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Abstract  
Background: Natural phenolic compounds have emerged as promising therapeutic agents owing to their antioxidant and 
anti-inflammatory effects. Neuroinflammation is a pivotal factor in the etiology of neurodegenerative disorders. Although 
Nelumbo nucifera is widely utilized in traditional medicine for neurological ailments, its phenolic composition and the 
associated neuroprotective mechanisms are predominantly uninvestigated.  
Objective: This study sought to employ ultra-high-performance liquid chromatography–tandem mass spectrometry 
(UHPLC–MS/MS) to analyze the phenolic compounds of N. nucifera from Manipur and to assess its neuroprotective 
potential by evaluating its anti-inflammatory, antioxidant, and immunomodulatory activities in BV2 microglial cells 
activated by lipopolysaccharide (LPS). 
 Methods: UHPLC–MS/MS was utilized to identify and quantify phenolic chemicals. The neuroprotective activity was 
evaluated by quantifying tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), nitric oxide (NO), and intracellular 
reactive oxygen species (ROS) generation. Western blotting was utilized to evaluate the expression levels of NF-κB p65, 
phosphorylated p38 MAPK, phosphorylated JNK, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase 
(iNOS). M1 (iNOS and CD86) and M2 (Arg-1, CD206, IL-4, and IL-10) markers were utilized to assess microglial 
polarization.  
Results: UHPLC–MS/MS profiling revealed that the predominant phenolic compounds were myricetin (18.64 ± 0.82 mg 
g⁻¹ DW), quercetin (15.27 ± 0.74 mg g⁻¹ DW), and kaempferol (11.83 ± 0.56 mg g⁻¹ DW), along with rutin, catechin, 
gallic acid, and chlorogenic acid. Compared to LPS-treated cells, N. nucifera extract markedly decreased the generation 
of TNF-α (66.17%), IL-1β (68.32%), NO (68.54%), and ROS (64.80%) at a dose of 100 μg mL⁻¹ (p < 0.001). The extract 
induced a phenotypic shift in microglia from the pro-inflammatory M1 phenotype to the neuroprotective M2 phenotype 
by enhancing the synthesis of Arg-1, CD206, IL-4, and IL-10, while significantly suppressing the activation of NF-κB 
p65, phosphorylated p38 MAPK, phosphorylated JNK, COX-2, and iNOS. Conclusion: The results demonstrate that N. 
nucifera from Manipur is a considerable source of bioactive phenolics with notable neuroprotective characteristics. The 
extract reduced neuroinflammation by promoting anti-inflammatory microglial polarization and lowering oxidative stress, 
inflammatory cytokine production, and NF-κB/MAPK signaling. These findings demonstrate N. nucifera's potential as a 
natural therapeutic alternative for the prevention and treatment of neuroinflammatory and neurodegenerative illnesses, 
offering mechanistic validity for the plant's traditional medicinal uses. 
Keywords: Nelumbo nucifera, phenolic compounds, LC–MS, neuroinflammation, acetylcholinesterase inhibition, nitric 
oxide, neuroprotection.  
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1. Introduction 
Nelumbo nucifera, an aquatic macrophyte widely 
distributed in the wetlands of Manipur, represents a 
significant botanical source of bioactive phenolic 
compounds and alkaloids with potent anti-inflammatory 
and antioxidant properties (Suganya* et al., 2025). 
These secondary metabolites facilitate the modulation of 
critical neuroinflammatory pathways, thereby offering 
potential therapeutic interventions for the mitigation of 
chronic neurodegenerative conditions (Singhal & Neetu, 

2025; Suganya* et al., 2025). Specifically, these 
phytochemical constituents, including neferine and 
nuciferine, have been shown to downregulate 
proinflammatory markers and inhibit key enzymes such 
as acetylcholinesterase and β-secretase 1, which are 
central to the pathogenesis of neurodegeneration 
(Temviriyanukul et al., 2020; Wang et al., 2021, p. 4887; 
Zhao et al., 2025). Furthermore, the unique phenolic 
composition of N. nucifera populations in the Manipur 
region remains under-researched regarding their 
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potential to modulate autophagic pathways, which are 
increasingly recognized as essential for clearing protein 
aggregates in Alzheimer's disease (Wen et al., 2024, p. 
1408042). Recent investigations into 
bisbenzylisoquinoline alkaloids, such as liensinine and 
neferine, underscore their capacity to cross the blood-
brain barrier and induce autophagy to attenuate mutant 
protein toxicity (Meng et al., 2017, p. 18347). Beyond 
these specific alkaloids, aqueous extracts derived from 
the plant’s stamen have demonstrated superior total 
phenolic contents and enzyme inhibition capacities that 
vary significantly based on harvest timing, particularly 
during the onset of the rainy season (On‐Nom et al., 
2023). Such geographical and seasonal fluctuations in 
secondary metabolite accumulation emphasize the 
necessity of investigating the specific environmental 
drivers influencing the bioactivity of Manipur’s lotus 
populations (Tungmunnithum et al., 2022). By 
systematically characterizing these localized 
chemotypes, researchers can identify distinct 
phytochemical signatures that optimize the plant's 
neuroprotective efficacy against amyloid-β peptide-
induced cellular damage (Kumaran et al., 2017). 
Furthermore, the pharmacological synergy between 
these isolated phenolics and endogenous pathways 
offers a promising framework for addressing the 
cholinergic deficits and amyloid deposition 
characteristic of Alzheimer’s pathology (Bhat et al., 
2023, p. 6; Jung et al., 2010, p. 267). Emerging evidence 
suggests that these compounds also enhance 
neurotrophic signaling via BDNF-related pathways, 
effectively reducing oxidative stress-induced neuronal 
apoptosis (Zhao et al., 2025). Consequently, these 
multicomponent preparations offer a robust strategy for 
drug discovery, as they target diverse molecular 
pathways—including anti-apoptotic and anti-
inflammatory mechanisms—essential for managing 
complex neurodegenerative conditions like Alzheimer’s 
disease (Bhat et al., 2022, p. 884361). Current evidence 
indicates that such multi-target intervention strategies 
significantly promote neuronal survival by suppressing 
endoplasmic reticulum stress and regulating eIF2α 
signaling (Wang et al., 2021, p. 4898). Moreover, by 
promoting autophagy, these phytochemicals facilitate 
the clearance of amyloid-β and tau proteins, effectively 
counteracting the toxic protein accumulation associated 
with neurofibrillary tangles (Singh et al., 2025; Wu et 
al., 2023). These bisbenzylisoquinoline alkaloids, 
particularly liensinine and neferine, demonstrate a 
capacity to inhibit acetylcholinesterase activity, further 
reinforcing their utility in stabilizing cholinergic 
neurotransmission while mitigating neurotoxicity in 
model systems (Wu et al., 2023, p. 386). Given the 
increasing global prevalence of age-related cognitive 
decline, these findings underscore the urgent need to 
expand preclinical in vivo investigations to validate the 
therapeutic efficacy of such plant-derived leads (Shal et 
al., 2018, p. 559). Transitioning these insights from 
controlled laboratory settings into clinical practice is 
imperative to address the limitations of existing 
synthetic pharmaceuticals, which frequently fail to halt 
disease progression while presenting severe adverse 

profiles (Aktary et al., 2025; Bordoloi et al., 2024, p. 16). 
Therefore, integrating these ethnobotanical insights with 
advanced pharmacological screening may bridge the gap 
between traditional medicine and contemporary 
neurodegenerative disease management (Pavlov et al., 
2025; Wahid et al., 2020). This research aims to bridge 
this translational gap by systematically profiling the 
phenolic diversity of Nelumbo nucifera endemic to 
Manipur, establishing a foundation for future 
development of targeted, plant-based interventions (Liu 
et al., 2023; Nahar et al., 2025).  
Literature Review 
Neurodegenerative diseases, including Alzheimer's 
disease (AD) and Parkinson's disease (PD), are among 
the most significant global health challenges, creating an 
urgent need for therapeutic interventions capable of 
slowing or preventing disease progression rather than 
merely alleviating symptoms (Lim et al., 2024; Shoaib 
et al., 2023). The pathogenesis of these disorders is 
highly complex and involves multiple interconnected 
mechanisms, including amyloid-β aggregation, tau 
hyperphosphorylation, oxidative stress, 
neuroinflammation, and endoplasmic reticulum 
dysfunction (Tripathi et al., 2024). Recent evidence 
highlights the critical role of maladaptive endoplasmic 
reticulum stress and the unfolded protein response in 
neuronal degeneration, emphasizing the need for multi-
target therapeutic strategies that can simultaneously 
regulate several pathological pathways (Temviriyanukul 
et al., 2024; Zhang et al., 2024). 
Conventional pharmacological approaches have largely 
focused on single molecular targets, particularly 
acetylcholinesterase inhibition, which often provides 
only limited clinical benefits (Oliveira et al., 2023; 
Santos et al., 2018). Consequently, increasing attention 
has been directed toward plant-derived bioactive 
compounds possessing antioxidant, anti-inflammatory, 
anti-glycation, and anti-amyloidogenic properties. Such 
compounds are considered promising candidates for 
addressing the multifactorial nature of 
neurodegenerative disorders (Liu et al., 2016). Advances 
in network pharmacology and systems biology further 
support the exploration of complex botanical matrices, 
enabling the identification of synergistic phytochemicals 
capable of restoring neuronal homeostasis through 
multiple mechanisms of action (Ali, 2023). These 
developments are particularly relevant in biodiversity-
rich regions such as Manipur, where indigenous 
medicinal plants remain underexplored despite their 
potential to provide affordable and effective 
neuroprotective agents (Puri et al., 2022). 
Among these medicinal plants, Nelumbo nucifera 
Gaertn. has gained considerable attention due to its rich 
phenolic composition and diverse pharmacological 
activities. Recent studies have demonstrated that lotus-
derived compounds exhibit acetylcholinesterase 
inhibitory activity and suppress β-amyloid aggregation, 
indicating their potential role in preventing 
neurodegenerative progression (Chheng et al., 2020). 
Furthermore, the high phenolic content of N. nucifera 
contributes significantly to its antioxidant capacity, 
thereby reducing oxidative stress, a major contributor to 
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cognitive decline and neuroinflammation (Calderaro et 
al., 2022). In addition to their neuroprotective effects, 
lotus phytochemicals have been reported to modulate 
lipid metabolism and various signaling enzymes 
associated with chronic diseases, highlighting their 
broader therapeutic relevance (On‐Nom et al., 2023). 
The therapeutic efficacy of N. nucifera is closely 
associated with its phenolic and flavonoid constituents, 
which are capable of regulating critical intracellular 
signaling pathways involved in neuronal survival and 
inflammatory responses. Polyphenols have been shown 
to modulate phosphatidylinositol 3-kinase (PI3K)/Akt 
and mitogen-activated protein kinase (MAPK) signaling 
pathways, thereby mitigating photostatic stress 
associated with tau hyperphosphorylation and 
promoting neuronal survival (Baptista et al., 2013; 
Basurto‐Islas et al., 2025). Activation of these pathways 
can suppress the production of pro-inflammatory 
mediators and enhance neuroprotection against disease 
progression (Mamun et al., 2024; Park et al., 2017). 
Moreover, phenolic metabolites can reduce the secretion 
of inflammatory cytokines such as TNF-α and IL-1β, 
thereby attenuating the neuroinflammatory cascade 
commonly induced by amyloid-β accumulation 
(Demerdash et al., 2024; Ibrahim et al., 2024). These 
compounds also contribute to the restoration of cellular 
redox balance by enhancing antioxidant defense systems 
and inhibiting inducible nitric oxide synthase activity 
(Farooqui & Farooqui, 2017). Their ability to regulate 
upstream signaling pathways, including NF-κB and p38 
MAPK, further supports their role in preventing 
oxidative stress-mediated neuronal apoptosis and 
maintaining cellular viability (Tyler & Tyler, 2023; 
Akkol et al., 2021; Lee et al., 2014). Importantly, the 
biological activity of flavonoids is strongly influenced 
by their structural characteristics, which determine their 
interactions with neuronal receptors and intracellular 
signaling molecules (Šimunková et al., 2019). 
Environmental and geographical factors are known to 
influence the accumulation of secondary metabolites in 
medicinal plants, resulting in variations in 
phytochemical composition and biological activity 
(Limwachiranon et al., 2018). Consequently, N. nucifera 
populations growing in the unique ecological conditions 
of Manipur may possess distinct phenolic profiles with 
enhanced neuroprotective properties (Ansari et al., 
2022; Mitra et al., 2022). Advanced analytical 
techniques such as high-performance liquid 
chromatography (HPLC) provide valuable tools for 
characterizing these phytochemical variations and 
identifying specific bioactive compounds associated 
with therapeutic efficacy (Tungmunnithum et al., 2022; 
Zhao et al., 2014). Such metabolomic investigations 
facilitate the identification of region-specific 
chemotypes with improved bioavailability and neuro-
modulatory potential (Chen et al., 2025; Hole & 
Williams, 2020). 
In this context, the characterization of phenolic 
compounds in N. nucifera from Manipur represents a 
promising approach for understanding the relationship 
between regional phytochemical diversity and 
neuroprotective activity. The evaluation of these 

metabolites may provide insights into their capacity to 
inhibit amyloid-β aggregation, regulate tau kinase 
signaling, and mitigate neuroinflammatory responses 
associated with neurodegenerative diseases (Ghosh et 
al., 2025; Malik et al., 2026; Iqubal et al., 2020; Sharifi‐
Rad et al., 2022; Atoki et al., 2023; Bhattacharya et al., 
2025). Such studies may contribute to the development 
of novel plant-based therapeutics targeting multiple 
pathological mechanisms involved in 
neurodegeneration. 
 
2. Methodology 
2.1. Plant Material Collection and Extraction 
Fresh samples of Nelumbo nucifera comprising leaves, 
flowers, seeds, and rhizomes were collected from 
selected aquatic ecosystems of Manipur, India. The plant 
materials were authenticated by a qualified taxonomist, 
washed thoroughly with distilled water, shade-dried at 
room temperature, and pulverized into a fine powder. 
The powdered samples were extracted using 80% 
methanol by maceration for 72 h, followed by filtration 
and concentration under reduced pressure using a rotary 
evaporator. The dried extracts were stored at −20°C until 
further analysis. 
2.2. UHPLC–MS/MS Analysis of Phenolic 
Compounds 
The phytochemical composition of N. nucifera extracts 
was characterized using ultra-high-performance liquid 
chromatography coupled with tandem mass 
spectrometry (UHPLC–MS/MS) following the 
procedure described by He et al. (2025) with minor 
modifications. Separation was performed on a reverse-
phase C18 column maintained at 40°C using a gradient 
mobile phase consisting of water containing 0.1% 
formic acid (solvent A) and acetonitrile containing 0.1% 
formic acid (solvent B). The flow rate was maintained at 
0.3 mL min⁻¹, and the injection volume was 5 μL. 
Phenolic and flavonoid compounds were identified 
based on retention times, molecular ions, and 
fragmentation patterns compared with authentic 
standards and spectral databases. Quantification was 
expressed as mg g⁻¹ dry weight of extract. 
 
2.3. Cell Culture 
Murine BV-2 microglial cells were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum and 1% 
penicillin–streptomycin. Cells were maintained at 37°C 
in a humidified incubator containing 5% CO₂. Prior to 
treatment, cell viability was evaluated using the MTT 
assay to determine non-cytotoxic concentrations of the 
lotus extracts. 
 
2.4. Lipopolysaccharide-Induced Neuroinflammation 
Model Neuroinflammation was induced by exposing 
BV-2 microglial cells to lipopolysaccharide (LPS; 1 μg 
mL⁻¹) for 24 h. Cells were pretreated with different 
concentrations of N. nucifera extracts for 2 h before LPS 
stimulation. Untreated cells served as the negative 
control, while LPS-treated cells served as the 
inflammatory control. 
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2.5. Determination of Pro-inflammatory Cytokines 
The concentrations of tumor necrosis factor-alpha 
(TNF-α) and interleukin-1 beta (IL-1β) in culture 
supernatants were quantified using commercially 
available enzyme-linked immunosorbent assay (ELISA) 
kits according to the manufacturer’s instructions. The 
inhibitory effects of lotus extracts on cytokine 
production were calculated relative to the LPS-treated 
control group. 
 
2.6. Measurement of Intracellular Reactive Oxygen 
Species 
Intracellular reactive oxygen species (ROS) production 
was determined using 2′,7′-dichlorofluorescein diacetate 
(DCFH-DA) fluorescent probe assay. Following 
treatment, fluorescence intensity was measured using a 
microplate reader at excitation and emission 
wavelengths of 485 and 535 nm, respectively. Results 
were expressed as percentage inhibition of ROS 
generation compared with the LPS-treated control. 
 
2.7. Evaluation of NF-κB and p38 MAPK Signaling 
Pathways The expression levels of NF-κB p65 and 
phosphorylated p38 MAPK proteins were analyzed 
using western blotting. Total cellular proteins were 
extracted, separated by SDS-PAGE, and transferred 

onto PVDF membranes. Membranes were incubated 
with specific primary antibodies followed by 
horseradish peroxidase-conjugated secondary 
antibodies. Protein bands were visualized using 
enhanced chemiluminescence and quantified by 
densitometric analysis. 
 
2.8. Assessment of Microglial Polarization 
Microglial polarization was evaluated by measuring the 
expression of M1 and M2 phenotype markers. The 
expression of inducible nitric oxide synthase (iNOS) and 
CD86 was used as indicators of the pro-inflammatory 
M1 phenotype, whereas arginase-1 (Arg-1) and CD206 
were used as markers of the anti-inflammatory M2 
phenotype. Gene expression levels were determined 
using quantitative real-time PCR (qRT-PCR), while 
protein expression was confirmed by immunoblotting. 
 
2.9. Statistical Analysis 
All experiments were performed in triplicate and results 
were expressed as mean ± standard deviation (SD). 
Statistical analyses were conducted using SPSS version 
26.0. Data were subjected to one-way analysis of 
variance (ANOVA), and mean comparisons were 
performed using Tukey’s post hoc test at a significance 
level of p < 0.05. 

 
Table 1. Effect of Nelumbo nucifera extract on TNF-α production in LPS-stimulated BV2 microglial cells 

Treatment Replication I Replication II Replication III Mean ± SD (pg mL⁻¹) Tukey Group 

Control 46 49 47 47.33 ± 1.53 e 

LPS Control 245 252 248 248.33 ± 3.51 a 

Extract (25 μg mL⁻¹) 184 179 182 181.67 ± 2.52 b 

Extract (50 μg mL⁻¹) 131 126 129 128.67 ± 2.52 c 

Extract (100 μg mL⁻¹) 86 82 84 84.00 ± 2.00 d 

 
ANOVA Summary 

Source of Variation df Sum of Squares (SS) Mean Square (MS) F-value 

Treatment 4 69483.30 17370.83 2789.50** 

Error 10 62.30 6.23  

Total 14 69545.60   

 
Table 2. Effect of Nelumbo nucifera extract on IL-1β production in LPS-stimulated BV2 microglial cells 

Treatment Mean ± SD (pg mL⁻¹) Reduction over LPS (%) Tukey Group 

Control 22.30 ± 1.20 84.23 e 

LPS Control 141.40 ± 4.10 – a 

Extract (25 μg mL⁻¹) 107.80 ± 3.40 23.76 b 

Extract (50 μg mL⁻¹) 74.50 ± 2.60 47.31 c 

Extract (100 μg mL⁻¹) 44.80 ± 1.80 68.32 d 

 
ANOVA Summary 

Source of Variation df F-value p-value 

Treatment 4 1942.60** <0.001 

Error 10   

Total 14   

 
Table 3. Effect of Nelumbo nucifera extract on nitric oxide production 
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Treatment NO (μM) Mean ± SD Reduction over LPS (%) Tukey Group 

Control 5.40 ± 0.30 83.18 e 

LPS Control 32.10 ± 1.10 – a 

Extract (25 μg mL⁻¹) 25.30 ± 0.90 21.18 b 

Extract (50 μg mL⁻¹) 17.80 ± 0.70 44.55 c 

Extract (100 μg mL⁻¹) 10.10 ± 0.50 68.54 d 

 
ANOVA Summary 

Source of Variation df F-value p-value 

Treatment 4 1318.40** <0.001 

Error 10   

Total 14   

 
Table 4. Effect of Nelumbo nucifera extract on intracellular ROS generation 

Treatment ROS (% of LPS) Mean ± SD Reduction (%) Tukey Group 

Control 28.40 ± 1.80 71.60 e 

LPS Control 100.00 ± 0.00 – a 

Extract (25 μg mL⁻¹) 78.60 ± 2.40 21.40 b 

Extract (50 μg mL⁻¹) 56.40 ± 2.00 43.60 c 

Extract (100 μg mL⁻¹) 35.20 ± 1.70 64.80 d 

 
ANOVA Summary 

Source of Variation df F-value p-value 

Treatment 4 1024.30** <0.001 

Error 10   

Total 14   

 
Table 5. Effect of Nelumbo nucifera extract on inflammatory signaling proteins 

Protein LPS Control (%) Extract (100 μg mL⁻¹) (%) Inhibition (%) 

NF-κB p65 100.00 43.5 ± 3.1 56.5 

p-p38 MAPK 100.00 39.8 ± 2.8 60.2 

p-JNK 100.00 37.6 ± 2.4 62.4 

COX-2 100.00 34.5 ± 2.7 65.5 

iNOS 100.00 31.4 ± 2.2 68.6 

 
Table 6. Effect of Nelumbo nucifera extract on microglial polarization markers 

Marker Functional Category LPS Control Extract (100 μg mL⁻¹) 

iNOS M1 Marker 1.00 0.32 ± 0.04 

CD86 M1 Marker 1.00 0.45 ± 0.05 

Arg-1 M2 Marker 1.00 2.84 ± 0.16 

CD206 M2 Marker 1.00 2.57 ± 0.14 

IL-4 Anti-inflammatory Cytokine 1.00 2.68 ± 0.17 

IL-10 Anti-inflammatory Cytokine 1.00 3.04 ± 0.18 

 
Table 7. UHPLC–MS/MS characterization of major phenolic compounds in Nelumbo nucifera extracts from 

Manipur 

Compound Retention Time (min) Molecular Ion (m/z) Concentration (mg g⁻¹ DW) 

Gallic acid 3.12 169 5.94 ± 0.26 

Chlorogenic acid 4.71 353 7.62 ± 0.34 

Catechin 5.84 289 8.71 ± 0.39 

Rutin 7.24 609 9.54 ± 0.48 
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Compound Retention Time (min) Molecular Ion (m/z) Concentration (mg g⁻¹ DW) 

Myricetin 8.40 317 18.64 ± 0.82 

Quercetin 9.28 301 15.27 ± 0.74 

Kaempferol 10.15 285 11.83 ± 0.56 

*Values are expressed as mean ± standard deviation (n = 3). Means followed by different letters differ significantly 
according to Tukey's HSD test at p ≤ 0.05. *Significant at p < 0.001. 

 
3. Results 
3.1 UHPLC–MS/MS Profiling of Phenolic Compounds 
UHPLC–MS/MS analysis of Nelumbo nucifera extracts 
collected from different aquatic ecosystems of Manipur 
revealed the presence of several bioactive phenolic 
compounds (Table 7). Among the identified metabolites, 
myricetin (18.64 ± 0.82 mg g⁻¹ DW) was the most 
abundant flavonoid, followed by quercetin (15.27 ± 0.74 
mg g⁻¹ DW) and kaempferol (11.83 ± 0.56 mg g⁻¹ DW). 
Other phenolic constituents detected included rutin, 
catechin, chlorogenic acid, and gallic acid. The 
predominance of flavonol derivatives indicated a rich 
phenolic profile with potential antioxidant and anti-
inflammatory properties. 
 
3.2 Effect of Nelumbo nucifera Extract on TNF-α 
Production 
Exposure of BV2 microglial cells to LPS significantly 
increased TNF-α production from 47.33 ± 1.53 pg mL⁻¹ 
in the untreated control to 248.33 ± 3.51 pg mL⁻¹ (Table 
1). Pretreatment with N. nucifera extract resulted in a 
dose-dependent reduction in TNF-α secretion. The 

highest concentration (100 μg mL⁻¹) reduced TNF-α 
levels to 84.00 ± 2.00 pg mL⁻¹, representing a 66.17% 
decrease compared with the LPS control. Analysis of 
variance revealed a highly significant treatment effect (F 
= 2789.50, p < 0.001). Tukey’s HSD test showed 
significant differences among all treatment means, 
confirming the strong anti-inflammatory activity of the 
extract. 
 
3.3 Effect on IL-1β Production 
LPS stimulation markedly elevated IL-1β production to 
141.40 ± 4.10 pg mL⁻¹ compared with 22.30 ± 1.20 pg 
mL⁻¹ in untreated cells (Table 2). Treatment with N. 
nucifera extract significantly suppressed IL-1β release 
in a concentration-dependent manner. The maximum 
inhibition was observed at 100 μg mL⁻¹, where IL-1β 
concentration declined to 44.80 ± 1.80 pg mL⁻¹, 
corresponding to a 68.32% reduction relative to the LPS 
control. The ANOVA results indicated highly 
significant variation among treatments (F = 1942.60, p 
< 0.001). 

 

 
Figure:  1LCMS Chromatogram, 2western blot, 3correlation heat map and 4neuroprotective effects of Nelumbo 

nucifera 
 
3.4 Effect on Nitric Oxide Production 
Nitric oxide production was significantly induced by 
LPS treatment, increasing from 5.40 ± 0.30 μM in the 
control group to 32.10 ± 1.10 μM (Table 3). 

Pretreatment with lotus extract effectively inhibited 
nitric oxide generation. At 100 μg mL⁻¹, nitric oxide 
concentration decreased to 10.10 ± 0.50 μM, 
representing a 68.54% reduction compared with the 
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LPS-treated cells. Statistical analysis confirmed a highly 
significant effect of treatment on nitric oxide production 
(F = 1318.40, p < 0.001). 
 
3.5 Inhibition of Intracellular Reactive Oxygen Species 
Intracellular ROS generation was significantly elevated 
following LPS stimulation, reaching 100% relative 
fluorescence intensity (Table 4). Administration of N. 
nucifera extract resulted in substantial suppression of 
ROS accumulation. The highest extract concentration 
reduced ROS production to 35.20 ± 1.70%, indicating a 
64.80% decrease compared with the inflammatory 
control. ANOVA demonstrated significant treatment 
effects (F = 1024.30, p < 0.001), highlighting the 
antioxidant potential of the phenolic-rich extract. 
 
3.6 Modulation of Inflammatory Signaling Pathways 
Western blot densitometric analysis revealed that N. 
nucifera extract significantly downregulated the 
expression of key inflammatory signaling proteins 
(Table 5). Relative to the LPS control, treatment with 
100 μg mL⁻¹ extract reduced NF-κB p65 expression by 
56.5%, phosphorylated p38 MAPK by 60.2%, 
phosphorylated JNK by 62.4%, COX-2 by 65.5%, and 
iNOS by 68.6%. These findings indicate that the extract 
effectively suppresses activation of the NF-κB and 
MAPK signaling pathways responsible for 
neuroinflammatory responses. 
 
3.7 Effect on Microglial Polarization 
The extract significantly influenced microglial 
phenotypic switching by suppressing M1-associated 
markers and enhancing M2-associated markers (Table 
6). Expression of the pro-inflammatory markers iNOS 
and CD86 decreased to 0.32 ± 0.04 and 0.45 ± 0.05-fold, 
respectively, compared with the LPS control. 
Conversely, anti-inflammatory markers Arg-1 and 
CD206 increased to 2.84 ± 0.16 and 2.57 ± 0.14-fold, 
respectively. Furthermore, the anti-inflammatory 
cytokines IL-4 and IL-10 were significantly upregulated 
to 2.68 ± 0.17 and 3.04 ± 0.18-fold, respectively. These 
results suggest that N. nucifera extract promotes a shift 
from the pro-inflammatory M1 phenotype toward the 
neuroprotective M2 phenotype. 
 
3.8 Overall Neuroprotective Activity 
The combined phytochemical and biological analyses 
demonstrated that N. nucifera extracts possess 
substantial neuroprotective potential. The high 
abundance of flavonoids such as myricetin and quercetin 
was associated with significant suppression of 
inflammatory cytokines, nitric oxide production, 
reactive oxygen species generation, and inflammatory 
signaling proteins. Concurrent enhancement of M2 
microglial markers further supports the ability of the 
extract to modulate neuroinflammatory responses and 
restore cellular homeostasis. Collectively, these findings 
indicate that N. nucifera exerts neuroprotective effects 
through coordinated antioxidant, anti-inflammatory, and 
immunomodulatory mechanisms.  
 
 

 
4. Discussion 
The present study investigated the phenolic profile and 
neuroprotective potential of Nelumbo nucifera collected 
from Manipur, with particular emphasis on its anti-
inflammatory and antioxidant activities in LPS-
stimulated BV2 microglial cells. UHPLC–MS/MS 
analysis revealed that the extracts were rich in 
flavonoids, particularly myricetin and quercetin, along 
with kaempferol, rutin, catechin, chlorogenic acid, and 
gallic acid. These compounds have been widely 
recognized for their neuroprotective, antioxidant, and 
anti-inflammatory properties, suggesting that the 
observed biological activities of the extracts are largely 
attributable to their phenolic composition. 
The predominance of myricetin and quercetin in the 
present study is consistent with previous reports 
identifying these flavonoids as major bioactive 
constituents of N. nucifera. These compounds have been 
shown to inhibit oxidative stress and neuroinflammatory 
signaling pathways involved in the progression of 
neurodegenerative diseases (You et al., 2018; Zhang et 
al., 2025). The substantial reduction in TNF-α and IL-1β 
production observed following treatment with N. 
nucifera extract indicates effective suppression of 
inflammatory responses induced by LPS stimulation. 
Since both cytokines are central mediators of 
neuroinflammation and neuronal injury, their inhibition 
suggests a potential therapeutic role for lotus-derived 
phenolics in mitigating chronic inflammatory processes 
associated with Alzheimer's disease and Parkinson's 
disease (Li et al., 2024). 
Microglial activation is a hallmark of neurodegenerative 
pathology, where persistent activation of the M1 
phenotype contributes to excessive production of pro-
inflammatory mediators, reactive oxygen species, and 
nitric oxide, ultimately leading to neuronal damage. In 
the present study, N. nucifera extract significantly 
reduced nitric oxide production and intracellular ROS 
accumulation. These findings indicate that the extract 
effectively attenuates oxidative stress, which is 
recognized as a major contributor to neuronal 
dysfunction and neurodegeneration. 
Similar observations have been reported for flavonoid-
rich botanical extracts, where suppression of oxidative 
stress was associated with enhanced neuronal survival 
and reduced inflammatory damage (Azlan et al., 2023; 
Subedi et al., 2017). 
The inhibition of inflammatory signaling pathways 
further supports the neuroprotective activity of the 
extract. The observed downregulation of NF-κB p65, 
phosphorylated p38 MAPK, phosphorylated JNK, 
COX-2, and iNOS suggests that N. nucifera interferes 
with key molecular mechanisms responsible for 
sustaining neuroinflammation. Activation of NF-κB and 
MAPK pathways is known to promote the transcription 
of pro-inflammatory genes and amplify cytokine 
production in activated microglia. Therefore, 
suppression of these pathways can effectively disrupt the 
inflammatory cascade and limit neuronal injury (Hong 
et al., 2014; Katola & Olajide, 2023). The reduction in 
p38 MAPK and JNK phosphorylation observed in the 
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present study also agrees with previous reports 
demonstrating the ability of quercetin and myricetin to 
inhibit stress-activated kinases and prevent 
inflammatory signaling (You et al., 2018; Zhang et al., 
2019). 
An important finding of this investigation was the ability 
of N. nucifera extract to modulate microglial 
polarization. Treatment significantly reduced the 
expression of M1 markers, including iNOS and CD86, 
while enhancing the expression of M2 markers such as 
Arg-1, CD206, IL-4, and IL-10. This shift from a pro-
inflammatory M1 phenotype toward an anti-
inflammatory M2 phenotype is considered a critical 
mechanism for resolving neuroinflammation and 
promoting tissue repair. Enhanced production of IL-4 
and IL-10 may contribute to the suppression of 
inflammatory signaling and facilitate restoration of 
neuronal homeostasis. Similar polarization effects have 
been reported for several plant-derived polyphenols 
capable of regulating microglial activation and 
improving neuroimmune balance (Darwish et al., 2023; 
Figueira et al., 2017). 
The neuroprotective mechanisms observed in this study 
are likely multifactorial and may involve interactions 
among several signaling pathways. Inhibition of NF-κB 
signaling can reduce the expression of inflammatory 
cytokines and inducible nitric oxide synthase, whereas 
suppression of MAPK signaling may prevent activation 
of transcription factors involved in chronic 
inflammatory responses. Simultaneously, the 
antioxidant properties of the phenolic compounds may 
activate cytoprotective pathways such as Nrf2/ARE, 
enhancing cellular defense against oxidative stress. 
Previous studies have also suggested that flavonoids can 
activate SIRT1/AMPK signaling and inhibit TLR4-
mediated inflammatory responses, thereby providing 
additional neuroprotection (Maurya et al., 2021; Kim et 
al., 2018). Collectively, these mechanisms contribute to 
the restoration of microglial homeostasis and protection 
of neuronal integrity. 
The unique ecological conditions of Manipur may also 
influence the biosynthesis and accumulation of bioactive 
metabolites in N. nucifera. Environmental factors such 
as altitude, temperature, soil composition, and water 
quality can alter secondary metabolite production, 
resulting in region-specific phytochemical profiles with 
distinct biological activities. The relatively high 
abundance of flavonoids observed in the present study 
suggests that Manipur-derived lotus populations may 
represent valuable sources of neuroprotective 
phytochemicals. Further comparative studies involving 
lotus populations from different geographical regions 
would help clarify the influence of environmental 
factors on metabolite accumulation and therapeutic 
efficacy. 
Overall, the findings provide evidence that N. nucifera 
possesses significant neuroprotective activity through 
the combined suppression of inflammatory cytokines, 
oxidative stress, and microglial activation. The ability of 
the extract to target multiple pathological pathways 
simultaneously supports its potential application as a 

natural therapeutic agent for the prevention and 
management of neurodegenerative disorders. 
 
5. Conclusion 
The present study demonstrated that Nelumbo nucifera 
collected from Manipur is a rich source of phenolic 
compounds, particularly myricetin and quercetin, which 
contribute substantially to its neuroprotective properties. 
The extract exhibited significant anti-inflammatory and 
antioxidant activities by reducing the production of 
TNF-α, IL-1β, nitric oxide, and reactive oxygen species 
in LPS-stimulated BV2 microglial cells. Furthermore, 
the extract effectively suppressed the activation of NF-
κB, p38 MAPK, and JNK signaling pathways while 
promoting a phenotypic shift of microglia from the pro-
inflammatory M1 state to the anti-inflammatory M2 
state. 
These findings suggest that N. nucifera exerts 
neuroprotective effects through multiple complementary 
mechanisms involving the regulation of inflammatory 
signaling, oxidative stress, and microglial polarization. 
The study provides a scientific basis for the traditional 
use of lotus and highlights the therapeutic potential of 
Manipur-derived N. nucifera as a natural source of 
bioactive compounds for the management of 
neuroinflammatory and neurodegenerative disorders. 
Future investigations involving in vivo studies, 
mechanistic validation, and clinical evaluation are 
warranted to further establish its efficacy and 
translational potential in neurodegenerative disease 
management. 
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