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This study aimed to improve the delivery efficacy of andrographolide (Andro) by encapsulating 
it in nanostructured lipid carriers (NLCs) and to evaluate its effectiveness in reducing systemic 
inflammation. These AndroNLCs exhibited homogeneity with a particle size of 131.40 ± 1.30 nm 
and approximately 89% encapsulation efficiency. AndroNLCs potentially enhanced oral efficacy 
by improving gastrointestinal stability, with reduced toxicity and inflammation in SH-SY5Y 
neuroblastoma cells. Inflammation was induced in sexually active C57BL/6 male mice with five 
intraperitoneal doses of 63 µg/kg TNF-alpha every three days. This was accompanied by daily oral 
administration of 10 mg/kg AndroNLCs, venlafaxine, or 1 mg/kg dexamethasone for 14 days. Mice 
with TNF-alpha-induced inflammation showed sickness signs and abnormal behaviors, assessed via 
physical changes, anxiety and depression tests (i.e., open field, elevated-T maze, tail suspension, and 
forced swimming), and biochemical assays. These changes included weight loss and compensatory 
responses to inflammation, as indicated by increased immune- and stress-modulated organ weights, 
elevated serum corticosterone levels, altered liver function markers, and higher levels of hippocampal 
IL-6 and TNF-alpha. Furthermore, histological analysis showed pyknotic cells, reduced layer thickness, 
and decreased hippocampal cell survival. Conversely, AndroNLCs significantly improved stress- and 
inflammation-related markers, alleviated behavioral abnormalities, reduced liver toxicity, and restored 
hippocampal morphology, showing effects greater than Andro alone and comparable to traditional 
treatments. These findings suggest that AndroNLCs have therapeutic effects on neuroinflammation 
but may risk contributing to mood disorders.
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Persistent inflammation is a fundamental biological reaction triggered by harmful stimuli such as infectious 
agents, injured cells, stress exposures, or irritating substances1,2. If unresolved, excessive inflammation may 
contribute to the pathogenesis of disease, aggravating severity and hindering the progression of both physical 
and psychological symptoms. However, the optimal therapeutic treatments for inflammation-induced conditions 
still require investigation.

Especially the hippocampus plays a critical role in emotional regulation, memory formation, and stress 
response. As a key structure involved in learning and behavior, it modulates the hypothalamic-pituitary-adrenal 

1Chulabhorn International College of Medicine, Thammasat University, Pathumthani 10120, Thailand. 
2Department of Basic Medical Sciences, Faculty of Medicine, Siam University, Bangkok 10160, Thailand. 3National 
Nanotechnology Centre, National Science and Technology Development Agency, Pathumthani 12120, Thailand. 
4Center for Research Innovation and Biomedical Informatics, Faculty of Medical Technology, Mahidol University, 
Nakhon Pathom 73170, Thailand. 5Department of Anatomy, Faculty of Medical Science, Naresuan University, 
Phitsanulok 65000, Thailand. 6Faculty of Medicine, Praboromarajchanok Institute, Ministry of Public Health, 
Nonthaburi 11000, Thailand. email: mattaka@nanotec.or.th

OPEN

Scientific Reports |        (2025) 15:11939 1| https://doi.org/10.1038/s41598-025-96758-1

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-96758-1&domain=pdf&date_stamp=2025-4-8


(HPA) axis, which governs stress regulation. Chronic stress and neuroinflammation, often implicated in the 
pathophysiology of behavioral disorders, can significantly disrupt hippocampal function3,4. Neuroinflammation, 
characterized by the activation of glial cells (e.g. microglia and astrocytes), is a prominent feature of psychiatric 
and neurodegenerative diseases. Inflammatory cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-
6), interferon-gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-alpha), are upregulated in response 
to neuroinflammation and can exert direct harmful effects on hippocampal neurons by disrupting synaptic 
plasticity, impairing neurogenesis, and promoting neuronal apoptosis5–7. This leads to hippocampal dysfunction, 
which is closely associated with the onset of behavioral abnormalities, mood disorders (e.g., anxiety, depression), 
and cognitive impairments. Chronic neuroinflammation disrupts the immune response in the brain, intensifying 
hippocampal damage and altering key neurotransmitter systems, such as monoamines and glutamate, which 
are essential for mood regulation and cognitive function8–10. Additionally, neuroinflammation could induce 
oxidative stress, generating reactive oxygen species (ROS) that contribute to neuronal damage and hinder 
neuroplasticity in the hippocampus11,12. This cascade of events disrupts cognitive and emotional processes, 
forming the basis of the pathophysiology of sickness-like symptoms and stress-related behavioral disorders13. 
Targeting neuroinflammation in the hippocampus, therefore, represents a promising therapeutic strategy.

Traditional management of neuroinflammatory conditions has heavily relied on anti-inflammatory 
medications such as aspirin, ibuprofen, diclofenac, betamethasone, and dexamethasone (DEXA). While these 
drugs can effectively alleviate inflammation stage-like symptoms, their prolonged use often leads to significant 
adverse effects, including gastrointestinal, cardiovascular, and renal problems and increased susceptibility to 
infections14–16. These side effects indicate the need for safer and more effective alternatives to current anti-
inflammatory treatments. While current medications provide symptomatic relief, some treatments fail to 
address the long-term impacts of neuroinflammatory processes.

Among natural herbs, andrographolide (Andro), a diterpenoid lactone derived from Andrographis 
paniculata, is a promising alternative candidate due to its beneficial effects. Several studies have revealed Andro’s 
anti-inflammatory and immunomodulatory effects17. Andro has demonstrated effectiveness in suppressing 
cytokines production and alleviating neurodegenerative-related diseases18. Andro is a promising candidate 
as a therapeutic agent for inflammation, reducing disruption of blood-brain barrier (BBB) permeability in 
subarachnoid hemorrhage, mitigating neuronal cell injury, and promoting neurogenesis19,20. However, the 
therapeutic application of Andro is limited by its poor bioavailability, pH intolerance, and rapid degradation, 
which diminish its efficacy. Addressing these concerns necessitates the development of innovative delivery 
systems to enhance the stability and oral efficacy of Andro, thereby maximizing its pharmacotherapeutic 
potential.

Facilitating enhanced drug delivery methods, especially nanostructured lipid carriers (NLCs), provides 
highly effective platforms, particularly for compounds, e.g., cannabidiol or Andro that have low solubility and 
stability21–24. NLCs encapsulate bioactive compounds, preventing degradation and enabling controlled release. 
This encapsulation can boost drug bioavailability and improve therapeutic outcomes while reducing systemic 
toxicity. The development of AndroNLCs formulations shows promise in enhancing the efficacy of central 
nervous system drug delivery, offering a targeted strategy as supported by recent studies23,25.

Therefore, this study aimed to enhance Andro’s delivery and therapeutic potential while addressing the 
limitations of current treatments. Specifically, the main objectives were to develop a novel, safe AndroNLC 
formulation that improves stability and oral efficacy, as demonstrated by in vitro anti-inflammatory 
activity. Additionally, this study sought to evaluate the therapeutic outcomes of AndroNLCs in mitigating 
neuroinflammation and associated behavioral changes in animal models with induced systemic inflammation, 
comparing these results to those of traditional anti-inflammatory and anti-stress medications. It was hypothesized 
that AndroNLCs could potentially translate into an effective treatment for inflammation-related mental illness.

Results
Physicochemical properties and characteristics of AndroNLCs
Blank and AndroNLCs were formulated by high-pressure homogenization at high temperature. The particle size, 
polydispersity index (PdI) and zeta potential were evaluated by dynamic light scattering (DLS). The diameter of 
Blank and AndroNLCs was 125.40 ± 0.90 nm and 131.40 ± 1.30 nm. Additionally, the PdI value of formulations 
was 0.17 ± 0.02, indicating homogenous size distributions. Moreover, the zeta potential of these nanoparticles 
was − 25.11 ± 0.39 mV and − 33.33 ± 1.03 mV, respectively. These results suggested that AndroNLCs demonstrate 
good colloidal stability. Furthermore, the percent encapsulation efficiency (%EE) of Andro in the NLCs was 
calculated and found at 89.11 ± 0.15%, indicating efficient loading of the active compound into the NLCs. These 
results demonstrated that AndroNLCs are a promising delivery system for Andro, with advantages in controlling 
particle size, ensuring stability, and maximizing encapsulation efficiency. In addition, the transmission electron 
microscopy (TEM) analysis results showed that both Blank and AndroNLCs had uniformly spherical and well-
dispersed characteristics (Fig. 1A).

Over three months, the stability and characteristics of both Blank and AndroNLCs were evaluated to 
determine their potential for sustained application (Fig. 1B,C). The Blank had a size of 125.40±0.90 nm, with a 
PdI of 0.18 ± 0.01 and a zeta potential of − 25.11 ± 0.39 mV. Throughout the study, by the third month, the size of 
the Blank gradually increased, ultimately reaching 140.33 ± 0.93 nm. This increase suggests a tendency towards 
instability. Additionally, the PdI increased slightly from 0.18 ± 0.01 to 0.20 ± 0.03, indicating a broader size 
distribution and reduced uniformity. Despite these changes, the zeta potential of the Blank remained relatively 
stable, fluctuating around − 24.85 ± 2.20 mV, which implies that electrostatic repulsion continues to effectively 
maintain particles. While, the AndroNLCs began with a size of 131.40 ± 2.50 nm and a PdI of 0.17 ± 0.02. Over 
the three-month period, their size slightly increased to 139.99 ± 0.44 nm, indicating the degree of aggregation, 
but this increase was less pronounced than the Blank. The PdI improved, decreasing from 0.17  ±  0.02 to 
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0.14 ± 0.01, which reflects a more uniform size distribution and enhanced stability over time. The zeta potential 
of AndroNLCs started at − 33.33 ± 1.03 mV and slightly reduced to − 30.05 ± 3.56 mV by the end of the 3-month 
study. Although there was a reduction, the zeta potential remained significantly negative, indicating continued 
electrostatic stability and effective resistance to aggregation, which confirms the stability of the formulation.

Stability of AndroNLCs for oral efficacy in simulated gastric and intestinal conditions
The stability of AndroNLCs was assessed in the simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) 
conditions to evaluate the robustness in physiological environments (Fig. 1D). At the beginning, AndroNLCs 
had a particle size of 131.40 ± 2.50 nm with a PdI of 0.17 ± 0.02. Throughout the incubation in SGF, the particle 
size showed only a slight increase, ending at 134.18 ± 2.17 nm. The PdI remained relatively stable, with minor 
fluctuations around 0.17–0.18. This stability in size and distribution suggests that AndroNLCs are stable in 
acidic environments, resist the enzymatic activity of pepsin, and maintain structural integrity while present 
in the stomach. After SIF exposure, the particle size had a slight increase to 141.10 ± 5.00 nm. The PdI showed 
minimal changes, ranging from 0.17 to 0.20. These results indicate that AndroNLCs maintain size distribution 
and structural stability even in the presence of pancreatin and bile salts, which mimic the enzymatic and bile 
conditions in the intestinal lumen. These results show that the highly negative zeta potential of AndroNLCs 
contributes to electrostatic stability, preventing aggregation and maintaining uniform dispersion in both SGF 
and SIF studies.

Fig. 1.  Physicochemical characterization of andrographolide-loaded nanostructured lipid carriers 
(AndroNLCs). (A) Transmission electron micrograph of AndroNLCs, (B) the stability of Blank and 
AndroNLCs during 3 months of storage in distilled water at 25 °C, particle size and polydispersity index (PDI), 
(C) the zeta potential, and (D) the stability of AndroNLCs during 4 h of treatment in simulated gastric fluid 
(SGF) and simulated intestinal fluid (SIF) at 37 °C. PdI was measured in distilled water.
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Cytotoxicity and anti-inflammatory profiles of AndroLNCs in an in vitro study
The cytotoxicity of Blank, Andro, and AndroNLCs was assessed in SH-SY5Y human neuroblastoma cell lines 
across different concentrations. At lower concentrations (0.00 to 15.60 ppm), all treatments demonstrated 
relatively high cell viability, exceeding 80%. However, as the concentration increased, there was a decline in 
viability, particularly for the Blank and Andro. For instance, at a concentration of 31.00 ppm, cell viability 
dropped to 58.37 ± 6.14% for Blank and 64.08 ± 2.02% for Andro, while AndroNLCs maintained a relatively 
higher viability of 56.48 ± 2.19%. This trend continued at higher concentrations, with significant reductions in 
cell viability, Blank dropped to 25.67 ± 1.50%, Andro to 41.25 ± 5.95%, and AndroNLCs to 52.33 ± 5.39% at 
the highest concentration of 250 ppm. Notably, the AndroNLCs consistently displayed better efficacy than the 
Blank and Andro groups, with a less pronounced decline in viability as concentration increased (Fig. 2A). This 
result suggests that AndroNLCs exhibit reduced cytotoxicity. Concentrations between 7.81 and 15.60 ppm of 
AndroNLCs enhanced cell viability, suggesting that 10 ppm or 10 mg/kg might be a promising and safe dose for 
animal studies. For these studies, dosages up to 10 times the safety dose, approximately 1.0 ppm or 10 mg/kg, 
can be considered.

The inflammation profiles in SH-SY5Y neuronal culture cells pre-treated with lipopolysaccharide (LPS) 
for 24 h were assessed by measuring IL-6 and TNF-alpha levels (Fig. 2B,C). In the control group, IL-6 levels 
remained very low, at 2.94 ± 0.24 pg/mL, indicating minimal inflammation in untreated cells. LPS treatment 
alone (vehicle) led to a dramatic increase in IL-6 levels, averaging 327.00 ± 5.29 pg/mL compared to controls 
[F(5,12) = 1877; P < 0.001], reflecting a strong inflammatory response. When treated with 2.5  µg/mL Andro, 
IL-6 levels slightly decreased to 316.10 ± 1.41 pg/mL, suggesting a modest anti-inflammatory effect. Increasing 
the concentration to 5 µg/mL Andro significantly reduced to 278.50 ± 4.93 pg/mL [F(4,10) = 1025; P < 0.001], 
indicating a dose-dependent effect. However, when cells were treated with AndroNLCs, the anti-inflammatory 
response was more pronounced. At 2.5 µg/mL AndroNLC, IL-6 levels significantly dropped to 136.30 ± 1.78 
pg/mL, and at 5 µg/mL AndroNLC, levels further decreased to 91.37 ± 0.37 pg/mL [F(4,10) = 1025; P < 0.001], 
demonstrating the most potent anti-inflammatory effect. Similarly, TNF-alpha levels in the control group 
were low, at 19.69 ± 0.00 pg/mL. LPS treatment significantly increased to 44.69 ± 0.00 pg/mL in the vehicle 
group [F(5,12) = 1797; P < 0.001]. Treatment with 2.5 µg/mL Andro significantly reduced TNF-alpha levels to 
24.17 ± 0.28 pg/mL, with further reduction observed at 5 µg/mL Andro, where levels were 22.60 ± 0.45 pg/mL 
[F(4,10) = 1750; P < 0.001]. AndroNLCs had a more potent anti-inflammatory effect. At 2.5 µg/mL AndroNLCs, 
TNF-alpha levels to 18.65 ± 0.21 pg/mL, and at 5 µg/mL AndroNLC, levels were the lowest, at 18.54 ± 0.10 pg/
mL [F(4,10) = 1759; P < 0.001].

These results suggest that LPS treatment caused a substantial inflammatory response, as indicated by elevated 
IL-6 and TNF-alpha levels. Andro demonstrated a dose-dependent anti-inflammatory effect, with higher 
concentrations leading to greater reductions in both IL-6 and TNF-alpha levels. Interestingly, AndroNLCs 
could be more effective in mitigating LPS-induced inflammation in SH-SY5Y neuronal culture cells than natural 
Andro form.

Physical and biochemical responses of AndroNLCs in mice with TNF-alpha induced 
neuroinflammation
According to the experiment in the animal study, as shown in Fig. 3A, no differences in the starting body weight of 
the mice were observed among the groups (Fig. 3B). Vehicle-treated mice with TNF-alpha-induced inflammation 
had a lower final body weight [F(5,48) = 5.462; P < 0.001] and a reduced percentage of daily body weight change 
compared to the controls [F(5,48) = 7.339; P < 0.001]. However, after a 14-day treatment, Andro, AndroNLCs, 
DEXA (dexamethasone) and venlafaxine (VLX) significantly restored final body weight [F(4,40) = 6.153; 
P < 0.001] and percentage change in daily body weight gain compared vehicle-treated mice with TNF-alpha-
induced inflammation [F(4,40) = 8.771; P < 0.001], as presented in Fig. 3C,D. Furthermore, repeated peripheral 
TNF-alpha-induced inflammation had a compensatory effect on target organs in neuroimmunological and stress 
responses, as indicated by the increased relative wet weights of the adrenal glands [F(5,48) = 6.714; P < 0.001], 
spleen [F(5,48) = 5.768; P < 0.001], and thymus to body weight ratio[F(5,48) = 5.619; P < 0.001]. All interventions 
were significantly effective in in restoring the increased organ weights [adrenal glands: F(4,40) = 8.549 P < 0.001, 
spleen: [F(4,40) = 6.519; P < 0.001], thymus: [F(4,40) = 6.461; P < 0.001] associated with the detrimental effects of 
inflammatory induction (Fig. 3E–G).

At the biochemical level, vehicle-treated mice with TNF-alpha-induced inflammation showed markedly 
increased serum corticosterone (CORT, F(5,48) = 4.218; P = 0.003), alanine transaminase (ALT, F(5,48) = 4.218; 
P = 0.003 P < 0.001) and (J) aspartate aminotransferase (AST,   F(5,48) = 4.218; P = 0.003; P < 0.001] and 
hippocampal IL-6 [F(5,24) = 17.210; P < 0.001] and TNF-alpha [F(5,24) = 11.70; P < 0.001], as well as 
malondialdehyde (MDA, F(5,24) = 4.218; P = 0.003 P < 0.001) levels compared to the controls (Fig. 3H–M). The 
analysis of MDA levels as a marker of oxidative stress in hippocampal tissue revealed a significant increase in 
the vehicle-treated group. Treatment with AndroNLCs effectively reduced MDA levels, showing comparable 
effects to DEXA and superior efficacy to Andro alone. These findings indicate that AndroNLCs can effectively 
mitigate oxidative stress-indeced by TNF-alpha (Fig. 3M). Together, these results indicate that inflammation 
leads to significant biochemical dysregulation, reflecting systemic stress, hepatic injury, and neuroinflammatory 
responses.

Among these interventions, AndroNLCs and DEXA showed higher efficacy in reducing serum CORT 
[F(4,40) = 3.599; P = 0.014] and AST [F(4,40) = 3.599; P = 0.014] (Fig. 3H and J). AndroNLCs also significantly 
lowered hippocampal IL-6 levels [F(4,20) = 9.127; P < 0.001], while both Andro and AndroNLCs reduced TNF-
alpha levels (P = 0.010) (Fig. 3J). Therefore, AndroNLCs potentially alleviated stress and inflammatory markers.
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Fig. 2.  Safety and anti-inflammatory profiles in an in vitro study of Blank, natural Andrographolide (Andro), 
and Andrographolide-loaded nanostructured lipid carriers (AndroNLCs). (A) The percentages of cell viability 
in the cytotoxicity test, (B) changes in pro-inflammatory levels of IL-6, and (C) TNF-alpha in SH-SY5Y 
neuronal cultures exposed to lipopolysaccharides (LPS). The data are presented as mean ± SEM (n = 3 per 
group). *P < 0.05, ***P < 0.001 versus control, †††P < 0.001 versus vehicle.
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Fig. 3.  Physical and biochemical profiles of body and organ weights, serum and hippocampal biomarkers in 
male mice with TNF-alpha-induced inflammation. (A) Experimental design in the animal study, (B) starting 
body weight, (C) final body weight, (D) percentage of daily weight gain change, (E) relative adrenal gland 
weight, (F) spleen weight, (G) thymus weight, (H) serum corticosterone, (I) alanine transaminase (ALT) and 
(J) aspartate aminotransferase (AST) levels, (K) hippocampal interleukin (IL)-6, (L) tumor necrosis factor 
(TNF)-alpha and (M) malondialdehyde (MDA) levels. The data are presented as mean ± SEM (n = 5–9 mice 
per group). *P < 0.05, **P < 0.01, ***P < 0.001 versus control, †P < 0.05,††P < 0.01, †††P < 0.001 versus vehicle, 
and #P < 0.05, ##P < 0.01,###P < 0.001 versus Andro. Andro, Andrographolide; AndroNLCs, Andrographolide-
loaded nanostructured lipid carriers; DEXA, dexamethasone; VLX, venlafaxine.
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Although VLX is known for its antidepressant and anti-neuroinflammatory effects, it did not directly attenuate 
inflammation-induced stress, liver toxicity, or oxidative stress in these male mice, as indicated by sustained 
increases in serum CORT, ALT, AST, and hippocampal levels of IL-6, TNF-alpha, and MDA (Fig. 3H–M).

These physical and biochemical results suggest that AndroNLCs could be considered an alternative option 
for conditions associated with stress and inflammation, potentially offering a beneficial alternative to traditional 
anti-inflammatory treatments while attenuating Andro toxicity through the NLC formulation. As, mice with 
TNF-alpha-induced inflammation exhibited elevated serum ALT and AST levels compared to the control group. 
Treatment with AndroNLCs significantly reduced these levels, demonstrating effects comparable to DEXA and 
greater efficacy than Andro alone. These findings indicate that AndroNLCs may help mitigate liver injury in 
mice.

Behavioral responses of AndroNLCs in mice with TNF-alpha induced neuroinflammation
Regarding behavioral alterations, vehicle-treated mice with TNF-alpha-induced inflammation exhibited 
significant changes, including increased hyperlocomotor activity, heightened emotionality, generalized 
anxiety, and depressive-like behaviors. Vehicle-treated group had less time spent in the inner zone of the arena 
[F(5,48) = 3.660; P = 0.007] and showed an increased number of crossed lines [F(5,48) = 3.526; P = 0.009] and 
rearings [F(5,48) = 3.652; P = 0.007] in the open field test (OFT) (Fig. 4A–C). No difference in baseline latency 
was observed in the inhibitory avoidance test (Fig. 4D). Vehicle-treated group Vehicle-treated mice with TNF-
alpha-induced inflammation exhibited conditioned learned fear as indicated by prolonged inhibitory avoidance 
latency [trail I: F(5,48) = 5.175; P < 0.001 and trail II: F(5,48) = 8.085; P < 0.001] (Fig. 4E-F) but did not show 
a change in the time spent in the one-way escape test in the elevated T-maze (ETM) (Fig. 4G). Furthermore, 
a significant increase in immobility time was observed in the TST [F(5,48) = 3.127; P = 0.016], with increased 
immobility in the FST [F(5,48) = 3.932; P = 0.005] in vehicle-treated groups compared to controls (Fig. 4H–I).

Conversely, the administration of these interventions effectively alleviated the behavioral abnormalities. 
Andro, AndroNLCs, and DEXA increased the time spent in the inner zone during the OFT [F(4,40) = 4.706; 
P = 0.003], and all treatments restored the total number of line crossings [F(4,40) = 4.034; P = 0.008]. However, 
Andro, AndroNLCs, and VLX could restore the number of rearings [F(4,40) = 4.050; P = 0.008], but DEXA 
did not (Fig. 4A–C). In the ETM test, VLX-treated mice with TNF-alpha-induced inflammation spent more 
time in the enclosed arm during inhibitory avoidance trial I [F(4,40) = 2.687; P = 0.045) (Fig. 4E). Interestingly, 
all these interventions reduced conditioned fear in mice with TNF-alpha-induced inflammation, as observed 
by decreased avoidance in trial II [F(4,40) = 5.759; P < 0.001] (Fig. 4F). In addition, AndroNLCs, DEXA, and 
VLX-treated mice with TNF-alpha-induced inflammation showed a significant increase in the time spent in the 
open arm of the one-way escape test [F(4,40) = 6.413; P = 0.004] (Fig. 4G), suggesting that these treatments had 
potential panicolytic effects.

Besides anxiety evaluation in mice with TNF-alpha-induced inflammation, the results from depression 
tests found that AndroNLCs significantly alleviated depression-like behaviors, similar to DEXA and VLX in 
the tail suspension test (TST) [F(4,40) = 3.425; P = 0.017] and to Andro and VLX in the forced swim test (FST) 
[F(4,40) = 5.265; P = 0.002], when compared to the vehicle-treated group (Fig.  4H–I). Notably, AndroNLCs 
showed superior efficacy compared to Andro in alleviating panic-like behavior in the one-way escape test of the 
ETM [t(16) = 2.477; P = 0.012) and exhibited antidepressant effects in the TST [t(16) = 1.786; P = 0.047] (Fig. 4G–
H).

To sum up, these findings suggest that AndroNLCs could offer both anxiolytic and antidepressant-like effects, 
showing promise as a therapeutic intervention for alleviating behavioral abnormalities linked to inflammation-
induced anxiety-, panic-, and depression-like behaviors. AndroNLCs could surpass the efficacy of Andro alone 
and align with standard treatments, including anti-inflammatory and anti-stress agents.

Histological changes in hippocampal neurons in mice with TNF-alpha-induced 
neuroinflammation
Morphological changes in hippocampal neurons were observed using H&E staining (Fig. 5). The hippocampus 
consists of interlocking grey matter structures, including the cornu ammonis (CA) and the dentate gyrus (DG), 
separated by the hippocampal sulcus. The CA is divided into CA1, CA2, CA3, and CA4 regions, with the DG 
covering CA4 (Fig. 5.1A–6A). In the control group, pyramidal neurons had rounded nuclei with intact nucleoli 
and a border of cytoplasm, with closely packed cell bodies (red arrow) arranged in 3 to 4 rows in the pyramidal 
cell layer (PCL) of the CA1 to CA4 regions (Fig. 5.1B–1E). The granule cell layer (GCL) in the DG typically 
presents a rounded to oval-shaped aggregation of granule cell bodies (Fig.  5.1F). Vehicle-treated mice with 
TNF-alpha-induced inflammation showed signs of cell death, with nuclei becoming condensed and dark, and 
cell bodies appearing dark, shrunken, and loosely packed (black arrow), as well as dark, shrunken granule cell 
bodies in the hippocampal subregion (Fig. 5.2B–2F). Treatment with Andro, AndroNLCs, or DEXA reduced 
histopathological damage in the CA1 to CA4 and DG regions, displaying more regularly arranged pyramidal 
and granule cell bodies, with a few shrunken and deeply stained pyknotic nuclei (Fig. 5.3B–3F, 5.4B–4F, and 
5.5B–5F). However, treatment with VLX in CA3, CA4, and DG showed shrunken, dark-stained nuclei, often 
referred to as dark neurons, indicating degenerating or dying neurons (Fig. 5.6D–6F).

Since the DG is a key hub for integrating neurobiological processes that regulate emotional and behavior 
expression, making it an exciting target for research and therapeutic interventions in mood disorders. 
Quantitative histological DG analysis revealed that vehicle-treated mice with TNF-alpha-induced inflammation 
had an increased number of pyknotic cells [F(5,42) = 55.34; P < 0.001] and reduced the PCL and GCL thickness 
[F(5,84) = 59.11; P < 0.001] and fewer surviving cells compared to the control group [F(5,42) = 2.408; P < 0.001]. 
Treatment with Andro and AndroNLCs resulted in a reduction in pyknotic cells [F(4,35) = 55.52; P < 0.001] and 

Scientific Reports |        (2025) 15:11939 7| https://doi.org/10.1038/s41598-025-96758-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


restored the thickness of the PCL and GCL [F(4,70) = 37.970; P < 0.001], as well as the number of surviving cells 
[F(4,35) = 15.97; P < 0.001], compared to vehicle (Table 1).

Specifically, AndroNLCs have a superior neuroprotective effect against inflammatory induction by TNF-
alpha compared to Andro alone, as demonstrated by a significantly higher number of surviving cells in the 
hippocampal CA1 [t(14) = 2.711; P = 0.017] to CA2 regions [t(14) = 2.667; P = 0.018]. These results indicate that 

Fig. 4.  Behavioral profiles of locomotor activity and anxiety- and depression-like behaviors in male mice with 
TNF-alpha-induced inflammation using the open-field test (OFT), elevated T-maze (ETM), tail suspension test 
(TST), and forced swimming test (FST). (A) Time spent in the inner zone, (B) total number of line crosses, (C) 
number of rearing activity in the open arena, (D) time spent in inhibitory avoidance trials at baseline, (E) trail 
1, (F) trail 2, (G) time spent in the one-way escape latency test of the ETM, (H) immobility time in the TST 
and (I) in the FST. The data are presented as mean ± SEM (n = 9 mice per group). *P < 0.05, ***P < 0.001 versus 
control, †P < 0.05, ††P < 0.01, †††P < 0.001 versus vehicle and #P < 0.05 versus Andro. Andro, Andrographolide; 
AndroNLCs, Andrographolide-loaded nanostructured lipid carriers; DEXA, dexamethasone; VLX, 
venlafaxine.
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AndroNLCs effectively facilitate the attenuation of hippocampal neural damage in inflamed mice, demonstrating 
efficacy comparable to traditional treatments (i.e., DEXA and VLX).

Discussion
Inflammation, driven by the production of cytokines, chemokines, and reactive oxygen species, significantly 
affects both behavior and biochemistry, creating a complex interplay between the immune system and the 
nervous system1,5,6. While anti-inflammatory medications can manage inflammation, long-term side effects and 
delayed responses can occur14–16. Therefore, finding natural alternatives remains a necessary challenge.

This study has developed Andro delivery using NLCs, an anti-inflammatory and immunomodulating 
formulation of Andro, which addresses its limited physicochemical properties and pharmacology. The 
formulation demonstrates significant advancements in therapeutic utility, achieving homogeneity and stability 
with a particle size of 131.40 ± 1.30 nm, a PdI of 0.17 ± 0.02, and a zeta potential of − 33.33 ± 1.03 mV, indicating 
a consistent and uniform distribution of AndroNLCs. Based on these findings, the potential of NLCs as an 
effective delivery system for Andro has been reported26. The slightly larger size of AndroNLCs compared to 
the Blank formulation (131.40 nm vs. 125.40 nm) is within a reasonable range for NLCs, ensuring suitability 
for drug delivery applications. The size distribution, indicated by the PdI, describes the width of the particle 
size distribution. A PdI value ranging from 0.1 to 0.25 suggests a narrow size distribution. Here, the low PdI 
(0.17–0.18) indicates uniform particle size distribution, which is essential for consistent drug release kinetics 
and therapeutic efficacy, including antimicrobial effects and crossing the BBB27. Additionally, the more negative 

Fig. 5.  Histological profiles of H&E-stained hippocampal subregion sections, including cornu ammonis (CA) 
areas CA1, CA2, CA3, CA4, and the dentate gyrus (DG) in male mice with TNF-alpha-induced inflammation. 
Control mice (1 A–1 F); Vehicle-treated inflamed mice (2 A–2 F); Andro-treated inflamed mice (3 A–3 F); 
AndroNLCs-treated inflamed mice (4 A–3 F); DEXA-treated inflamed mice (5 A–5 F); VLX-treated inflamed 
mice (6 A–6 F). Red arrows indicate normal neuron cells, and black arrows indicate pyknotic neuronal cells. 
Scale bars represent 50 μm (magnification, 40×). Andro, Andrographolide; AndroNLCs, Andrographolide-
loaded nanostructured lipid carriers; DEXA, dexamethasone; PCL, pyramidal cell layer; GCL, granule cell 
layer; VLX, venlafaxine.
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zeta potential of AndroNLCs (-33.33 mV) compared to the Blank formulation (-25.11 mV) suggests enhanced 
stability due to stronger electrostatic repulsion, which reduces the likelihood of aggregation in nanofluids 
and colloidal systems28,29 (Fig.  1B-C). This is crucial for maintaining the integrity and performance of the 
nanoparticles during storage and administration, including oral delivery routes30,31.

Moreover, coupled with the high encapsulation efficiency achieved, this is a noteworthy accomplishment, 
enhancing both drug loading capacity and stability. The high encapsulation efficiency of Andro in NLCs (89.11%) 
demonstrates effective loading of the active compound into the NLCs. Although encapsulation efficiency for 
hydrophobic drugs can exceed 90%, this typically requires a higher material-to-drug ratio32. The efficiency in 
this study is commendable and indicates that Andro is effectively loaded into the NLCs while potentially using 
a more balanced material-to-drug ratio26,32,33. This level of efficiency is beneficial for maximizing the drug 
payload, improving therapeutic outcomes, and reducing required dosages.

Interestingly, AndroNLCs exhibit remarkable stability in both simulated gastric and intestinal conditions, 
maintaining structural integrity and uniform dispersion (Fig. 1D). In SGF, there was a slight increase in particle 
size from 131.40 ± 2.50 to 134.18 ± 2.17 nm, while the PdI remained stable (0.17 ± 0.02 to 0.18 ± 0.01), indicating 
resistance to acidic conditions and pepsin. Similarly, in SIF, there was a slight increase in particle size from 
131.40 ± 2.50 to 141.10 ± 5.00 nm, and there were minimal changes in PdI (0.17 ± 0.02 to 0.20 ± 0.01), indicating 
stability against pancreatin and bile salts. The highly negative zeta potential of AndroNLCs prevents aggregation, 
ensuring effective delivery of therapeutic payloads in the gastrointestinal tract, rendering them suitable 
candidates for oral delivery systems targeting neuroinflammation-mediated disorders34–36. These findings 
demonstrate the suitability of AndroNLCs as a delivery system for Andro. The controlled particle size, enhanced 
stability through zeta potential, and efficient encapsulation highlight its potential for targeted and sustained drug 
release applications. This can particularly benefit bioavailability, prolong drug action, and minimize the side 
effects of conventional formulations.

This study assesses the safety and efficacy of AndroNLCs, emphasizing cytotoxicity results and the potential 
to mitigate inflammation before animal model testing. The findings suggest that AndroNLCs display a favorable 
safety profile, exhibiting reduced cytotoxicity in comparison to the Blank and Andro treatments (Fig.  2A). 
At concentrations where cell viability is reduced to 80% or less, AndroNLCs consistently showed better 
performance23,37,38. Specifically, cell viability was slightly higher for Andro compared to Blank and AndroNLCs 
at 31 ppm. In comparison, 250 ppm AndroNLCs demonstrated greater benefits in cell viability compared to 
both Blank and Andro. These findings suggest that AndroNLCs could reduce cytotoxicity, making AndroNLCs 
a potentially safer option for therapeutic applications in the in vivo studies. Consistent with the results, the 
observed changes in liver function indicate that AndroNLCs reduced hepatotoxicity caused by TNF-alpha-
induced inflammation in mice (Figure F3J). Not only did Andro in NLCs demonstrate cytotoxic safety, but they 
also exhibited anti-inflammatory-like action by significantly lowering high levels of IL-6 and TNF-alpha in LPS-
pretreated cells, with reductions observed at both 2.5 µg/mL and 5 µg/mL doses (as shown in Fig. 2B-C). These 

Parameters

Treatment group

Control Vehicle Andro AndroNLCs DEXA VLX

Thickness of pyramidal layer (µm)

 CA1 37.45 ± 0.59 32.15 ± 0.67** 36.31 ± 0.83† 36.57 ± 0.74† 38.37 ± 0.77†† 38.26 ± 1.47††

 CA2 43.45 ± 1.01 29.54 ± 0.66** 40.19 ± 0.82†† 36.22 ± 0.75*††## 40.44 ± 1.47†† 44.25 ± 1.36††

 CA3 57.65 ± 1.76 28.31 ± 1.08** 44.18 ± 1.18**†† 40.52 ± 1.42**†† 44.20 ± 0.96**†† 54.51 ± 1.04††

 CA4 74.19 ± 3.69 42.20 ± 1.54** 55.39 ± 1.56**†† 58.15 ± 1.81**†† 64.68 ± 1.67*†† 49.38 ± 1.48**

 DG 70.41 ± 1.63 44.44 ± 0.86** 61.36 ± 0.98**†† 49.77 ± 0.92**††## 55.84 ± 1.18**†† 46.63 ± 0.99**

Number of surviving cells (cells/field)

 CA1 90.63 ± 1.58 74.00 ± 2.55** 82.88 ± 1.47† 90.50 ± 2.40††# 88.00 ± 0.98†† 80.75 ± 1.97**†

 CA2 117.25 ± 1.41 101.38 ± 1.94** 111.75 ± 1.03† 118.00 ± 2.10††# 116.13 ± 1.51†† 114.00 ± 4.14††

 CA3 80.63 ± 2.34 61.00 ± 0.63** 73.00 ± 1.80†† 76.63 ± 1.18†† 66.38 ± 1.34**† 76.50 ± 4.15††

 CA4 81.75 ± 3.81 68.13 ± 0.93** 78.88 ± 0.85†† 79.25 ± 0.94†† 79.63 ± 3.82†† 75.63 ± 3.36†

 DG 140.25 ± 1.68 122.38 ± 1.00** 146.63 ± 2.99†† 139.13 ± 1.17††# 140.50 ± 1.20†† 133.38 ± 3.66†

Number of pyknotic cells (cells/field)

 CA1 1.13 ± 0.30 3.63 ± 0.42** 1.63 ± 0.38†† 2.13 ± 0.23† 1.25 ± 0.16†† 2.38 ± 0.26†

 CA2 2.13 ± 0.30 6.13 ± 0.40** 2.75 ± 0.45†† 2.63 ± 0.26†† 2.50 ± 0.27†† 2.50 ± 0.19††

 CA3 1.75 ± 0.25 7.25 ± 0.49** 2.25 ± 0.25†† 1.88 ± 0.30†† 2.75 ± 0.25†† 2.88 ± 0.23††

 CA4 2.25 ± 0.45 10.00 ± 0.78** 3.38 ± 0.38†† 3.13 ± 0.30†† 4.25 ± 0.37*†† 3.88 ± 0.40††

 DG 2.88 ± 0.35 12.25 ± 0.67** 4.25 ± 0.56†† 3.63 ± 0.38†† 4.38 ± 0.32†† 4.13 ± 0.44††

Table 1.  Pyramidal cell layer, number of surviving cells and pyknotic cells in the hippocampus (CA1, CA2, 
CA3, and CA4), and granular cell layer in the dentate gyrus (DG) after 14 days of vehicle, Andrographolide 
(Andro), Andrographolide-nanostructured lipid carriers (AndroNLCs), dexamethasone (DEXA) or 
Venlafaxine (VLX) treatments in mice with neuroinflammation. The data are presented as mean ± SEM (n = 4 
mice per group). *P < 0.05, **P < 0.01 versus control, †P < 0.05, ††P < 0.01, versus vehicle, #P < 0.05, ##P < 0.01 
versus Andro.
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results indicate that AndroNLCs may be more effective than natural Andro in reducing inflammation while 
maintaining cell viability in inflammatory conditions37,38.

Despite these promising results, further studies are needed to assess the ability of AndroNLCs to cross the 
BBB, as effective BBB penetration is essential for treating neurological disorders. Solid lipid nanoparticles with 
Andro encapsulation may facilitate targeted delivery to the BBB. Time-dependent internalization studies of 
NLCs could reveal AndroNLCs’ potential for BBB penetration, making them a valuable candidate for treating 
neuroinflammation and related conditions35,39. Additionally, Andro exhibits low oral bioavailability across 
species, limiting its systemic effects40,41. In mice, oral administration of 50 mg/kg (142.73 µmol/kg) resulted 
in poor bioavailability (9.27 ± 1.69%), with a peak plasma concentration of 0.73 ± 0.17 µmol/L at 0.42 ± 0.14 h, 
indicating rapid absorption but limited systemic exposure41.To overcome these limitations, this study will 
further assess the pharmacokinetic properties of AndroNLCs, focusing on absorption, distribution, metabolism, 
and excretion in this novel delivery system.

Recent studies demonstrate a significant association between inflammation and sickness behavior in animal 
models, as reviewed by Rafiyan et al.42 Inflammation in rodents, induced by methods such as cancer, endotoxin 
LPS, or ovalbumin-induced food allergy, results in symptoms like reduced weight gain, similar to those 
observed with TNF-alpha injection (Fig. 3C-D), indicating sickness13. Our study further reveals a significant 
connection between the pro-inflammatory cytokine TNF-alpha and behavioral abnormalities in animal studies. 
Mice with TNF-alpha-induced inflammation exhibited hyperactivity in the adrenal gland, spleen, thymus, and 
liver, as indicated by increased organ weights during the immune-inflammatory challenge (Fig.  3E-G). This 
was accompanied by elevated serum CORT levels, altered liver function profiles, increased pro-inflammatory 
cytokines (i.e., IL-6 and TNF-alpha), and heightened oxidative stress (i.e., MDA) in the hippocampus (Fig. 3H-
M). Consequently, these results are reflected in increased locomotor activity and rearing in the OFT, along 
with generalized anxiety-like behavior in the ETM and depression-like behaviors in the TST and FST (Fig. 4). 
Consistently, previous studies show that increasing TNF-alpha levels peripherally, either through intraperitoneal 
injection or osmotic pumps, induces a robust inflammatory response marked by high levels of TNF-alpha, IL-
6, and monocyte chemoattractant protein (MCP-1). These findings confirm that TNF-alpha leads to sickness 
behavior, characterized by reduced weight gain, altered emotional states (e.g., anxiety- and depression-like 
behavior), and presumably impaired memory consolidation10,13,43.

From studies using LPS to induce inflammation support this connection, as systemic LPS exposure also 
leads to sickness behavior in mice44, indicating a common inflammatory pathway affecting behavior. The role 
of TNF-alpha in behavior becomes more nuanced when considering TNF receptor deletion. Patel et al.45 found 
that mice lacking TNF-R1 and TNF-R2 receptors showed increased non-aggressive exploration and anxiolytic-
like behaviors, suggesting these receptors regulate anxiety-related behaviors. Sustained high levels of IL-6 and 
TNF-alpha in the hippocampus can activate the HPA axis, leading to increased CORT release4,46. The CORT, 
a stress hormone, contributes to sickness behavior symptoms, including reduced weight gain, and can cause 
imbalances in central norepinephrine and serotonin, leading to anxiety and depression-like behaviors8,9,47. 
Additionally, elevated CORT, inflammation, and oxidative stress contribute to hippocampal injury by decreasing 
pyramidal layer thickness, reducing cell survival, and increasing pyknotic cells, potentially leading to behavioral 
abnormalities4,23,48.

In addition to validating animal models for inducing inflammation, exploring alternative therapeutic 
treatments with fewer side effects and effective anti-inflammatory properties is crucial. Andrographis paniculata 
(Burm. f) Nees-derived natural Andro has been widely used as a medicinal herb in various traditional 
systems, renowned for attenuating inflammation and oxidative stress17,20,49. Although body weight gain and 
feed consumption did not change during a 65-day administration of Andro in healthy rats50, the present study 
demonstrated that both Andro and AndroNLCs could restore body weight reduction in mice with TNF-alpha-
induced inflammation over a 14-day period (Fig. 3C-D). This suggests that these AndroNLC formulations may 
effectively mitigate inflammation-induced weight changes, which are indicative of sickness.

Despite a significant reduction in hippocampal TNF-alpha levels, the natural Andro formulation’s limited 
pharmacological effects were due to poor solubility and absorption. This resulted in a less pronounced reduction 
in serum CORT levels and a marked increase in hippocampal IL-6 and MDA levels. However, AndroNLCs 
enhanced efficacy by reducing all stress-, inflammatory-, and oxidative stress-related markers. In general, the 
standard anti-inflammatory treatment with DEXA directly attenuates inflammation and can mitigate stress 
associated with sepsis or infection51. DEXA can also exhibit partial anti-stress effects, as shown by reduced serum 
CORT, MDA levels and decreased anxiety-like and panic-like behaviors in the OFT and ETM. However, despite 
these effects, which are associated with elevated hippocampal IL-6 and MDA levels, AndroNLCs demonstrated 
superior effectiveness. As expected, VLX has been shown to modulate the balance of central norepinephrine 
and serotonin, promoting neuroprotection and attenuating CORT levels and anxiety-related behavior similarly 
to DEXA. However, it does not mitigate inflammatory and oxidative stress markers as effectively in this animal 
study52,53. Additionally, AndroNLCs outperformed the monoamine-modulating antidepressant VLX (Fig. 3H-
J). Consequently, AndroNLCs exhibited notable anxiolytic- and antidepressant-like actions, similar to VLX and 
DEXA treatments, as indicated by shortened escape times in the ETM and reduced immobility in the TST 
(Fig. 4F-H).

Besides behavioral and biochemical improvements, Andro could alleviate BBB disruption and neuronal 
cell damage18,19,21,54. Particularly, Andro in NLCs may further enhance hippocampal neuroprotection 
against systemic inflammation by attenuating behavioral abnormalities and cognitive deficits, reducing 
acetylcholinesterase activity, and mitigating oxidative stress, as observed in diabetic rats. Additionally, Andro 
can enhance hippocampal BDNF signaling in rats with cerebral hypoperfusion55. Furthermore, Andro in NLCs 
could increase cell proliferation in the dentate gyrus, as indicated by markers such as BrdU, doublecortin, and 
Ki67 cells in the hippocampal APPswe/PSEN1ΔE9 mice19,55–57. These mechanisms may contribute to increasing 

Scientific Reports |        (2025) 15:11939 11| https://doi.org/10.1038/s41598-025-96758-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


survival cells and attenuating hippocampal neural damage, including a reduction in hippocampal layer thickness 
and the presence of pyknotic cells in mice with TNF-alpha-induced inflammation (Fig. 5; Table 1).

As summarized in Fig. 6, our findings revealed the potential benefits of innovative AndroNLCs, a formulation 
characterized by improved encapsulation, homogeneity, stability, enhanced oral efficacy, low toxicity, and 
mitigation of inflammation in an in vitro study. The present study also demonstrated the therapeutic efficacy 
of AndroNLCs in reducing inflammation induced by TNF-alpha and alleviating sickness and stress-related 
behaviors associated with anxiety and depression in an in vivo study. This AndroNLC formulation was shown 
to mitigate hippocampal neuronal deterioration. However, further studies are necessary to assess the long-term 
effects of AndroNLCs, particularly concerning their toxicity and efficacy in models of systemic inflammation. 
Additionally, ongoing research aims to elucidate the specific mechanisms of AndroNLCs, particularly the 
interaction with the TNF-alpha signaling pathway, in modulating antipsychotic effects and memory impairment 
under inflammatory conditions. Molecular techniques and comprehensive histological evaluations, including 
the assessment of gene and protein expression regulating brain plasticity, as well as Nissl staining and TUNEL 
assays, would be employed in these studies. Taken together, by enhancing the delivery and therapeutic efficacy 
of Andro, AndroNLCs could serve as a novel alternative to current treatments for patients suffering from 
neuroinflammation caused by systemic inflammation.

Materials and methods
Preparation and characterization of AndroNLCs

AndroNLCs were prepared using high-pressure homogenization. Briefly, glycerol monostearate, black 
sesame oil (Catalog number: 1612415, Product Code: 41116107), sorbitan oleate (Catalog number: S6760, 

Fig. 6.  The summary of the study shows the composition, which includes andrographolide (Andro), sesame 
oil, and glycerol monostearate (GMS). This representation demonstrates the effectiveness of Andrographolide-
loaded nanostructured lipid carriers (AndroNLCs), showing low cytotoxicity and significant anti-inflammatory 
effects in lipopolysaccharide (LPS)-pretreated SH-SY5Y neuroblastoma cell cultures, with reduced levels 
of interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-alpha). Additionally, AndroNLCs effectively 
alleviated anxiety, depression, and compensatory responses to TNF-alpha challenge in male C57BL/6 mice. 
This was demonstrated by decreased targeted organ weights, reduced corticosterone, lower hippocampal IL-6, 
TNF-alpha, oxidative stress levels, and improved hippocampal morphology and pyknosis with increased cell 
survival, suggesting potential for mitigating neuroinflammation-induced behavioral abnormalities.
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Product Code: 12161900), and Andro (98% Andrographolide, Catalog No. 365645, Lot# MKCH1668, 
Product Code: 1002817134) from Sigma-Aldrich, St. Louis, MO, USA were heated together at 60 to 
80 °C in a 10:5:2:1 weight ratio to form the lipid phase. The co-surfactant from Sigma-Aldrich, St. Louis, 
MO, USA, Polysorbate 80 (Catalog number: 1.37171, Product Code: 12352207), and iodopropynyl 
butylcarbamate (Catalog number: PHR1354, Product Code: 41116107), were heated in deionized water 
(DI), forming the aqueous phase. This aqueous phase was then added to the lipid phase, and the mixture 
was sonicated using a probe at 35% amplitude for 30 min.
The particle size, polydispersity index (PdI) and zeta potential of NLCs were determined using a dynamic 
light scattering (DLS) Nanosizer (Malvern Panalytical Ltd., Malvern, UK). The particle suspension was 
diluted 1,000 times in DI water before the analysis. All measurements were performed in triplicates. 
Additionally, the DLS technique confirmed the stability of AndroNLCs, following storage at 25 °C for 
3 months23. The particle morphology of AndroNLCs was characterized using a transmission electron 
microscope (TEM, JEM-2100 plus, JEOL, Osaka, Japan) after vacuum-drying. The TEM samples were 
diluted in DI water and dropped on a copper grid, and the samples were observed at a magnification of 
40,000× and at 200 kV.
The encapsulation efficiency (EE) of AndroNLCs was determined using an Amicon membrane filter, 
followed by centrifugation. Unloaded Andro in the aqueous phase was filtered, and AndroNLCs 
concentration was evaluated and calculated based on HPLC-UV analysis. The encapsulation efficiency 
was calculated using the following equation:

	
%EE = Ci − CF

Ci
× 100

Where Ci is the initial concentration of Andro added to NLCs. Cf is the concentration of unloaded Andro.

Measurement of the stability of AndroNLCs in simulated gastric and intestinal conditions

The stability in simulated gastric and intestinal conditions was performed following in vitro digestion 
protocol as described by Minekus et al.58 The NLCs were soaked in simulated gastric fluid (SGF, pH 3) 
and simulated intestinal fluid (SIF, pH 7) at 37 °C in a shaking incubator for 4 h. Particle size, PdI and 
zeta potential of NLCs were monitored the stability in simulated fluids. The measurements were repeated 
in triplicate, and the average values were calculated. The stability of the encapsulated AndroNLCs in 
simulated gastric or intestinal conditions was performed by mixing 0.5 mL of samples with 0.5 mL of 
SGF or SIF stock solution to make a final AndroNLC concentration of 0.5 mg/mL. The mixtures were 
fully incubated with shaking incubator at 500 rpm, 37 °C for 2 h. Particle size, PdI and zeta potential of 
AndroNLCs were measured as mentioned above.

Measurement of in vitro cytotoxicity and inflammatory responses.
The human SH-SY5Y neuroblastoma cell line from American Type Culture Collection company, VA, USA 
(ATTC: CRL-2266) was maintained in Eagle’s Minimum Essential Medium supplemented with 10% fetal bovine 
serum (Gibco™, Catalog number: A5670701, Lot number: U3090991RP, Life Technologies Corporation, NY, 
USA), 100 units/mL penicillin and 100 µg/mL streptomycin (Pen&Strep, Gibco™, Catalog number: 15070063, Lot 
number: 240298, Life Technologies Corporation, NY, USA). Cells were cultured at 37 °C in a 5% CO2 incubator. 
Cytotoxicity of neuron cells was evaluated by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) tetrazolium reduction assay (Catalog number: M6494, Lot number: 78952442, Invitrogen™,Life 
Technologies, OR, USA), which measured mitochondrial succinate dehydrogenase. Cells were seeded at a 
density of 1 × 104 cells/well in 96-well plates and allowed to grow until 70–80% confluent, followed by treatment 
with Blank, isolated Andro and AndroNLCs. Cytotoxicity was examined 24 h post incubation by adding 100 µL 
MTT solution (1 mg/mL in PBS) to each well and incubating for 4 hours at 37 °C. MTT solution was removed, 
and the formazan crystals were dissolved by adding 100 µL DMSO to each well. Finally, the absorbance was 
measured at 570 nm using SpectraMax M2 microplate readers (Molecular Devices LLC, San Jose, CA, USA)23.

After differentiating SH-SY5Y cells, pre-treatment was conducted with LPS (E. coli O55:B5, Catalog number: 
L2637, Product code: 12352201, Sigma-Aldrich, St. Louis, MO, USA) at a 1  µg/mL concentration. The cells 
were cultured for 24 h, with untreated cells serving as controls. Following treatment with either 2.5–5 µg/mL of 
Andro or AndroNLCs, the culture media from both treated and control cells were collected and stored at − 80 °C 
until measurement. The concentrations of IL-6 and TNF-alpha secreted into the culture media of SH-SY5Y 
monocultures were measured using human IL-6 (catalog number EH2IL6) and TNF-alpha (catalog number 
88-7346-88) ELISA Kits (Invitrogen, Thermo Fisher Scientific Inc., MA, USA), following the manufacturer’s 
instructions59.

Animal and treatments
Fifty-four adult male C57BL/6 mice (8 weeks old) were purchased from Nomura Siam International Co., Ltd. 
(Bangkok, Thailand). The mice were randomly housed in groups (9 mice/group) in a controlled standard animal 
laboratory room maintained at 23 ± 2 °C and 54 ± 3% humidity, with a 12-hour day/night cycle. The mice were 
fed a standard chow diet from Charoen Pokphand Foods Public Co., Ltd. (Bangkok, Thailand) for at least 7 days 
before the start of the experiments. The experimental procedures were approved by the Institutional Animal 
Care and Use Committee of Thammasat University, Pathum Thani, Thailand (project number 21-2021, renewed 
in 2024). The Laboratory Animal Center at Thammasat University is internationally accredited by AAALAC. 
All experiments and methods performed in this study complied with relevant regulations and adhered to the 
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ARRIVE (Animal Research: Reporting of in vivo experiments) guidelines. The mice were randomly assigned to 
six groups as follows:

	1.	 Control group: mice received a sterile phosphate-buffered saline (PBS) intraperitoneal injection (i.p., 1 mL/
kg) for inflammation induction coupled with a daily oral dose of 3 mL/kg lipid solution (vehicle) for 14 days.

	2.	 Vehicle group: mice received 63 µg/kg TNF-alpha (i.p.) every three days for a total of 12 days (5 doses) cou-
pled with a daily oral dose of 3 mL/kg lipid solution for 14 days.

	3.	 Andrographolide group (Andro): inflamed mice received a daily oral dose of 10 mg/kg Andro in lipid solu-
tion for 14 days.

	4.	 Andrographolide-loaded lipid nanoparticles group (AndroNLCs): inflamed mice received a daily oral dose 
of 10 mg/kg AndroNLCs for 14 days.

	5.	 Dexamethasone group (DEXA): inflamed mice received a daily oral dose of 1 mg/kg DEXA, a positive con-
trol for systemic inflammation for 14 days.

	6.	 Venlafaxine group (VLX): inflamed mice received a daily oral dose of 10 mg/kg VLX as a positive control for 
stress-reducing effects (anti-stress monoamine modulator) for 14 days.

After completing the treatment period, all mice were assessed for stress-related behaviors, including locomotor 
activity and anxiety- and depression-like behaviors, using the open-field test (OFT), the elevated T-maze (ETM), 
the tail suspension test (TST), and the forced swimming test (FST). Following the 24-hour behavioral tests, the 
mice were euthanized using isoflurane inhalation. Blood and target organs (brain, thymus, and spleen) were 
then collected to investigate immune defense mechanisms during an inflammatory challenge. Specifically, five 
fresh hippocampal tissue samples were subjected to biochemical analysis, while four samples underwent the 
embedding process in paraffin for histological study4.

Administration of anti-inflammatory medications in mice with TNF-alpha-induced 
neuroinflammation
Based on Biesmans et al.13, a dose of 63 µg/kg TNF-alpha (i.p.) induced sickness, systemic inflammation, and 
behavioral abnormalities. This dose significantly affected brain and serum levels of IL-6, TNF-alpha, and MCP-
1 and influenced IFN-γ levels in the brain, indicating its effectiveness in inducing an inflammatory response. 
Recombinant mouse TNF-alpha (aa 80–235) protein (catalog number 410-MT-010, R&D Systems, Inc., 
Minnesota, USA) dissolved in sterile PBS and administered every 3 days for a total of 5 doses. In parallel, the 
mice were orally administered 10 mg/kg Andro (Sigma-Aldrich, Missouri, USA) and 10 mg/kg AndroNLCs (in 
a 1 mg/mL formulation), along with the standard anti-inflammatory DEXA, 1 mg/kg from Charoen Pharmacy 
Lab Company, Bangkok, Thailand51, and the antidepressant VLX, 10 mg/kg from Pfizer Ireland Pharmaceuticals, 
Co. Kildare, Ireland, which is a serotonin and norepinephrine reuptake inhibitor4. Andro or AndroNLCs were 
administered orally based on anxiolytic action by reducing stress-induced hyperthermia and sleep disturbances, 
comparable to diazepam60. AndroNLCs, with an 89% Andro load, were administered at 0.28 mL of the 1 mg/mL 
formulation to a 25 g mouse, delivering 0.25 mg of andrographolide (10 mg/kg). These treatments were given 
daily between 9:00 AM and 12:00 PM for 14 days.

Measurement of stress-related behaviors
Locomotor activity and anxiety-like behaviors
Open-field test (OFT)  The open field apparatus was used to study motor activity and anxiety levels in response 
to an unfamiliar environment on day 15. The apparatus was a square enclosure made of black acrylic plastic, 
measuring 100 × 100 × 40 cm. The floor was divided by white lines arranged in a 20 × 20 pattern, with each square 
being 5 × 5 cm. The inner zone was defined as a 90 × 90 cm square located 5 cm from each wall, with the remain-
ing area designated as the outer zone. The open field was illuminated by a neon tube lamp, providing 200 lx in 
the center of the field. To begin the test, each mouse was gently placed in the central area and allowed to explore 
for 5 min. All behavioral profiles were recorded using an infrared digital video camera positioned above the 
open field. After each trial, the open field apparatus was cleaned with a paper towel soaked in 20% alcohol. The 
total number of line crosses and rearing was used to indicate locomotor activity and exploration. Additionally, 
increased time spent in the outer arena was used as an indicator of higher anxiety levels52,53.

Elevated T-maze (ETM)  To study different types of anxiety (i.e., conditioned or learned fear associated with 
generalized anxiety and unconditioned fear or panic-like behaviors) in mice, the ETM was used following the 
OFT with a 1-hour resting period on day 15. The ETM was constructed from black acrylic plastic and consisted 
of three parts: two enclosed arms with opaque walls and two open arms positioned perpendicularly to the en-
closed arms. The apparatus was elevated 50 cm above the floor. To prevent falls, the open arms were surrounded 
by a 1 cm high Plexiglas rim. Between trials with different mice, the apparatus was cleaned with 20% alcohol. 
Each mouse was tested only once and gently placed in the ETM. The procedure involved measuring three trials 
of inhibitory avoidance acquisition: baseline latency, avoidance latency I, and avoidance latency II, with 30-sec-
ond resting intervals between trials. Additionally, one-way escape latency was assessed following the inhibitory 
avoidance test. In the ETM, all tests were recorded with a maximum 5 min per trial. Generalized anxiety-like 
behavior was defined as increased latencies to leave the enclosed arm across these trials, while panic-like behav-
ior was characterized by decreased one-way escape latency from an open arm53.

Depression-like behaviors
Following ETM test, the tail suspension test (TST) was conducted on day 16, to assess despair-related behaviors 
under inescapable stress. The tail was suspended using adhesive tape placed 1  cm from the tip. A stainless-
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steel stand, 45 cm high, ensured consistent tail suspension, with each mouse hanging 40 cm above the ground. 
Immobility, defined as the absence of any movement except for breathing, was recorded for 6 min using a digital 
video camera. Increased immobility time is considered an indicator of depression-like behavior in mice61.

To further confirm depressive-like behavior in mice induced by environmental hopelessness, a 6-minute 
forced swimming test (FST) was conducted after the 1-hour TST. Mice were assessed individually in bright plastic 
cylinders (45 cm in height and 20 cm in diameter) filled with 30 cm of 25 °C tap water. Immobility behavior 
(floating with only minimal movements necessary to keep the head above water) in FST was recorded using a 
digital video camera. An increase in immobility duration indicated higher levels of depression-like behavior62.

Euthanasia
The mice were euthanized using an overdose of isoflurane anesthesia (Attane™, Missouri, USA), administered 
via inhalation. Anesthesia induction involved inhaling 5% vaporized isoflurane. Before blood and specimen 
collection, the mice showed no movements or reactions to pain stimuli at the foot and tail.

Measurement of body and organ weights
The body weight of the mice was recorded daily throughout the 16-day experiment. The percentage change in 
daily body weight gain was then determined by calculating the difference between the weight at the end of the 
acclimation period and the weight at the study endpoint. Following euthanasia, the adrenal glands, spleen and 
thymus of each mouse were excised and weighed. These organs serve as indicators of systemic immunotoxicity 
and stress responses. Organ weights relative to the final body weight allow for accurate interpretations of organ 
size and function in relation to overall body weight4.

Measurement of stress, toxicity, inflammatory, and oxidative stress markers
Blood was carefully conducted via cardiac puncture between 9:00 AM and 12:00 PM, and serum was prepared. 
While the dorsal part of the hippocampi was microdissected and lysed. The supernatant was collected for pro-
inflammatory cytokine analysis. Serum corticosterone (CORT) levels, along with hippocampal TNF-alpha and 
IL-6 levels, were assessed using commercial immunoassay kits, corticosterone parameter assay kits (catalog 
number KGE009, R&D Systems, Inc., Minnesota, USA), mouse TNF-alpha ELISA 96T/kit (catalog number 
ELM-TNFa-CL-1, RayBiotech Life, Inc., Georgia, USA) and mouse IL-6 ELISA, 96TKit (catalog number 
ELM-IL6-1, RayBiotech Life, Inc., Georgia, USA) following the respective manufacturer’s instructions. In 
addition, serum was prepared for blood chemistry analysis, i.e., alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST), conducted using a chemistry analyzer (BS-620 M, China). Malondialdehyde (MDA) 
levels were determined by constructing a standard curve using 1,1,3,3-tetraethoxypropane in the 0.3 to 1 µmol/L. 
MDA concentrations in the hippocampal supernatant were normalized to the protein concentration, which was 
determined using the Bradford dye-binding method.

Measurement of hippocampal neuronal morphology
Following euthanasia, blood was collected from the mice via cardiac puncture. The mice brains were washed with 
cold 0.1 M PBS at pH 7.4, and the brain hemispheres were then immersed overnight in 4% paraformaldehyde in 
0.1 M PBS. Brains from each experimental group (n = 4) were subsequently processed for paraffin embedding. 
Brain sections with a thickness of 5 μm were manually cut using a rotary microtome (Leica Biosystems, Nussloch, 
Germany). Hippocampal sections were stained with standard hematoxylin and eosin (H&E, MilliporeSigma, 
Massachusetts, USA) to evaluate alterations in neuronal morphology in the cornu ammonis (CA) 1 to 4 regions 
and the dentate gyrus (DG). The pyramidal cell layer (PCL) and granular cell layer (GCL) thickness, the 
number of surviving cells, and the presence of neuronal injury or damage, as represented by pyknotic cells, were 
photographed with a light microscope and assessed using ImageJ software4,23.

Statistical analysis
Data are reported as mean ± standard error of the mean (SEM). Unpaired Student’s t-tests were used to compare 
two data sets, while one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test was used 
to compare group differences. Normality tests were conducted to assess whether the data followed a Gaussian 
distribution. Statistical significance was set at P < 0.05. All statistical analyses and graphical representations were 
performed using GraphPad Prism 10 (GraphPad Software Inc., San Diego, CA, USA).

Data availability
Datasets and analyses from this study are not publicly available due to a pending patent filing but can be provid-
ed upon reasonable request from the corresponding author.
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