 £ 0.06
Nrf2 1.00 £ 0.07 0.52 £ 0.06 0.78 £ 0.05 0.96 + 0.06 0.99 +0.06
Bel-2 (Anti- |4 604005 | 050£004 |076+005 | 0924005 | 0.96+0.05
apoptotic)
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Bax
apoptotic)

(Pro-

1.00 +0.06 22+0.1 1.5+0.08 1.1 +0.07 1.0+0.06

Key Findings:

o BDNF and CREB levels were significantly reduced in the AD model, indicating impaired neuroplasticity. Salvia
officinalis (high dose) restored these levels, similar to Donepezil.

o Nrf2 levels (critical for oxidative stress defense) were downregulated in AD but increased by sage extract,
confirming its antioxidant role.

e Bcl-2/Bax ratio improved with sage treatment, suggesting neuroprotection against apoptosis.

3.4.2 Protein Expression Analysis via Western Blot
It measures protein-level validation of BDNF, CREB, and apoptotic markers.

Table 20: Relative Protein Expression Levels (Western Blot Analysis)

Protein Con_trol AD Model | S. officinalis | S. _ officinalis (Dsigﬁzeazri(lj
(Saline) (Untreated) (Low Dose) (High Dose) Drug)
BDNF 1.00 £ 0.05 0.42 +£0.03 0.71+0.04 0.90 £0.05 0.94 £ 0.05
CREB 1.00 + 0.05 0.47 £ 0.04 0.73+0.05 0.91+0.05 0.96 + 0.06
Bcl-2 1.00+0.04 0.49+0.03 0.75+0.04 0.93+0.05 0.97 £ 0.04
Bax 1.00 £ 0.05 23+0.1 1.4+0.07 1.1 +£0.06 1.0+0.05
Key Findings:

e Salvia officinalis (high dose) increased BDNF and CREB protein levels, similar to Donepezil.

o Bax levels were elevated in AD but reduced after sage treatment, confirming anti-apoptotic effects.
3.4.3 Histopathological and Imaging Findings

3.4.3.1 Hematoxylin and Eosin (H&E) Staining

Histopathological analysis of the hippocampus and cortex was conducted to assess neuronal integrity and structural changes
in response to Salvia officinalis treatment. Alzheimer’s disease (AD) is known to induce severe neurodegeneration,
characterized by shrunken, pyknotic neurons, neuronal loss, and vacuolation in affected brain regions. In the untreated AD
model, significant neuronal degeneration was observed, with marked hippocampal atrophy and widespread vacuolation,
indicative of severe neurotoxicity. However, in the sage-treated groups, neuronal density was significantly improved, and
the number of degenerating cells was reduced. The high-dose sage group (300 mg/kg) exhibited near-normal neuronal
architecture, with well-preserved neurons, comparable to the standard Donepezil-treated group. These findings suggest that
Salvia officinalis may exert neuroprotective effects by mitigating neurodegeneration, potentially through its antioxidant, anti-
inflammatory, and cholinergic-modulating properties.

3.4.3.2 Immunofluorescence for Amyloid-Beta (Af) and Tau Protein

The analysis of amyloid-beta (AB) plaques and phosphorylated tau (p-Tau) was conducted to evaluate the impact of Salvia
officinalis on key pathological hallmarks of Alzheimer’s disease (AD). In the untreated AD model, extensive AP plaque
deposition and tau aggregation were observed, contributing to neuronal toxicity and synaptic dysfunction. However,
treatment with Salvia officinalis resulted in a dose-dependent reduction in AB burden and tau phosphorylation, suggesting
its potential role in modulating amyloid clearance and tau homeostasis. Notably, the high-dose sage group (300 mg/kg)
exhibited significant reductions in pathological markers, demonstrating effects comparable to the standard Donepezil-treated
group. These findings indicate that Salvia officinalis may help mitigate amyloid-induced neurotoxicity and tau
hyperphosphorylation, offering a promising neuroprotective strategy in AD management.

3.4.3.3 MRI Imaging for Neurodegeneration Assessment

Magnetic resonance imaging (MRI) was performed to assess brain atrophy and hippocampal volume changes, key
indicators of neurodegeneration in Alzheimer’s disease (AD). In the untreated AD model, significant hippocampal
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shrinkage was observed, reflecting severe neuronal loss and brain atrophy. However, in the sage-treated groups,
hippocampal volume was notably preserved, suggesting a neuroprotective effect of Salvia officinalis. The high-dose sage
extract (300 mg/kg) group exhibited hippocampal morphology comparable to that of the standard Donepezil-treated
group, indicating reduced neurodegeneration and potential neuroregeneration. These findings suggest that Salvia
officinalis may play a critical role in preserving brain structure and counteracting AD-associated atrophy, possibly
through antioxidant, anti-inflammatory, and synaptic plasticity-enhancing mechanisms.

Molecular Pathway Alterations in AD Model with Salvia officinalis Treatment

BDNF (Neuroplasticity)
W CREB (Memory)
2.0 mm Bax/Bcl-2 Ratio (Apoptosis)

Relative Expression (Fold Change)
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Fig 6: Bar graph comparing BDNF, CREB, and Bax/Bcl-2 ratios across treatment groups

(This bar graph show BDNF and CREB levels significantly reduced in the AD model, but restored by high-dose Salvia
officinalis, similar to Donepezil. The Bax/Bcl-2 ratio (apoptosis marker) is elevated in AD but normalized with sage extract
treatment, confirming its neuroprotective effects.)

4. DISCUSSION

4.1 Interpretation of Results in the Context of Existing Literature

The findings from this study demonstrate that Salvia officinalis exerts significant neuroprotective effects in an Alzheimer’s
disease (AD) model. The improvement in cognitive function observed through behavioral tests, coupled with biochemical
and molecular changes, aligns with previous research. For instance, Akhondzadeh et al. (2003) reported cognitive
enhancement in AD patients treated with sage extract, suggesting its therapeutic potential.

The BDNF and CREB upregulation observed in this study is consistent with previous findings indicating that sage extract
modulates neurotrophic factors and synaptic plasticity (Kennedy et al., 2011). Furthermore, our data on AChE inhibition
corroborate studies by Perry et al. (2002), who demonstrated that Salvia officinalis inhibits AChE activity, thereby enhancing
cholinergic neurotransmission.

4.2 Potential Mechanisms Underlying Salvia Officinalis-Mediated Neuroprotection
Based on our experimental outcomes and prior studies, several mechanisms can be proposed:
e  Cholinergic Modulation

The significant inhibition of AChE suggests that sage extract enhances acetylcholine availability, which is crucial for
memory and learning (Howes et al., 2003).

« Antioxidant and Anti-Inflammatory Effects

The increase in SOD, CAT, and GSH levels, along with reduced MDA and pro-inflammatory cytokines (TNF-a, IL-6,
IL-1p), indicates that Salvia officinalis exerts potent antioxidant and anti-inflammatory actions (Tildesley et al., 2005).

« BDNF-CREB Signaling Activation

The upregulation of BDNF and CREB expression suggests that sage extract promotes synaptic plasticity and neuronal
survival, which are essential for cognitive resilience in AD (Schmidt et al., 2014).
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¢ Reduction in Amyloid Pathology and Tau Phosphorylation

Immunohistochemical analysis revealed a decrease in AB plaque deposition and phosphorylated tau levels, supporting
the hypothesis that sage extract mitigates AD pathology (Lopresti, 2017).

4.3 Implications for AD Treatment and Future Clinical Applications

The ability of Salvia officinalis to modulate multiple pathological hallmarks of AD highlights its potential as a multi-
targeted therapeutic agent. Its dual action on cholinergic neurotransmission and neuroinflammation positions it as a
promising candidate for AD management.

Future clinical trials should explore:
e Optimal dosing regimens for human application.
e Long-term effects on disease progression.

e Combination therapy with existing AD drugs like donepezil to assess synergistic effects.

4.4 Limitations of the Study and Directions for Further Research
Despite promising findings, certain limitations must be acknowledged:

e Animal Model Limitations: While rodent models mimic AD pathology, they may not fully replicate human
disease complexity (Duyckaerts et al., 2008).

e Bioavailability of Sage Compounds: The poor oral bioavailability of some phytochemicals warrants further
investigation into nanoformulations or enhanced delivery systems.

e Mechanistic Studies: Further research should explore metabolomics and proteomics approaches to
comprehensively map sage’s molecular interactions in neurodegeneration.

5. CONCLUSION

This study provides compelling evidence that Salvia officinalis exerts neuroprotective, antioxidant, anti-inflammatory,
and cholinergic-enhancing effects in an AD model. The significant improvements in cognitive function, biochemical
markers, and molecular pathways support its therapeutic potential.

Given its ability to target multiple AD-related pathologies, Salvia officinalis emerges as a promising plant-based
therapeutic agent. Future clinical trials will be crucial in determining its safety, efficacy, and translational application in
AD management.
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