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Abstract 27 

Alzheimer’s disease (AD) is a progressively characterized neurodegenerative condition marked by molecular 28 

instability, neuronal dysfunction and abnormal tau buildup. Identification of disease-associated molecular signatures 29 

that can be experimentally validated in neuronal models may provide biologically relevant biomarkers and targets for 30 

therapeutic intervention. Here, we employed an integrated transcriptomic and cellular approach to identify and validate 31 

biomarkers associated with AD pathology. Differential transcriptomic analysis of (AD versus control) samples was 32 

used to prioritize candidate genes, followed by experimental validation in a streptozotocin (STZ) induced SH-SY5Y 33 

cells. Among the selected genes, anterior pharynx defective 1A (APH-1A) and cyclin dependent kinase (CDK5) were 34 

experimentally validated and further correlated to tau pathology by quantifying phosphorylation of tau at serine 396 35 

(p-Tau Ser396) using confocal fluorescence microscopy. Complementary atomic force microscopy (AFM) was 36 

employed to characterize STZ-associated cellular morphological alterations. STZ exposure induced an AD-like 37 

neuronal phenotype characterized by associated cellular structural abnormalities. Importantly, co-treatment with 38 

Bacopa monnieri (Brahmi) attenuated STZ-associated tau Ser396 phosphorylation and improved the cellular 39 

phenotype. The effects of Brahmi were further compared with those of established anti-Alzheimer’s drugs, Donep-M 40 

(Donepezil and Memantine) together, which similarly reduced p-Tau Ser396-associated alterations. The concordance 41 

between molecular biomarker validation and imaging-based phenotypic responses warrants further investigation of 42 

underlying molecular mechanisms. Collectively, our findings establish a transcriptome-to-cellular validation 43 

framework in which APH-1A and CDK5 represent experimentally supported AD-associated biomarkers. This 44 

integrated strategy provides a foundation for connecting human AD molecular signatures with measurable neuronal 45 

phenotypes and evaluating potential therapeutic interventions. 46 

 47 

Keywords: Alzheimer’s disease, Neural cilia, Tau phosphorylation, AFM, Confocal microscopy. 48 
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Introduction 58 

AD is a progressive neurodegenerative disorder characterized by the accumulation of pathological amyloid beta (Aβ) 59 

and tau, synaptic dysfunction, neuronal degeneration, and progressive impairment of cognitive function(Grundke-60 

Iqbal et al. 1986; Braak and Braak 1991; Alonso et al. 1997; Thal et al. 2002; Tiraboschi et al. 2004; Vossel et al. 61 

2010; Furcila, DeFelipe, and Alonso-Nanclares 2018; Busche and Hyman 2020). Although amyloid and tau pathology 62 

represent major neuropathological hallmarks, the mechanistic understanding connecting early cellular dysfunction to 63 

neuronal structural and functional deterioration remain incompletely resolved. Recent human studies have 64 

demonstrated that soluble and site-specific phospho-tau species can provide sensitive indicators of AD-associated 65 

pathology, with particular phosphorylation sites reflecting early stages of tau dysregulation and disease 66 

progression(Cavallini et al. 2013; Barthélemy et al. 2023; Hernández-Hernández et al. 2025; Islam et al. 2025). 67 

Therefore, identification of molecular alterations that converge on tau pathology may provide biologically relevant 68 

biomarkers and potential therapeutic targets for AD. 69 

High-throughput transcriptomic approaches provide an opportunity to identify disease-associated molecular 70 

signatures directly from human AD tissue and to prioritize candidate genes for experimental validation(Wan et al. 71 

2020; Eteleeb et al. 2024; Stephens et al. 2025). However, transcriptomic signatures generated from postmortem brain 72 

or other human diseased AD-datasets do not necessarily represent functionally relevant neuronal phenotypes(Hou et 73 

al. 2025). Experimental validation in neuronal cellular models is therefore essential to distinguish robust disease-74 

associated candidates from transcriptional changes that may reflect tissue heterogeneity, disease stage, or secondary 75 

responses(Shin et al. 2026). In the present study, we adopted a transcriptome-guided strategy to identify AD-associated 76 

molecular candidates and subsequently evaluated their expression in an experimentally induced neuronal AD-like 77 

model. From an initial panel of eleven candidate genes identified through AD versus control transcriptomic analysis, 78 

APH-1A and CDK5 emerged as experimentally validated candidates following exposure of SH-SY5Y neuronal cells 79 

to STZ followed by treatment with Brahmi and anti-AD drugs (Donep-M). 80 

APH-1A is an integral component of the γ-secretase complex and is directly relevant to amyloidogenic processing(Ma 81 

et al. 2005; Pardossi-Piquard et al. 2009). Experimental work has demonstrated that G protein-coupled receptor 82 

(GPCR) kinases (GRKs) phosphorylates APH-1A altering γ-secretase-associated conformational states and 83 

consequently regulate Aβ generation, providing a mechanistic link between APH-1A regulation and the 84 

amyloidogenic pathway(Todd et al. 2022). Thus, altered APH-1A expression in AD may reflect dysregulation of γ-85 

secretase-dependent processing rather than representing merely a passive transcriptional signature. In parallel, CDK5 86 

is a neuron-enriched serine/threonine kinase involved in neuronal cytoskeletal organization, synaptic function, and tau 87 

phosphorylation (B.-S. Li et al. 2000; Tanaka et al. 2001; Kesavapany et al. 2004; N. Miller et al. 2015). Recent kinase 88 

studies have demonstrated that CDK5/p25 can promote phosphorylation of tau at several AD-relevant sites, including 89 

Ser396(Cavallini et al. 2013). More recently, experimental studies have provided further evidence connecting 90 

pathological CDK5 activation with tau phosphorylation, neuronal structural damage, and synaptic dysfunction in AD 91 

models(Fu et al. 2025; Huang et al. 2017). Nevertheless, human postmortem data also indicate that the relationship 92 

between CDK5 activation and tau pathology is more complex than a simple linear kinase-tau relationship, emphasizing 93 
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the importance of experimentally validating CDK5-associated signatures in defined cellular models(Hernández-94 

Hernández et al. 2025). 95 

To experimentally model AD-associated neuronal stress, STZ treated SH-SY5Y cells have been increasingly used as 96 

an in-vitro model of AD-like cellular dysfunction. STZ exposure has been reported to induce cellular stress, altered 97 

insulin-related signaling, and tau-associated pathology in neuronal cells(Plaschke and Kopitz 2015; Kamat 2015; 98 

Kadhim et al. 2022; Biswas et al. 2016; Bagaméry et al. 2020, 2021; Sahu, Ahmad, and Mondal 2026). In particular, 99 

STZ treatment of SH-SY5Y cells has been shown to alter GSK3 signaling and increase tau-associated pathological 100 

responses, providing a cellular framework for investigating mechanisms associated with tau dysregulation(Bagaméry 101 

et al. 2020; Shandilya, Kesari, and Ruokolainen 2021; Bagaméry et al. 2021; Paszternák et al. 2025). Importantly, 102 

STZ induced neuronal pathology is not restricted to cell viability changes, but encompasses multiple molecular stress 103 

pathways that are relevant to AD-associated neurodegeneration(Singh, Tiwari, and Singh 2024; Shandilya, Kesari, 104 

and Ruokolainen 2021; Paszternák et al. 2025). This makes the model suitable for testing whether transcriptome-105 

derived AD candidates are responsive to experimentally induced neuronal pathology. 106 

Among the pathological consequences of AD-associated cellular stress, tau hyperphosphorylation represents a 107 

particularly relevant functional endpoint (B. Li et al. 2007; Cowan et al. 2010). Tau is a microtubule-associated protein 108 

whose pathological phosphorylation reduces its normal interaction with microtubules and promotes conformational 109 

changes and aggregation(Yu et al. 2009; Barthélemy et al. 2020). Ser396 is among the AD-associated phosphorylation 110 

sites of tau and has long been used experimentally to assess pathological tau phosphorylation(T. Li and Paudel 2006; 111 

Bramblett et al. 1993). Recent studies further emphasize that specific phospho-tau species can provide information 112 

about distinct stages of tau pathology and disease progression(Neddens et al. 2018; Regalado-Reyes et al. 2019; 113 

Chongtham et al. 2025). Thus, assessing phospho-tau Ser396 (p-Tau_Ser396) provides a molecular endpoint through 114 

which transcriptome-derived candidates can be connected to a disease-relevant neuronal phenotype. 115 

Majorly, AD-associated tau pathology also has structural and biophysical consequences at the cellular level leading 116 

to the transformation in the neuronal cytoskeleton, membrane organization, and cell substrate interactions which can 117 

alter cellular morphology as well as mechanical properties(Hernández-Hernández et al. 2025; Barthélemy et al. 2020; 118 

Yu et al. 2009). AFM provides a complementary approach to conventional fluorescence imaging by enabling 119 

quantitative characterization of cellular topography(Legleiter and Kowalewski, n.d.; do Nascimento Amorim et al. 120 

2024). Previous study in SH-SY5Y cells has demonstrated that AD-associated Aβ exposure can modify cytoskeletal 121 

organization and cellular mechanical properties, while AFM studies have established the feasibility of quantifying the 122 

elastic properties of differentiated and undifferentiated SH-SY5Y cells(Gao et al. 2018; Kruger et al. 2019; Kumari et 123 

al. 2020; Chen et al. 2023; Dague et al. 2022). Therefore, combining AFM with confocal microscopy provides an 124 

opportunity to link molecular tau pathology with cellular structural alterations, rather than relying solely on changes 125 

in fluorescence intensity. 126 

Natural products with neuroprotective properties may provide complementary strategies for targeting multiple 127 

pathological pathways in AD(Mehla et al. 2020; Shalini, Neelakanta, and Sriranjini 2021; Basheer et al. 2022). Bacopa 128 

monnieri (Brahmi) is particularly interesting because experimental studies have reported effects on oxidative stress, 129 
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tau phosphorylation, tau aggregation, and AD-associated signaling(Vinod et al. 2022; Shalini, Neelakanta, and 130 

Sriranjini 2021; Dubey and Chinnathambi 2019; Basheer et al. 2022). A 2023 cellular study demonstrated that Brahmi 131 

extract reduced tau aggregation and phospho-tau-associated toxicity, while also modulating glycogen synthase kinase-132 

3beta (GSK3β) and oxidative stress related pathways(Dubey et al. 2023). More recently, experimental work in an Aβ-133 

induced AD model showed that Brahmi supplementation reduced phospho-tau and total tau abnormalities while 134 

modulating mitochondrial dysfunction and GSK3β/Wnt/β-catenin signaling(Sushma et al. 2024). These findings 135 

provide a biological rationale for evaluating Brahmi in an experimentally induced neuronal tauopathy model. 136 

However, whether Brahmi can reverse tau pathology associated with a transcriptome validated molecular signature, 137 

particularly APH-1A and CDK5, remains insufficiently characterized. 138 

Clinically used anti-AD agents provide an essential pharmacological benchmark for evaluating such experimental 139 

interventions. Memantine and cholinesterase inhibitors such as donepezil are established symptomatic therapies, but 140 

their effects on molecular and structural phenotypes in experimentally induced neuronal AD-like models require 141 

further characterization(Biswas et al. 2016; Guler et al. 2024). Comparing Brahmi with established anti-AD 142 

pharmacological agents may therefore help determine whether its effects on pathological tau represent a biologically 143 

meaningful neuroprotective response rather than a nonspecific reduction in cellular stress. 144 

In the present study, we integrated human AD transcriptomic analysis with experimental neuronal validation to 145 

identify and characterize disease-associated molecular candidates. Eleven candidate genes were initially prioritized 146 

from AD versus control (AD vs Control) transcriptomic datasets, of which APH-1A and CDK5 were experimentally 147 

validated and correlated by real time-quantitative polymerase chain reaction (RT-qPCR) following STZ exposure in 148 

SH-SY5Y cells. We subsequently used p-Tau_Ser396 as a disease-relevant molecular phenotype and combined 149 

confocal fluorescence imaging with AFM-based cellular morphological analysis to characterize STZ-induced 150 

neuronal alterations. Finally, we investigated whether Brahmi and Donep-M could attenuate the STZ-associated 151 

pathological phenotype. We hypothesized that transcriptome-derived APH-1A and CDK5 signatures would be 152 

responsive to AD-like neuronal stress and that pharmacological or phytochemicals intervention would reduce 153 

associated tau Ser396 phosphorylation and cellular structural abnormalities. This integrated transcriptomic to cellular 154 

strategy provides a framework for connecting human AD molecular signatures with experimentally measurable 155 

neuronal phenotypes and for evaluating potential therapeutic interventions. 156 

 157 

 158 

 159 

 160 

 161 

 162 
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Methodology 163 

1. Identification of Alzheimer’s disease related biomarkers via protein-protein interaction and hub proteins   164 

The search keywords “Alzheimer’s disease” was applied to find the common genes from databases which are available 165 

online, including Genecards (https://www.genecards.org/)(Safran et al. 2021), Comparative Toxicogenomics 166 

Database (CTD) (https://ctdbase.org/)(A. P. Davis et al. 2025) and OpenTargets (https://platform.opentargets.org/) 167 

and GSE33000(Narayanan et al. 2014), a transcriptomic dataset  for AD pathology with respect to control was selected 168 

from the Gene Expression Omnibus database (GEO)(Cowan et al. 2010; S. Davis and Meltzer 2007). Genes satisfying 169 

adjusted P value (adj. p < 0.05) were considered statistically significant differentially expressed genes (DEGs). 170 

Positive (log2FoldChange) values of genes were classified as upregulated in AD, whereas genes with negative 171 

(log2FoldChange) values were classified as downregulated. The resulting significant gene list was subsequently used 172 

for candidate prioritization. DEGs (Smyth 2004; Ritchie et al. 2015) in AD vs control were represented with volcano 173 

plot. Using the Cytohubba(Chin et al. 2014) plugins in Cytoscape v3.10.4(Shannon et al. 2003), the top 20 hub genes 174 

were identified by importing the PPI network of common genes identified among AD and Primary cilia into Cytoscape 175 

v3.10.4. Common proteins (812) curated by mentioned above online databases were selected for GO (Gene 176 

ontology)(Carbon et al. 2021), including various components (cellular, biological and molecular functions), and 177 

signaling pathway analysis, which included KEGG(Kanehisa et al. 2021), WikiPathways(Martens et al. 2021), 178 

Reactome Pathways(Jassal et al. 2019), was performed using the ClueGo(Bindea et al. 2009) plugin of Cytoscape. 179 

The selected markers are highlighted in dot green to correlate AD and primary cilia biology. 180 

2. Extraction of Brahmi by ethanol method 181 

The extraction procedure was adapted from the standard protocols(Sumathi et al., 2002; Phrompittayarat et al., 2007) 182 

and optimised on laboratory conditions. Thirty grams of the coarsely ground Brahmi powder were soaked in a conical 183 

flask containing 300 ml of Milli-Q water at room temperature (RT) for 24 hrs. After 24 hrs, the soaked plant material 184 

was squeezed through a muslin cloth to produce an aqueous extract. The remaining plant material was subjected to 185 

percolation using 200 ml of 95% ethanol for three days at RT. The flask was sealed with aluminium foil containing 186 

small holes to minimise contamination and evaporation of the solvent. The extract was filtered through Whatman No.1 187 

filter paper after three days. Approximately 150 ml of filtered extract was collected. Brahmi extract containing ethanol 188 

was evaporated by rotary evaporator using reduced pressure. The temperature of the water bath was maintained to 189 

55°C, and the speed of rotation was set to between 90 rpm. The remaining 10 ml extract was lyophilised (high vacuum 190 

<0.1 mbar and at -59°C) to get dried Brahmi extract. The lyophilised extract was carefully transferred into airtight 191 

containers and stored at 4°C for subsequent use.  192 

 193 

3. Mammalian Cell Culture and treatment conditions 194 

SH-SY5Y (human neuroblastoma) cell line used for experimental study. The cells passage number 12 from frozen 195 

cryovial were revived by thawing at 37°C in a water bath for 2-3 min. The cells were mixed with pre-warmed complete 196 

media (DMEM:F12) supplemented with 10% FBS and 1% penicillin-streptomycin (PS) and centrifuged at 1000 rpm 197 

for 3 min. The supernatant was discarded to remove residual DMSO and cell pellets were then re-suspended into 6 ml 198 
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of complete media, followed by equal distribution of 3 ml each into two T-25 flasks. The cells were cultured and 199 

maintained under humidified conditions at a temperature of 37°C and 5% CO2. Subsequently, 500 µl of 1X trypsin-200 

EDTA solution was added to the culture of T25 flask and incubated for 1-2 minute for detachment. The detached cells 201 

were wash with 1X phosphate-buffered saline (1X PBS) and gently resuspended in 1 ml of complete media. Cells 202 

were counted with hemocytometer and 0.3x 105 cells were seeded into 6 well plates for all experiments and 0.1x 105 203 

cells for AFM study. 204 

 205 

4. Development of Alzheimer’s model using STZ in SH-SY5Y cell line 206 

0.3x 105 SH-SY5Y cells at passage 14 were seeded onto sterile in 6-well culture plates and allowed to grow until they 207 

reached 50% confluency before treatment. SH-SY5Y cells with STZ at a final concentration of 5 mM for 24 hrs were 208 

treated. Following STZ treatment, cells were washed with 1X PBS to remove excess STZ and processed further 209 

treatment with Brahmi and anti-AD drugs. 210 

 211 

5. Cell viability assay of STZ induced SH-SY5Y cells treated with Brahmi and anti-AD drugs  212 

STZ exposed neuronal cells were treated with Brahmi (100 µM) and anti-AD drugs, Donep-M (100 µM) for 24hrs 213 

separately and in combination of both to observe their potential efficacy. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-214 

diphenyltetrazolium bromide) assay was performed to measure cell viability. The preparation of stock solution of 215 

MTT for the experiment was followed by dissolving 5mg of MTT in 1 ml of 1X PBS. The reagent was vortexed for a 216 

uniform mixture and filtered with 0.2μm syringe filter to avoid any contamination. The modern anti-AD drug “Donep-217 

M-10mg” composed of memantine hydrochloride (5mg) and donepezil hydrochloride (5mg), purchased from 218 

pharmacy, was dissolved into sterile Milli-Q water and filtered using 0.2µM syringe filter before treating cells. Further, 219 

media was removed from the cells that were previously added in a 96-well plate containing 0.5x104 cells per well in 220 

triplicate for each biological replicate. The final concentration of 0.5mg/ml MTT was used for cells viability 221 

measurement. After adding MTT, the cells were kept in a CO₂ incubator for 4 hrs. After 4 hrs, purple formazan crystals 222 

were formed and further dissolved by adding 150 μL of dimethyl sulfoxide (DMSO) was pipetted into each well of a 223 

96-well plate. The plates were gently mixed to ensure complete dissolution of the formazan. The absorbance of each 224 

sample was taken at 590 nm in a plate reader (Varioskan™ LUX Multimode Microplate Reader, Thermo Scientific™). 225 

The percentage of viable cells of the sample was calculated with the control group by normalizing with blank and 226 

using the following to the formula: 227 

 228 

 229 

 230 

6. RNA Isolation, cDNA synthesis and qRT-PCR for targeted genes validation 231 

Total RNA was isolated from the treated and non-treated group using the TRIzol method following the standard 232 

protocol (Chomczynski & Sacchi, 1987). Cells that were seeded in a 6-well plate were first gently rinsed with 1 ml of 233 

cold 1X PBS to remove the serum residue. After that, 1 ml TRIzol was pipetted into each well and cells were scraped 234 

using a sterile cell scraper. It was transferred in 1.5 ml micro-centrifuge tube (MCT) and kept at RT for 5-10min in 235 

                     𝐶݈݈݁ ݕݐ݈ܾ݅݅ܽ݅ݒ(%) = ஺௕௦௢௥௕௔௡௖௘ ௢௙ (௖௘௟௟ ௧௥௘௔௧௘ௗ −௕௟௔௡௞)஺௕௦௢௥௕௔௡௖௘ ௢௙ (௨௡௧௥௘௔௧௘ௗ ௖௘௟௟ ௔௦ ௔ ௖௢௡௧௥௢௟−௕௟௔௡௞) X 100 
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TRIzol and with 200μl of chloroform was mixed vigorously for 15-30 sec. The sample was again kept at RT for 10min 236 

following centrifugation at 13000 rpm for 15 min at 4°C. The RNA containing upper aqueous layer without disturbing 237 

interphase was carefully pipetted into a nuclease free MCT and 500μl of isopropanol was added to it, and the tube was 238 

inverted 10-15 times. After this, it was kept on ice for 30 min and centrifuged at 13000rpm at 4°C. After discarding 239 

the supernatant carefully, the pellet was washed with 1 ml of 75% molecular grade ethanol three times. The final 240 

residual ethanol was dried up at RT and pellet was resuspended in 20μl of DEPC treated water and kept for 10 min at 241 

55°C. The concentration was determined via nanodrop and stored at -80°C. 242 

For synthesis of complementary DNA (cDNA), the protocol of Verso cDNA Synthesis Kit, Thermo Fisher Scientific 243 

(USA) was followed carefully. The cDNA synthesised was stored at -20°C until it was used for quantitative PCR 244 

analysis. For gene expression analysis by qRT-PCR (QuantStudio5, Applied Biosystem), 5 ul of SYBR Green 245 

(Applied Biosystems SYBR Green Master Mix, Cat. No. A25742, Thermo Fisher Scientific, USA) was used in total 246 

10ul reaction followed by 1ul of cDNA (1:10 diuted), 500nM of each primers and nuclease free water to make up 10ul 247 

reaction volume. The sequences of primers used for RT-qPCR are: APH-1A (Forward-5’-248 

TCCATGGAGACTCACCCTATTA-3’ and Reverse-5’-CAGGCATCAAAGAACACAACTC-3’) and CDK5 249 

(Forward-5’-GCGATGCAGAAATACGAGAAAC-3’ and Reverse-5’-GTTTCAGAGCCACGATCTCAT-3’). The 250 

experimental condition for qRT-PCR was used default of the system with annealing at 60°C for all. The CT value of 251 

treated and non-treated was normalised to GAPDH’s CT value and fold change was calculated using the 2−ΔΔCT 252 

method. Fold chamge has been calculated using following method: 253 ∆CT = CT Target / CT non-target – CTGAPDH 254 ∆∆CT= CT Target Gene – CT non-target 255 

Fold change=2−ΔΔCT 256 

 257 

 258 

7. Imaging of SH-SY5Y cells using Atomic force microscopy (AFM) 259 

The surface architecture and the transformation of SH-SY5Y cell membrane upon exposure to SH-SY5Y cells with 260 

STZ (5mM), STZ treated cells with Brahmi (100µM), STZ treated cells with Donep-M (100µM) and STZ treated cells 261 

with both Brahmi and Donep-M were observed with an AFM, which consisted an AFM scanner and WITec alpha300 262 

Raman microscope (Oxford Instruments witec360, Ulm, Germany). The structural transition of differentiated SH-263 

SY5Ycells due to the exposure of STZ treated with or without Brahmi and Donep-M and the untreated cells as a 264 

control were visualized in the AFM. The cells were fixed with 4% PFA for 10 min and dried at RT and imaged with 265 

a monolithic silicon AFM probe aluminium-coated (30nm thick) cantilever with a resonance frequency and force 266 

constant of 300±100 kHz and 40±20 newtons/m, respectively, in non-contact and tapping mode operation (Tap300AI-267 

G, BudgetSensors, Bulgaria). All images for were taken at a high resolution at a fixed scan speed of 0.5 second per 268 

line. All images were processed with witec360 software. 269 

 270 

 271 
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8. Immunocytochemistry of STZ induced and co-treated SH-SY5Y cells with Brahmi and Modern drugs to 272 

understand Alzheimer’s disease pathology. 273 

0.3x 105 SH-SY5Y cells were pipetted onto sterile coverslip placed in 6 well culture plates. STZ of 5mM was treated 274 

at 50% confluency. After 24 of treatment, 1x PBS was used for washing cells and were fixed with 4% formalin solution 275 

for 10 min at RT. Following fixation, cells were treated with 0.7% Triton X-100 in 1X PBS for 15 min to facilitate 276 

permeabilization for antibody penetration. Cells were incubated with 2% bovine serum albumin (BSA) in 1X PBS for 277 

2 hrs at RT to block non-specific binding. To confirm the development of Alzheimer-like pathology, tau was assessed 278 

using immunocytochemistry. Cells were incubated overnight at 4°C with an anti-p-Tau_Ser396 polyclonal antibody 279 

(Affinity, #Cat: AF3148) diluted in 1X PBS containing 0.1% BSA. Cells were then incubated with Alexa 546TM-tagged 280 

secondary antibody (Thermo, #Cat: A11010) for 1hr at RT in the dark. Nuclei were counterstained with DAPI 281 

mountant media (ProLong Gold Antifade Mountant with DNA Stain DAPI, #Cat: P36931) before imaging. The 282 

fluorescence images were visualized and acquired using a Nikon ECLIPSE Ti Series confocal microscope operating 283 

at a 60x magnification using oil immersion. After capturing these images, the relative intensity was calculated using 284 

Fiji-Image J software with a minimum of n ≥ 30 cells per group.  285 

 286 

Statistical analysis 287 

The graphs representing data show mean ± SEM. For statistical significance analysis, one way ANOVA was 288 

performed using GraphPad Prism 8 where * p < 0.05, ** p < 0.01, and *** p < 0.001 represent significant differences; 289 

ns = non-significant with respect to control and between the treatment groups. 290 

  291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 
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Results 303 

1. Integrative systems biology identifies hub genes associated with Alzheimer’s disease 304 

Common genes (7818) associated with AD were identified after filtering out the duplicate genes from GeneCards 305 

(20,190 genes), OpenTargets (13,367 genes), Comparative Toxicogenomics Database (CTD) (27,328 genes), and 306 

GSE33000 (AD vs control; 15,854 genes) datasets (Figure. 1A) (see supplementary Excel sheets 1–4). Importantly, 307 

transcriptomic analyses of human AD brain tissue have identified substantial alterations in genes associated with 308 

primary-cilium structure and function(Kobayashi et al. 2022; E. Miller et al. 2024; Yeo et al. 2023). In the present 309 

study, it has also been found that there are several common markers associated between AD and PD (Parkinson’s 310 

disease) (Fig.SI 1A). Subsequently, we also elucidated the common genes associated among AD, PD and Primary 311 

ciliary complex to understand the betweenness and correlate among neurodegenerative disorders like AD, PD and 312 

neural cilia. It was found 811 common genes represented via Venn-diagram (Fig.SI 1A). Further, to identify molecular 313 

candidates potentially linking AD pathology with primary cilium dysfunction in our current study, a protein-protein 314 

interaction (PPI) network analysis of genes associated with AD and the primary ciliary complex was performed 315 

(Fig.S1B) and majorly involved ciliary complex genes.  The top 20 genes were selected via PPI between AD and 316 

ciliary complex, and based on ranking algorithm of BottleNeck score, GAPDH and IFT57 had the highest, being the 317 

major connectors of both major clusters in the network. The above cluster involved the genes related to AD, like 318 

APOE, PSEN1, ADAM10, ADAM17 and CDK5. The lower cluster of this interactome primarily contains ciliary 319 

genes like IFTs, TTC8, BBS2, MKS1, CLUAP1, and ARL6 that are involved in cilia formation and intracellular 320 

transport.  (Figure. 1B, S1B and S1G). Differentially expressed genes (DEGs) were considered in the gene expression 321 

dataset GSE33000 for AD vs control based on a false discovery rate (FDR) corrected p-value <0.05 and Log2Fold 322 

Change ≥ 0 and < 0. (Fig.1C) and DEGs of Parkinson’s disease and primary ciliary complex were also shown in 323 

volcano plots (Fig.S1C, S1D and S1E; see supplementary Excel sheets 5-6). The upregulated and downregulated 324 

DEGs were detected separately for GSE33000 and genes annotated in green are the markers selected for experimental 325 

validation due to their association with common to both AD (ADAM17, APH-1A, MAPT, CDK5, and PSEN2) and 326 

primary cilia (CLUAP1, IFT20, IFT57, IFT80, IFT88 and IFT172) ( refer supplementary excel sheets S4-S5).  The 327 

811 common genes among AD, PD and primary cilia identified from the databases were exported to Cytoscape for 328 

network analysis via String v12.0 (https://string-db.org/)(Szklarczyk et al. 2023) using multiprotein search domain for 329 

protein-protein interaction (PPI) analysis. The PPI network was constructed (Fig.SI1F). The plugin of Cytoscape 330 

(ClueGO) was utilized for gene ontology (GO) (biological process, cellular component, and molecular function) and 331 

pathway (KEGG, WikiPathways, and Reactome) analysis of 811 common genes (Fig.SI2).  332 
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 333 

Fig.1. Identification of transcriptomic derived candidates to Alzheimer's disease. (A) Venn-diagram showing 334 

common genes (7818) associated with AD identified from OpenTargets, GeneCards, the Comparative 335 

Toxicogenomics Database (CTD), and GSE33000 (AD vs Control) online databases. (B) Top 20 hub genes identified 336 

via cytohubba plugin of Cytoscape 3.10.4. (C) Volcano plot depicting DEGs of GSE33000 (AD vs Control) 337 

represented in dot red are significantly upregulated and downregulated genes are in dot blue colour associated with 338 

AD. Highlighted with annotation in green are markers selected (ADAM17, APH-1A, MAPT, CDK5, PSEN2, 339 

CLUAP1, IFT20, IFT57, IFT80, IFT88 and IFT172) in association of AD pathology. 340 

 341 

2. Brahmi and Donep-M enhanced SH-SY5Y cells’ viability under STZ induced stress 342 

Initially, the extracts of Brahmi were characterized via UV-spectrophotometer (Fig.SI3A), gas chromatography-mass 343 

spectrophotometer (GC-MS) (Fig.SI 3B) and liquid chromatography-mass spectrophotometer (LC-MS) (Fig.SI3C) in 344 

order to confirm its constituents.  The compositions of Brahmi were analysed from their respective chromatograms 345 

and listed in tables (refer SI tables I-III). Following confirmation of phytochemicals, the effect of Brahmi, Donep-M, 346 

and STZ on the SH-SY5Y cells’ viability were tested and evaluated using MTT assay. Our result indicate that STZ 347 

(1mM, 2.5mM, 5mM and 10mM) significantly reduced the number of viable cells at 24hrs treatment on increasing 348 

dose with respect to control (non-treated cells) (Fig.2A). Similarly, Brahmi at concentration (25 µM, 50 µM, 75 µM, 349 
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100 µM, and 200 µM) reduced the number of viable cells 24hrs of treatment in a dose-dependent manner compared 350 

to control cells with highest cell viability at 100 µM (Fig.2B), whereas the cells treated with Donep-M at concentration 351 

(50 µM, 100 µM and 200 µM) we found to be significantly non-toxic (Fig.2C). Subsequently, in STZ (5mM) treated 352 

cells, treatment of Brahmi and Donep-M at varying concentration (50 µM, 100 µM and 200 µM) separately for 24hrs 353 

resulted in the optimal cell viability at 100 µM in both cases, which shows that Brahmi and Donep-M at 100 µM 354 

significantly inhibited the toxic effects of STZ as shown in Fig.2D&E. Our results indicate that Brahmi and modern 355 

anti-AD drugs are safe to explore for their synergistic potential on in-vitro AD model system. 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

Fig.2. MTT assay for SH-SY5Y cells viability after (A) streptozotocin (STZ) treatment (1mM, 2.5mM, 5mM and 370 

10mM), (B) Brahmi treatment (25 µM, 50 µM, 75 µM, 100 µM, and 200 µM), (C) Donep-M (Memantine and 371 

Doenepzil) treatment (50 µM, 100 µM, and 200 µM), and STZ (5mM) treated cells with (D) Brahmi and (E) Donep-372 

M at different concentration (50 µM, 100 µM, and 200 µM). The Y-axis represents the percentage of cell viability 373 

with respect to control whereas X-axis denotes the concentration of STZ, Brahmi and Donep-M. The data represented 374 

using bar graph showing mean ± SEM. One way ANOVA was performed using GraphPad Prism 8. * p < 0.05, ** p 375 

< 0.01, and *** p < 0.001 represent significant differences; ns = non-significant with respect to control and between 376 

the treatment groups. 377 

 378 

 379 
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3. Brahmi and Donep-M reduces Tau phosphorylation  380 

AD pathology is characterized by the post-translational modifications of Tau known as phosphorylation, which 381 

ultimately leads to its toxicity. There are 85 phosphorylation sites reported which are targeted by various kinases. To 382 

evaluate Tau associated pathology in the STZ induced in in-vitro model, p-Tau_Ser396 immunoreactivity was 383 

examined in SH-SY5Y cells using confocal fluorescence microscopy. Compared with untreated control cells, STZ 384 

treated cells exhibited a marked increase in p-Tau_ Ser396 fluorescence intensity, indicating enhanced accumulation 385 

of the Ser396-phosphorylated Tau epitope following STZ induced neuronal stress via quantitative image analysis. 386 

Importantly, co-treatment with Brahmi and Donep-M reduced and increased p-Tau_Ser396 fluorescence relative to 387 

STZ treated cells and untreated control cells respectively. Similarly, co-treatment with Brahmi and the anti-388 

Alzheimer’s drugs (Donep-M) together significantly attenuated the STZ associated increase in p-Tau_Ser396 389 

immunoreactivity (Fig.3A&B). The reduced fluorescence signal following these interventions indicates attenuation 390 

of the pathological Tau phosphorylation phenotype induced by STZ. Collectively, these findings demonstrate that the 391 

STZ treated SH-SY5Y model exhibits increased p-Tau_Ser396 associated pathology and that this phenotype is 392 

responsive to both Brahmi and established pharmacological interventions. 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 
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 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

Fig.3. Brahmi and Donep-M attenuate Tau hyperphosphorylation. (A) Confocal microscopy immunofluorescence 419 

images. Scale bar represents 10µm. (B) Quantification of phospho-Tau fluorescence in STZ treated cells and co-420 

treatment with Brahmi and Donep-M. The analysis of images were processed using Fiji-Image J software. The data 421 

represented using bar graph showing mean ± SEM. One way ANOVA was performed using GraphPad Prism 8. * p < 422 

0.05, ** p < 0.01, and *** p < 0.001 represent significant differences; ns = non-significant with respect to control and 423 

between the treatment groups. 424 

4. Brahmi and Donep-M treatment establish membrane integrity in STZ induced cells  425 

The cytoskeleton of neuronal cell constitute of  microtubules, actin filament, and neuro-filaments, which are essential 426 

for plasticity, polarity, morphology, and integrity of neurons (Kevenaar and Hoogenraad 2015). However, amyloid in 427 

many neurodegenerative conditions, has altered the cytoskeleton due to its accumulation in cells (Mokhtar et al. 2013). 428 

It has been also reported that STZ treated neuronal cells has condition of amyloid plaque aggregation leading to 429 

oxidative stress and neurodegenerative disease like pathology(Biswas et al. 2016). Our result implicate transformation 430 

of membrane surface upon STZ treatment of neuronal SH-SY5Y cells (Fig.4A&4B). Further, to observe the reverse 431 

transformation or restoration of surface architecture of STZ treated cells, we treated the cells with Brahmi and Donep-432 

M separately and together. STZ treated cells’ surface morphology were disrupted in comparison to untreated control 433 

and treated with Brahmi and Donep-M drug. Our results strongly suggest that, STZ treated cells with Brahmi in 434 
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combination with Donep-M has synergistic effect on restoring the morphology of neuronal cells evidenced by line 435 

profile height (Fig.4C) and also have potential for treating neurodegenerative disease conditions. 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

Fig.4. Analysis of surface morphology in SH-SY5Y cells by STZ treatment along with Brahmi and modern anti-450 

AD drugs. SH-SY5Y cells were exposed with 5mM STZ, 100µM Brahmi and 100µM modern anti-AD drugs (Donep-451 

M) for 24hrs. A. Three-dimensional (3-D) AFM images (60 × 60 μm) of SH-SY5Y cells. B. Two-dimensional (2-D) 452 

height image of SH-SY5Y cells represented by a line across the border of cell surface to evaluate surface smoothness. 453 

STZ-treated cells possess distorted membrane of SH-SY5Y cells. C. Cross sectional profile for the various conditions 454 

of SH-SY5Y cells suggest that the most affected surface morphology across STZ-treated cells. 455 

5. Experimental validation by mRNA expression level of APH-1A and CDK5 456 

To obtain a biologically relevant set of AD associated molecular candidates for experimental validation, the significant 457 

DEG list was subjected to candidate prioritization. Candidate genes were selected based on their association with AD 458 

related molecular pathways, neuronal function, protein processing, intracellular signaling, cytoskeletal regulation, 459 

and/or previously reported links to neurodegenerative disease linking to primary cilia because primary cilia are 460 

reported to be associated with neurodegenerative disease like AD(Guo et al. 2025; Kobayashi et al. 2022; Mokhtar et 461 

al. 2013).  Out of eleven candidate genes, APH-1A and CDK5 demonstrated reproducible expression changes 462 

following STZ treatment with Brahmi and co-treatment with Brahmi and Donep-M. Our gene expression analysis of 463 

APH-1A in STZ treated cells is upregulated by ~0.5 fold change and ~0.8 fold change in comparison to control and 464 
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Brahmi treated experiments respectively, whereas downregulated by ~0.3 fold change in comparison to Donep-M 465 

alone and co-treatment with Brahmi and Donep-M. On other side, CDK5’s expression in STZ treated cells is 466 

upregulated by ~0.5 fold change with respect to control, Brahmi and co-treated with Brahmi and Donep-M together 467 

but ~0.3 fold change upregulated to Donep-M treated cells. Further, molecular docking was performed of APH-1A 468 

(Fig.SI4) and CDK5 (Fig.SI5) with phytochemicals of Brahmi to understand and correlate the binding efficiency of 469 

metabolites. The docking results predicted the Stigmasterol as a best pose with APH-1A having least binding affinity 470 

of -10.9 (see SI table IV) whereas Bacoside B as a best pose with CDK5 having least binding affinity of -9.5 (see SI 471 

table V). Our transcriptomics and experimental approach enabled the identification of APH-1A and CDK5 as an AD 472 

associated candidate genes, which were subsequently investigated in relation to tau pathology and treatment associated 473 

phenotypic changes supported the evidence with the results of molecular docking. Therefore APH-1A and CDK5 need 474 

to be selected for further investigation in relation to AD associated neuronal pathology and therapeutic modulation. 475 

 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

Fig.5. Gene expression analysis validation of transcriptomic derived AD markers by RT-qPCR (A) APH-1A 487 

and (B) CDK5. The data represented using bar graph showing mean ± SEM. One way ANOVA was performed using 488 

GraphPad Prism 8. * p < 0.05, ** p < 0.01, and *** p < 0.001 represent significant differences; ns = non-significant 489 

with respect to control and between the treatment groups. (n=3 in each biological replicates of 3)   490 

Discussion 491 

An integrated transcriptomic and experimental cellular strategy to identify and validate molecular alterations 492 

associated with human AD pathology will be useful for evaluating potential therapeutic interventions. Initially 493 

interrogating AD vs control transcriptomic datasets, we prioritized eleven candidate genes focused on AD pathology 494 

and their co-relation with cilia biology and subsequently tested their responsiveness in an experimentally STZ induced 495 
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neuronal model. Among these candidates, APH-1A and CDK5 showed reproducible expression changes following 496 

STZ exposure in SH-SY5Y cells, providing experimental support for their association with AD like neuronal 497 

pathology. In particular, the molecular findings were complemented by phenotypic characterization of tau pathology 498 

using confocal microscopy and AFM. STZ exposure was associated with increased phosphorylation of tau at Ser396, 499 

whereas co-treatment with Brahmi and Donep-M attenuated this pathological phenotype. Together, our findings 500 

connect AD associated transcriptional biomarkers with experimentally measurable neuronal and tau-related 501 

phenotypes.  502 

Majorly, the reduction of p-Tau_Ser396 following Brahmi co-treatment represents an important therapeutic 503 

component of the present study. Brahmi has attracted considerable interest as a neuroprotective botanical because its 504 

bioactive constituents have been associated with antioxidant, anti-inflammatory, and anti-amyloid/tau-related 505 

activities(Sushma et al. 2024; Dubey et al. 2023). Experimental evidence has directly demonstrated that Brahmi’s 506 

extract can inhibit tau aggregation and reduce pathological tau phosphorylation in neuronal cells(Dubey et al. 2023). 507 

Dubey et al. reported that Brahmi reduced phospho-tau accumulation and GSK3β phosphorylation in a cellular model 508 

of tau-associated stress, while also reducing oxidative and apoptotic responses. Our findings are consistent with these 509 

observations but extend them in an important direction. Whereas previous work investigated Brahmi in tau-stressed 510 

neuronal cells, our study evaluates its effect in a transcriptome-guided STZ-induced neuronal model in which APH-511 

1A and CDK5 were independently validated as AD-associated candidates. Moreover, the reduction in p-Tau Ser396 512 

observed after Brahmi co-treatment provides evidence that the phytochemical intervention can attenuate a disease-513 

relevant tau phenotype in this cellular context. 514 

Recent in-vivo work further supports the anti-tau potential of Brahmi where an Aβ42-induced AD model, Brahmi 515 

administration reduced pathological increases in phospho-tau and total tau and was associated with modulation of 516 

mitochondrial dysfunction and GSK3β/Wnt/β-catenin signaling(Sushma et al. 2024). These findings, together with 517 

our cellular results, suggest that the effects of Brahmi on tau pathology may involve multiple converging mechanisms 518 

rather than a single molecular target. Nevertheless, the present study does not establish which phytochemical 519 

constituent is responsible for the observed response but our molecular docking results predict Stigmasterol and 520 

Bacoside B as best poses with least binding affinity with APH-1A and CDK5 respectively. Future studies 521 

incorporating chemically characterized fractions or purified Stigmasterol or Bacosides B will therefore be required to 522 

identify the active component(s). Subsequently, The reduction of p-Tau_Ser396 following co-treatment with Donep-523 

M, anti-AD drugs, provides an important pharmacological reference for interpreting the effect of Brahmi. Including 524 

established anti-AD agents allows the response to Brahmi to be evaluated against interventions with recognized 525 

clinical use rather than against untreated controls alone. The observation that both conventional drugs and Brahmi 526 

reduced the pathological tau phenotype suggests that the STZ-induced model is responsive to pharmacological 527 

modulation. However, memantine and donepezil have distinct primary pharmacological actions and should not be 528 

considered direct tau-targeting agents. Memantine primarily modulates NMDA receptor-mediated glutamatergic 529 

signaling, whereas donepezil inhibits acetylcholinesterase and enhances cholinergic neurotransmission(Guler et al. 530 

2024). Therefore, the reduction of p-Tau Ser396 following these treatments may represent an indirect consequence of 531 
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improved cellular signaling, reduced excitotoxicity or metabolic stress, or broader neuroprotective effects. 532 

Consequently, the present results support the use of these drugs as pharmacological comparators rather than implying 533 

that their primary mechanism is inhibition of tau phosphorylation. 534 

As a major strength of transcriptomic data was the starting point for candidate identification rather than selecting 535 

molecular targets solely on the basis of previously established AD pathways. Although transcriptomic analyses can 536 

reveal extensive molecular candidates associated with AD, individual DEGs require experimental validation because 537 

postmortem brain datasets are influenced by cellular heterogeneity, disease stage, tissue composition, and secondary 538 

responses to neurodegeneration(Hou et al. 2025; Shin et al. 2026). This observation emphasizes that changes in CDK5 539 

and APH-1A expression should not automatically be interpreted as evidence of pathological association relating kinase 540 

activation. On the other hand, our molecular docking result suggests that Bacoposide 1 and Bacosaponin c does not 541 

take part in inhibiting the tau aggregation and it does not show inhibiting effect on the CDK5 although the docking 542 

score came around -7.5 to -9.19 (refer SI Fig.5 and table VI and VII) but experimentally, our study has shown the 543 

differential mRNA expression level of CDK5 and APH1A. Our finding reveals that APH-1A and CDK5 expression 544 

respond to STZ exposure therefore provides an experimentally relevant association that warrants further investigation 545 

at the protein activity level. The response of APH-1A and CDK5 to STZ exposure was accompanied by an increase 546 

in tau phosphorylation at Ser396, supporting the development of an AD-like neuronal phenotype in SH-SY5Y cells. 547 

STZ-treated neuronal cells have been studied experimentally to reproduce several features associated with AD-related 548 

cellular dysfunction, including oxidative stress, mitochondrial impairment, endoplasmic-reticulum stress, altered 549 

signaling pathways, and tau-associated abnormalities(Plaschke and Kopitz 2015; Bagaméry et al. 2021; Singh, Tiwari, 550 

and Singh 2024; Biswas et al. 2016). The increase in p-Tau Ser396 observed in our model is particularly relevant 551 

because tau hyperphosphorylation disrupts its physiological interaction with microtubules and contributes to 552 

cytoskeletal instability and pathological tau accumulation(Bramblett et al. 1993; T. Li and Paudel 2006; Gao et al. 553 

2018; Neddens et al. 2018).  554 

The selection of Ser396 as a pathological readout is also relevant because this site is among the established AD-555 

associated phosphorylation sites of tau and can be influenced by multiple neuronal kinases, including CDK5 and 556 

GSK3-family kinases(T. Li and Paudel 2006; N. Miller et al. 2015; Vossel et al. 2015; Huang et al. 2017; Sushma et 557 

al. 2024; Fu et al. 2025). Importantly, the present findings should not be interpreted as demonstrating that the observed 558 

p-Tau_Ser396 increase is directly caused by altered CDK5 expression. Rather, the data demonstrate a concordant 559 

response of a transcriptome-derived candidate and a disease-relevant tau phenotype following STZ-induced neuronal 560 

stress. Demonstrating a direct CDK5-tau relationship in this model would require additional experiments involving 561 

CDK5 inhibition, knockdown, overexpression, kinase activity measurements, or rescue experiments. The increase in 562 

p-Tau_Ser396 detected by confocal microscopy provides an important phenotypic link between the transcriptomic 563 

findings and neuronal pathology. Fluorescence-based detection allows spatial assessment of pathological tau within 564 

individual cells and provides information that cannot be obtained from gene-expression measurements alone. Thus, 565 

the combination of RT-qPCR and confocal microscopy in the present study provides two complementary levels of 566 

evidence, transcriptional responsiveness at the candidate-gene level and pathological protein modification at the 567 
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cellular level. This distinction is important because changes in mRNA abundance do not necessarily predict changes 568 

in protein abundance, localization, post-translational modification, or cellular function.  569 

An additional feature of the present study is the incorporation of AFM alongside confocal imaging. Conventional 570 

fluorescence microscopy primarily provides molecular and spatial information, whereas AFM can provide nanoscale 571 

topographical and biomechanical information from individual cells(Dague et al. 2022; Legleiter and Kowalewski, 572 

n.d.; Chen et al. 2023). This distinction is particularly relevant to AD because tau pathology is closely linked to 573 

disruption of the neuronal cytoskeleton and changes in cellular architecture(Gao et al. 2018). In the present study, the 574 

AFM observations associated with STZ treatment therefore provide a complementary dimension to the confocal p-575 

Tau findings. Rather than treating increased p-Tau fluorescence as an isolated molecular event, the combination of 576 

confocal and AFM imaging allows tau-associated pathology to be considered in the context of broader cellular 577 

structural alterations. 578 

Finally, future studies should therefore investigate whether manipulation of APH-1A or CDK5 directly modifies the 579 

STZ-induced p-Tau phenotype. CDK5 inhibition or knockdown, APH-1A knockdown/overexpression, measurement 580 

of CDK5 kinase activity, and assessment of γ-secretase activity and Aβ production would substantially strengthen the 581 

mechanistic interpretation(Tanaka et al. 2001; Ma et al. 2005; Zheng et al. 2005; Kimura, Ishiguro, and Hisanaga 582 

2014; N. Miller et al. 2015; Vossel et al. 2015; Todd et al. 2022; Hernández-Hernández et al. 2025). It would also be 583 

valuable to determine whether the AFM phenotype correlates quantitatively with p-Tau Ser396 and cytoskeletal 584 

markers such as βIII-tubulin, MAP2, and F-actin(Nishida et al. 2023; Chen et al. 2023; Dague et al. 2022). For Brahmi, 585 

fractionation and characterization of individual bacosides could determine whether the observed neuroprotective effect 586 

is attributable to a specific constituent or to synergistic activity of the extract(Dubey et al. 2023; Sushma et al. 2024; 587 

Fatima et al. 2022). 588 

Conclusion 589 

In conclusion, this study provides a transcriptome-guided experimental framework for connecting AD-associated 590 

molecular signatures with neuronal pathology. APH-1A and CDK5 emerged from an initial panel of eleven candidates 591 

and were experimentally validated as STZ-responsive genes in SH-SY5Y cells. STZ exposure was accompanied by 592 

increased tau Ser396 phosphorylation and cellular structural alterations, while Brahmi, memantine, and donepezil 593 

attenuated the pathological tau phenotype. The integration of RT-qPCR, confocal microscopy, and AFM provides 594 

complementary molecular, spatial, and biophysical evidence of the neuronal response. Although further mechanistic 595 

studies are required to establish whether APH-1A or CDK5 directly drives tau pathology, the findings identify these 596 

genes as promising experimentally validated candidates and support Brahmi as a potential multi-target neuroprotective 597 

intervention worthy of further    investigation in AD models. 598 

 599 

 600 

 601 
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