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Background: Metabolic Associated Fatty Liver Disease (MAFLD) is a prevalent metabolic disorder with no effective approved
pharmacotherapy. Andrographolide, a bioactive diterpenoid from Andrographis paniculata, has anti-inflammatory and antioxidant
properties, but its mechanisms in MAFLD remain unclear.

Methods: An integrated computational and experimental approach was applied. Network pharmacology was used to identify shared
targets between andrographolide and MAFLD using public drug-target and disease databases. Protein-protein interaction analysis,
pathway enrichment, and molecular docking with hub proteins were then performed. For experimental validation, hepatic steatosis was
induced in HUH?7 cells with oleic acid (1 mM, 24 h) and treated with andrographolide (14 pM). Lipid accumulation was measured by
Oil Red O staining, and hub gene expression was analyzed by qRT-PCR.

Results: In silico analysis identified 253 shared targets, with TNF, IL6, AKT1, TP53, IL1B, JUN, VEGFA, STAT3, CASP3, and
EGFR as major hubs. Enrichment analysis highlighted lipid metabolism, and inflammation signaling pathways. Molecular docking
showed strong binding to AKT1 (-7.7 kcal/mol), EGFR (-7.5 kcal/mol), and STAT3 (-7.2 kcal/mol). In vitro, andrographolide
reduced oleic acid-induced lipid accumulation by 38% (p = 0.0032). qRT-PCR revealed significant downregulation of AKT1 (73.5%,
p = 0.0159), EGFR (72.0%, p = 0.0137), and STAT3 (53.6%, p = 0.0220) mRNA expression in andrographolide-treated steatotic
hepatocytes. These transcript-level changes are correlative observations and do not confirm direct inhibition of AKT1, EGFR, or
STAT3 protein activity, which requires phosphorylation-specific validation. The mRNA findings suggest a potential association
between andrographolide treatment and modulation of these signaling pathways at the transcriptional level.

Conclusion: Andrographolide alleviates hepatic steatosis and is associated with transcriptional modulation of AKT1, EGFR, and
STAT3 mRNA. However, protein-level validation is absent, and these findings should be considered hypothesis-generating rather than
mechanistic proof of target inhibition. The results support further investigation of andrographolide as a potential multi-target
therapeutic candidate for MAFLD.

Keywords: andrographolide, fatty liver disease, molecular docking, bioinformatics, gene expression, HUH7 cells

Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD), formerly known as nonalcoholic fatty liver disease (NAFLD),
impacts roughly 25% of the global population and encompasses a progressive continuum from hepatic steatosis to metabolic
dysfunction-associated steatohepatitis (MASH), fibrosis, cirrhosis, and hepatocellular carcinoma.'™ This condition is closely
associated with obesity, insulin resistance, and type 2 diabetes, serving as an independent risk factor for cardiovascular
diseases and extrahepatic malignancies due to systemic proinflammatory and profibrotic environments.*®’ The complexity of
the disease is further exacerbated by dysregulated metabolic pathways, such as bile acid metabolism and nuclear receptor
signaling, which play significant roles in disease progression and the severity of fibrosis.®® Despite its increasing prevalence
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and multisystemic effects, there are currently no approved pharmacological treatments for MAFLD/MASH, highlighting an
urgent clinical demand for innovative therapeutic approaches.''

Andrographolide, the primary bioactive diterpenoid lactone extracted from Andrographis paniculata, has attracted
considerable interest due to its extensive pharmacological properties, particularly its strong anti-inflammatory and
antioxidant effects.'"'* Indeed, andrographolide is considered the principal active component of A. paniculata, demon-
strating protective and therapeutic benefits in various liver disease models.'* Mechanistically, andrographolide inhibits
Nuclear factor kappa B (NF-«kB) signaling, reduces the expression of pro-inflammatory cytokines (Interleukin (IL)-1p,
IL-6, Tumor necrosis factor (TNF)-a), and activates the Nrf2-mediated antioxidant response, which are essential for
mitigating chronic inflammation and oxidative stress associated with metabolic diseases.'''*'® Recent findings also
suggest that andrographolide influences glucose and lipid metabolism, thereby expanding its therapeutic potential beyond
conventional anti-inflammatory roles."'

Experimental models of MAFLD have confirmed the effectiveness of andrographolide. In mice subjected to a high-fat
diet (HFD), the administration of andrographolide resulted in a reduction of obesity, an improvement in glucose
tolerance, and a decrease in hepatic steatosis through the downregulation of FATP2-mediated fatty acid uptake.'®

Simultaneously, it inhibits adipogenic differentiation by interfering with the CCAAT/enhancer-binding protein beta (C/
EBP) / Peroxisome proliferator-activated receptor gamma (PPARY) signaling pathways.?*?' Additionally, its derivative, 14-
deoxy-11,12-didehydroandrographolide, has been shown to alleviate steatohepatitis by enhancing antioxidant activities.”? In
MASH models, andrographolide has been found to diminish hepatic inflammation, hepatocyte ballooning, and fibrosis by
inhibiting the NLRP3 inflammasome and modulating TLR4/NF-kB and TGF-B/Smad signaling pathways.**
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Moreover, synergistic anti-fibrotic effects have been noted when used in conjunction with pirfenidone, which acts by
blocking the activation of hepatic stellate cells.** Comprehensive hepatoprotective effects have also been reported across
various liver injury models, including cirrhosis, alcoholic liver disease, and drug-induced fibrosis.'”*>?” Despite the
challenges posed by poor bioavailability that impede clinical application, innovative nanocarrier delivery systems hold
potential for improving its therapeutic efficacy.'®*®

Due to the fact that natural products such as andrographolide frequently interact with multiple molecular targets,
contemporary research is increasingly utilizing computational “in silico” techniques to forecast their mechanisms of
action. Network pharmacology, molecular docking, and associated bioinformatics tools amalgamate extensive databases
and systems biology to delineate drug-target-pathway networks.””>? Recent integrative research that merges computa-
tional predictions with experimental validation has effectively elucidated the mechanisms of andrographolide across
a range of diseases. For instance, network pharmacology has been employed to clarify the effects of various traditional
Chinese medicinal compounds on complex diseases, including MAFLD. In a recent investigation, researchers integrated
network analysis with molecular docking to unravel andrographolide’s role in hepatocellular carcinoma.*® By forecasting
andrographolide’s potential protein targets and subsequently validating significant interactions through docking simula-
tions, they pinpointed pertinent signaling pathways impacted by the compound.®® Furthermore, Zhang et al (2025)
illustrated that andrographolide mitigates acute liver injury through the NOD-like receptor protein 3 (NLRP3)/Caspase-1/
Gasdermin D (GSDMD)-mediated pyroptosis pathway, utilizing network pharmacology and molecular docking
techniques.>® Yin et al (2025) applied integrative network pharmacology alongside in vivo and in vitro experiments to
uncover andrographolide’s influence on the Signal transducer and activator of transcription 3 (STAT3)/ Phosphoinositide
3-kinase (PI3K)/Akt pathways in diabetic nephropathy.’> More recently, Zhang et al (2026) discovered prostaglandin
E synthase 3 (Ptges3) as a covalent target of andrographolide, indicating the disruption of the Ptges3-Hsp90-NF-«kB axis
in pulmonary fibrosis.>® These investigations underscore the efficacy of combined computational and experimental
methodologies in clarifying multi-target mechanisms and validating innovative therapeutic pathways.

Although prior research has demonstrated the effectiveness of andrographolide in MAFLD through distinct pathways
(eg, Fatty acid transport protein (FATP)2, Transforming Growth Factor (TGF)-B, NLRP3), there is a notable absence of
a comprehensive systems-level analysis that identifies the key hub genes and core signaling networks concurrently
targeted by andrographolide in this context. Our research addresses this significant gap by: (i) utilizing network
pharmacology to develop an integrated drug-target-disease interaction network, which prioritizes hub genes and essential
biological pathways pertinent to the pathogenesis of MAFLD, including potential targets related to cell cycle regulation
(CDT1, CDC6),*” inflammatory modulation (galectin-3),** and metabolic regulation (pregnane X receptor (PXR));” (ii)
offering novel pathway-level evidence through extensive functional enrichment analyses that uncover interconnected
signaling networks beyond isolated pathway mechanisms; and (iii) We are confirming the changes in expression of
prioritized hub genes in a well-established MAFLD cell culture model through real-time PCR. These transcript-level
observations are correlative and do not establish direct functional inhibition of the encoded proteins. Although these
mRNA changes indicate a link between andrographolide treatment and the modulation of these signaling pathways, we
recognize that they might also represent secondary responses to decreased cellular steatosis. This method adds another
layer of validation that supports existing in vivo studies, but more functional experiments are necessary to establish direct
causal relationships. This dual computational-experimental framework not only consolidates current mechanistic insights
but also identifies new candidate targets and pathway interactions that have not been previously reported in MAFLD,
providing a prioritized roadmap for future mechanistic exploration and therapeutic development.

Methods

Data Acquisition and Target ldentification for Andrographolide

The potential protein targets of Andrographolide (CID: 5318517) were systematically gathered from seven prominent
pharmacological and cheminformatics databases to guarantee thorough coverage. The databases that were queried include:
SwissTargetPrediction (probability > 0.097), SEA (Similarity Ensemble Approach, Affinity Threshold (nM) > 9),
PubChem BioActivity, PPB2 (Protein-Protein-Binding) database, BindingDB, IUPHAR/BPS Guide to Pharmacology,
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and PharmMapper (Fit score > 2.0). Gene symbols corresponding to the predicted targets were extracted from the output of
each database. Duplicate entries were eliminated, resulting in a unique and non-redundant list of targets associated with
Andrographolide.

In silico Toxicity Prediction of Andrographolide

A computational assessment of the toxicity of the compound Andrographolide was conducted using two complementary
in silico platforms, ProTox 3.0 and ADMETIab 3.0, to create a detailed profile. Initially, the structure of Andrographolide
was input into the ProTox 3.0 server by its common name. The compound underwent analysis through an ensemble of 61
machine-learning models.?* Molecular similarity was evaluated against databases of known toxic substances, and fragment
propensities were computed to pinpoint structural motifs linked to toxicity. Predictions regarding binding to specific
toxicity targets were made using a collection of protein-ligand-based pharmacophore models. Consequently, predictions for
acute oral toxicity (LD50), organ toxicity, and various toxicological endpoints were derived. Simultaneously, a distinct
evaluation was performed utilizing the ADMETIab 3.0 platform. The compound was analyzed through a Directed Message
Passing Neural Network (DMPNN) framework to assess a broad range of properties. Predictions were produced for 21
physicochemical parameters, 19 medicinal chemistry properties, 34 ADME endpoints, and 36 toxicity endpoints.
Furthermore, the structure was screened against a set of 751 toxicophore rules to detect any undesirable substructures.
Ultimately, the findings from both analyses were integrated and interpreted. Consensus alerts were recognized, and a unified
in silico toxicity profile for Andrographolide was assembled to evaluate its potential liabilities.

MAFLD-Related Target Gene Collection

Genes linked to MAFLD were sourced from three specific disease databases: DisGeNET (version 2020) (GDA score >
0.01), Pharos (meanRankScore > 1), and GeneCards (relevance score > 0.145). The search utilized the terms ‘“Non-
Alcoholic Fatty Liver Disease” or “MAFLD.” To maintain data integrity, targets from GeneCards were filtered according
to a relevance score. The final compilation of MAFLD-related genes was achieved by merging the findings from all three
databases and eliminating duplicates.

|dentification of Shared Targets

The shared targets between Andrographolide and MAFLD, which signify potential direct therapeutic intervention points,
were determined by calculating the intersection of the two gene lists derived from sections 2.2.1 and 2.2.2. A Venn
diagram was created to illustrate the overlap.

Protein-Protein Interaction (PPl) Network and Hub Gene Analysis

The list of shared targets was uploaded to the STRING database (version 11.5) to develop a PPI network. The analysis
focused on Homo sapiens with a minimum interaction score threshold of 0.400 (medium confidence). Isolated nodes
were excluded from the network. The resulting network was downloaded and subjected to further analysis using the
igraph package in R. Network topology metrics, such as degree, betweenness centrality, and closeness centrality, were
computed for each node. Hub genes were identified as the top 10 nodes exhibiting the highest degree centrality. This
threshold was selected based on established practice in network pharmacology studies, where the top 10 nodes by degree
centrality are commonly recognized as the most influential hubs.*>*' Furthermore, the Louvain algorithm was employed
for community detection within the network to uncover densely connected clusters of proteins, which may indicate
functional modules.

Functional and Pathway Enrichment Analysis

To elucidate the biological functions, pathways, and processes influenced by the common targets, a thorough enrichment

analysis was conducted. The shared gene symbols were transformed into Entrez IDs utilizing the org.Hs.eg.db database.
The subsequent enrichment analyses were executed employing the clusterProfiler package: Kyoto Encyclopedia of Genes

and Genomes (KEGG) Pathway Analysis aimed to identify significantly enriched signaling pathways (organism: “hsa”).

Reactome Pathway Analysis was performed to reveal enriched pathways within the Reactome knowledgebase. Gene
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Ontology (GO) Enrichment Analysis was carried out to categorize genes into three distinct categories: Biological Process
(BP), Molecular Function (MF), and Cellular Component (CC). For all analyses, a p-value threshold of < 0.05 and a g-value
threshold of < 0.1 were established as criteria for statistical significance. The outcomes were illustrated through dot plots and
enrichment maps.

All data processing and statistical analyses were conducted utilizing R software (version 4.5.0). Visual representa-
tions, which included UpSet plots (for set intersections), Venn diagrams, PPI networks, and bar charts for hub genes,
were created using packages such as ggplot2, ggraph, ggvenn, and UpSetR.

Molecular Docking Analysis

To explore the potential direct binding interactions between Andrographolide and the significant MAFLD-related targets
identified through the network pharmacology analysis, in silico molecular docking simulations were conducted using
AutoDock Vina integrated within PyRx software (version 1.0).

Ligand and Protein Preparation

The two-dimensional (2D) configuration of Andrographolide (CID: 5318517) was sourced from the PubChem database.
Subsequently, this configuration underwent energy minimization and was converted into its three-dimensional (3D)
representation using PyRx software. The three-dimensional representations of the key hub proteins, which include TNF,
IL6, AKTI1, TP53, IL1B, JUN, VEGFA, STAT3, CASP3, and EGFR, were retrieved from the AlphaFold database to
ensure the generation of high-quality predictive models. All protein structures were prepared for docking through the
DockPrep module, which entailed the removal of water molecules and heteroatoms, the incorporation of polar hydrogen
atoms, and the assignment of Kollman charges.

Docking Protocol

Molecular docking was executed using PyRx software (version 1.0), which employs the AutoDock Vina algorithm for
predicting binding poses. Due to the absence of co-crystallized ligands with clearly defined binding pockets in the
AlphaFold models, a blind docking approach was utilized, enabling andrographolide to investigate the entire surface of
the protein.*? A large grid box was established for each target protein, with dimensions adequate to encompass the entire
protein structure. The center of the grid was strategically placed at the geometric center of each protein to facilitate
comprehensive sampling. To promote extensive exploration of conformational space and improve the reliability of the
results, the exhaustiveness parameter was elevated to 80, a figure significantly greater than the default value of 8, which
markedly enhances the thoroughness of sampling and the reproducibility of docking outcomes (Trott and Olson, 2010).
For each protein target, nine distinct binding modes (num_modes = 9) were produced. For each protein target, multiple
docking runs were conducted, and the pose with the most favorable (lowest) binding energy (AG, kcal/mol) was chosen
for further analysis.

To validate the docking protocol, the consistency of predicted binding modes across multiple docking runs was
assessed. For each target protein, nine binding modes were generated, and the RMSD (root-mean-square deviation)
between different predicted poses was calculated. The selection of the lowest-energy pose (rmsd/ub = 0) for each target
followed standard practice in structure-based virtual screening.

To validate the reliability and accuracy of our docking protocol, a re-docking experiment was performed using the crystal
structure of AKT1 (PDB ID: 4GV1), which contains a co-crystallized ligand (AZD5363, residue code 0XZ). The ligand was
extracted from the crystal structure, and the protein was prepared following the same protocol as for the AlphaFold models
(removal of water molecules, addition of polar hydrogens, and assignment of Kollman charges). The ligand was re-docked
into the binding site using AutoDock Vina with identical parameters. The re-docked pose was then compared to the
crystallographic pose using the bio3d package (version 2.4-5) in R (version 4.5.0). Hydrogen atoms were removed from
both ligands, and the structures were superimposed using the fit.xyz function to achieve optimal alignment. The RMSD
between the re-docked and crystallographic ligand poses was calculated using the rmsd function, with an RMSD value below

2.0 A considered acceptable, confirming the protocol’s ability to reproduce known binding poses.**
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Interaction Analysis

The docking poses generated for each Andrographolide-protein complex were examined and visualized utilizing
Discovery Studio Visualizer (version 4.5). This analysis aimed to clarify the distinct molecular interactions, especially
hydrogen bonds, hydrophobic contacts, and ionic interactions, that play a role in the stability of the complexes. The
binding energy associated with each complex served as the main criterion for assessing the binding affinity, where more
negative values signify a stronger binding.

Cell Culture and Treatment Conditions

The human hepatoma cell line HUH7 was sourced from the Pasteur Institute of Iran (Tehran, Iran) and was maintained in
RPMI-1640 medium (Gibco, USA) enriched with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-streptomycin
solution. The cells were cultured at 37°C in a humidified environment with 5% CO, and were passaged using trypsin-EDTA
once they reached approximately 80% confluency. Cells from passages 4—14 were utilized for all experimental procedures.

Induction of Steatosis with Oleic Acid

In the course of the experimental procedures, cells were plated in 24-well plates at a density of 5 x 10* cells per well and
allowed to adhere for a duration of 24 hours. Hepatic steatosis was induced by treating the cells with 1 mM oleic acid
(OA; Sigma-Aldrich, USA)*' complexed with bovine serum albumin (BSA) at a molar ratio of 6:1 for 24 hours. The OA-
BSA complex was freshly prepared in serum-free RPMI medium by warming the mixture to 37°C for 10 minutes with
gentle agitation, followed by sterile filtration through a 0.22 pm membrane. Control cells were treated with BSA alone at
equivalent concentrations.

Drug Treatments

For the therapeutic interventions, cells were concurrently treated with 1 mM OA and 14 uM andrographolide' (Sigma-
Aldrich, USA) for a period of 24 hours. Andrographolide was initially dissolved in dimethyl sulfoxide (DMSO) and
subsequently diluted in the culture medium to ensure a final DMSO concentration of less than 0.1%.

Evaluation of Lipid Accumulation

Intracellular lipid accumulation was assessed through Oil Red O (ORO) staining, following previously established
protocols with some modifications. After the treatments, cells were subjected to two washes with phosphate-buffered
saline (PBS) and subsequently fixed in 4% paraformaldehyde for 15 minutes at room temperature. Post-fixation, the cells
were rinsed with distilled water and treated with 60% isopropanol for 5 minutes to improve the specificity of lipid
staining. The cells were then stained with a 0.5% Oil Red O solution, which was prepared by diluting a stock solution in
isopropanol with distilled water at a 3:2 ratio, for 30 minutes at room temperature. Any excess dye was eliminated by
washing with distilled water until the background appeared clear. For semi-quantitative analysis, the stained lipids were
eluted by incubating the cells in 100% isopropanol for 10 minutes. The absorbance of the eluted dye was recorded at 500
nm using a microplate reader (BioTek Synergy H1, USA). A total of three independent experiments were conducted,
each comprising three biological replicates for each treatment group.

RNA Isolation and qRT-PCR Analysis

Total RNA was extracted from both treated and control cells utilizing the RNAX-PLUS reagent, with its concentration and purity
(A260/A280 ratio of 1.9-2.1) confirmed using a NanoDrop 2000 spectrophotometer. For each sample, 1 pug of total RNA
underwent reverse transcription into cDNA employing the Easy cDNA Synthesis Kit. Quantitative real-time PCR (qQRT-PCR)
was conducted on a LightCycler® 96 system in 20 pL reactions that included SYBR Green Master Mix, 10 ng of cDNA, and
0.5 uM of gene-specific primers. The gene-specific primers for AKT1 (Forward: 5-TACGAGATGATGTGCGGTCG-3',
Reverse: 5-CAGTGTAGTCTGGGAGGTGC-3"), EGFR (Forward: 5'-ACCAGTCCGTTCCCAAAAGG-3', Reverse: 5'-
GCTGGTAGTCAGGGTTGTCC-3"), and STAT3 (Forward: 5-TTCCTTTCCCCGTTTTGCCT-3', Reverse: 5'-
ATGGTATTGCTGCAGGTCGT-3") were designed using Primer3 (NCBI) and their specificity was validated through Primer-
BLAST. The housekeeping gene GAPDH (Forward: 5-CTCTGACTTCAACAGCGAC-3', Reverse: 5'-
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CGTTGTCATACCAGGAAATGAG-3') acted as the endogenous control for normalizing target gene expression using the
comparative AACT method. GAPDH was chosen because it is widely recognized as a reliable reference gene in hepatocyte
models of steatosis.’"* This gene was used for normalization. To confirm the validity of normalization in our experimental
setup, we evaluated the Cq values of GAPDH across different treatment groups. The thermal cycling profile included an initial
denaturation step (95°C, 10 min), followed by 50 cycles of denaturation (95°C, 10 sec) and a combined annealing/extension
phase (60°C, 45 sec). A melting curve analysis was performed to confirm the specificity of the amplification. All reactions were
executed in triplicate. The relative expression levels were determined using the comparative AACT method, with the OA-treated
group serving as the calibrator.

Statics Analysis

All statistical analyses were conducted utilizing R statistical software version 4.5.0. Data derived from both Oil Red
O absorbance measurements and ACT values are expressed as mean + standard error of the mean (SEM) from three independent
experiments. To validate the normalization for qRT-PCR, we evaluated the stability of GAPDH expression across different
treatment groups by comparing the raw Cq values using one-way ANOVA followed by Tukey’s post-hoc test. The normality of
data distribution was evaluated using Shapiro—Wilk tests, while the homogeneity of variances was verified through Levene’s
tests. For the planned comparisons, two-tailed independent Student’s t-tests were utilized to assess: (1) the differences between
OA-treated and Control cells to validate steatosis induction, and (2) the differences between OA+Andrographolide and OA-
treated cells to evaluate therapeutic efficacy. Effect sizes were computed as Cohen’s d with 95% confidence intervals to measure
the magnitude of the observed differences. Statistical significance was established at p <0.05. No multiple testing correction was
applied as these comparisons were pre-planned and hypothesis-driven.

Results
In silico ADMET Profiling of Andrographolide

The absorption, distribution, metabolism, excretion, and toxicity (ADMET) profile of andrographolide was predicted
using in silico methods to assess its drug-likeness and potential pharmacokinetic issues. The primary findings are
illustrated in Figure 1 and elaborated upon below.

Physicochemical Properties and Drug-Likeness

Andrographolide (molecular weight: 350.21 g/mol) demonstrates advantageous physicochemical characteristics that
suggest good cellular permeability. The compound shows moderate lipophilicity (calculated LogP = 2.48) and
a significant topological polar surface area (TPSA = 86.99 A?). It complies with Lipinski’s rule of five (0 violations),
indicating a high likelihood of oral bioavailability. Nevertheless, its predicted aqueous solubility is low (LogS = —4.26),
which may restrict its absorption. The structure is relatively inflexible (number of rotatable bonds = 3) and contains
a high proportion of sp® carbons (Fsp3 = 0.75), traits commonly linked to successful clinical candidates.

Pharmacokinetic Properties (ADME)

The anticipated ADME profile indicates several important features. Andrographolide is expected to exhibit low perme-
ability in Caco-2 and MDCK cell models (Log apparent permeability < —5.3), implying potential difficulties in intestinal
absorption. It is forecasted to have low plasma protein binding (Fu = 33.8%) and a moderate volume of distribution
(VDss = —0.30 L/kg), suggesting a propensity to distribute into tissues rather than remain in systemic circulation.
Importantly, the compound is predicted to be a substrate for the efflux transporter P-glycoprotein (Pgp-sub probability =
0.009), which may further restrict its oral absorption and brain penetration (BBB permeability probability = 0.28). The
compound is not anticipated to inhibit major cytochrome P450 enzymes, with the highest likelihood of inhibition noted
for CYP2CS (0.89) and CYP2C9 (0.062), indicating a low risk for drug-drug interactions through this pathway.

Toxicity Profile

The in-silico toxicity evaluation produced varied outcomes. A notable concern is the elevated predicted probability for
carcinogenicity (0.98) and genotoxicity (0.99), which necessitates further experimental scrutiny. The compound demon-
strated a low probability of inhibiting the hERG channel (0.22), indicating a minimal risk for QT interval prolongation
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Figure | Computational assessment of essential physicochemical, pharmacokinetic (ADME), and toxicity characteristics profile of Andrographolide.

and related cardiotoxic effects. It was predicted to yield a negative result in the Ames test (probability = 0.70, where
values > 0.5 typically suggest a negative outcome), which aligns with its established status as a natural product but
contrasts with the genotoxicity prediction, underscoring the necessity for confirmatory assays. The likelihood of drug-
induced liver injury (DILI) was predicted to be low (probability = 0.32).

To evaluate the possible harmful effects of Andrographolide, an in silico toxicity analysis was conducted utilizing the
ProTox-3.0 web platform (Figure 2).

The model estimated the median lethal dose (LD50) for Andrographolide to be 1890 mg/kg. According to the
Globally Harmonized System (GHS) of classification, this figure categorizes Andrographolide within Toxicity Class 4,
defined as “Harmful if swallowed” (LD50> range: 500-5000 mg/kg). The prediction was achieved with an accuracy of
69.26% and an average similarity of 70.04% to established compounds in the database.

The findings from various toxicity models are compiled in Table 1. Andrographolide was predicted to be inactive in
several significant organ toxicity endpoints, particularly hepatotoxicity (Probability: 0.93), neurotoxicity (0.94), and
nephrotoxicity (0.51). Additionally, it was forecasted to be non-carcinogenic, non-mutagenic, and non-cytotoxic.
Nevertheless, the compound was predicted to exhibit activity in a subset of endpoints including Respiratory Toxicity
(Active, Probability: 0.68), Cardiotoxicity (Active, Probability: 0.55), Immunotoxicity (Active, Probability: 0.82),
Clinical Toxicity (Active, 0.67), and Nutritional Toxicity (Active, 0.84) (Table 1).

Nuclear Receptor Signaling, Stress Response, and Molecular Initiating Events

Andrographolide was forecasted to exhibit inactivity across all 25 targets within the Tox21 nuclear receptor signaling
pathways (for instance, ER, AR, PPAR-y) and stress response mechanisms (including p53). Furthermore, it was also
anticipated to be inactive concerning all molecular initiating events, such as interactions with thyroid hormone receptors,
ion channels (RYR, GABA, NMDA), and various enzymes.
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Figure 2 Radar chart depicting the anticipated toxicity profile of Andrographolide across significant endpoints, as produced by ProTox 3.0. The chart illustrates the
probability of activity for each toxicity model, emphasizing a favorable prediction of inactivity regarding hepatotoxicity and cytochrome P450 inhibition.

Drug Metabolism and Kinetics

Importantly, Andrographolide was predicted to be inactive as an inhibitor of all principal cytochrome P450 enzymes
(CYP1A2, 2C9, 2C19, 2D6, 2E1, and 3A4), with probabilities ranging from 0.77 to 0.99. This indicates a minimal
likelihood of pharmacokinetic drug-drug interactions resulting from CYP enzyme inhibition.

Table | Overview of Key ProTox-3.0 Predictions for Andrographolide

Toxicity Model Prediction | Probability | Interpretation

Acute Oral Toxicity (LD50) | Class 4 - 1890 mg/kg (Harmful)

Hepatotoxicity Inactive 0.93 Low risk of liver injury

Neurotoxicity Inactive 0.94 Low risk of neurotoxicity
Carcinogenicity Inactive 0.83 Non-carcinogenic

Mutagenicity Inactive 0.71 Non-mutagenic

Immunotoxicity Active 0.82 Potential immunotoxic effect
Cardiotoxicity Active 0.55 Potential cardiotoxic effect

CYP Inhibition (All) Inactive >0.77 Low risk of cytochrome P450 inhibition
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Comprehensive Target Profiling Reveals Shared Molecular Targets Between
Andrographolide and MAFLD

Through integrative analysis of multiple pharmacological and disease databases, we identified 788 potential protein
targets of andrographolide and 2,060 MAFLD-associated targets across ten specialized databases. The target distribution
varied significantly across databases, with GeneCards containing the largest number of MAFLD targets (1,299) and the
BindingDB database containing the fewest andrographolide targets.*

Notably, we discovered 253 shared targets between andrographolide and MAFLD, representing 32.11% of all andro-
grapholide targets (Figure 3). This substantial overlap suggests a strong potential molecular basis for andrographolide’s
therapeutic effects on MAFLD. The details regarding the overlapping proteins are included in Supplementary Table S1.

Analysis of the Protein-Protein Interaction Network Reveals Essential Hub Genes and

Functional Modules

The constructed PPI network from shared targets has unveiled a sophisticated interaction framework comprising 250 nodes
and 4,372 edges (refer to Figure 4a). An examination of the network’s topology has pinpointed ten pivotal hub genes based
on their degree centrality: TNF (degree=330), IL6 (318), AKT1 (312), TP53 (302), IL1B (274), JUN (270), VEGFA (262),
STAT3 (258), CASP3 (258), and EGFR (248) (see Figure 4b and Table 2). These hub genes serve as central regulators
within the network and may play a significant role in the therapeutic effects of andrographolide on MAFLD.

The community detection analysis conducted using the Louvain algorithm has identified four distinct functional
modules within the PPI network (illustrated in Figure 4a): Community 1 (79 nodes): This community is enriched in
signaling transduction and cell cycle regulation, featuring key components such as MAPK1/3/14, STAT3, TP53, EGFR,
and JUN. Community 2 (52 nodes): This module is primarily engaged in metabolic processes, encompassing xenobiotic
metabolism (CYP450 family), antioxidant defense (SOD1/2, CAT), and glutathione metabolism (GSTM1, GSTP1).
Community 3 (83 nodes): This community focuses on inflammatory responses and immune regulation, highlighting TNF,
IL6, IL1B, MMPs, and various chemokines. Community 4 (36 nodes): This module is dedicated to lipid metabolism and
nuclear receptor signaling, including members of the PPAR family, FABPs, and NR1H receptors.

Pathway Enrichment Analysis Uncovers Mechanisms of Action

To shed light on how andrographolide works therapeutically in MAFLD and to confirm the biological significance of our
target selection, we conducted KEGG and Reactome pathway enrichment analyses on both the overlapping targets
(andrographolide N MAFLD) and the complete MAFLD gene set.

Andrographolide

Figure 3 Intersection between MAFLD and Andrographolide.
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Figure 4 (a) Protein-Protein Interaction (PPl) Network and Functional Modules of Shared Targets. Nodes are color-coded according to four distinct functional modules
identified by the Louvain algorithm, each represented in different colors. Number of node: 250, Number of edges: 10646, Number of communities: 4. (b) Top 20 Hub gene
PPI network with centrality metrics. Node size and color represent Degree and validated high-affinity targets, respectively (scale shown). The three docking-validated targets
(AKTI, STAT3, EGFR) are highlighted as red color.

Pathway Enrichment Analysis of Shared Targets

KEGG pathway analysis revealed significant enrichment in various pathways pertinent to MAFLD (Figure 5a). The
pathway with the highest level of enrichment was “Lipid and atherosclerosis” (hsa05417, p=7.93x10">?), followed by
“AGE-RAGE signaling pathway in diabetic complications” (hsa04933, p=4.27x10>%), and “Hepatitis B” (hsa05161,
p=1.87x10"2%). Notably, “Non-alcoholic fatty liver disease” (hsa04932) exhibited significant enrichment (p=2.30x10""%),
with 32 common targets associated with this pathway.

Reactome pathway analysis further validated these results (Figure 5b), highlighting “Signaling by Interleukins” (R-HSA
449147, p=3.24x10"") and “Interleukin-4 and Interleukin-13 signaling” (R-HSA-6785807, p=1.12x10>%) as the most
significantly enriched pathways. Additionally, the pathways “Programmed Cell Death” (R-HSA-5357801, p=1.06x10""%)
and “Cellular response to chemical stress” (R-HSA-9711123, p=1.06x10""*) were also significantly enriched.
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Table 2 Centrality Index of the PPl Network for
the Intersection of MAFLD and Andrographolide
Target Genes

Gene | Degree | Betweenness | Closeness
TNF 330 | .88E+03 2.99E-03
IL6 318 |.59E+03 2.93E-03
AKTI 312 |.26E+03 2.91E-03
TP53 302 |.I18E+03 2.87E-03
ILI-B 274 8.83E+02 2.75E-03
JUN 270 6.47E+02 2.74E-03
VEGFA 262 5.18E+02 2.71E-03
STAT3 258 5.23E+02 2.69E-03
CASP3 258 5.05E+02 2.70E-03
EGFR 248 7.66E+02 2.65E-03

Notes: Bold values in the Degree column indicate the top
three genes with the highest degree centrality, representing the
most connected nodes within the protein-protein interaction
(PPI) network.

Abbreviations: PPl, Protein-Protein Interaction; MAFLD,
Metabolic dysfunction—associated fatty liver disease.

Comparative Pathway Enrichment Analysis with Full MAFLD Gene Set

To ensure that our shared targets were biologically relevant and that important MAFLD signals were not overlooked, we carried
out an independent pathway enrichment analysis on the entire MAFLD gene set (n = 1,845 genes). The KEGG pathway that stood
out the most in the full MAFLD gene set was “Lipid and atherosclerosis” (hsa05417), which included 113 enriched genes
(GeneRatio = 113/1380, Fold Enrichment = 3.58, p=1.07 x 10">%), aligning with the top pathway we found in our shared targets.
Likewise, “Insulin resistance” (hsa04931) showed significant enrichment with 67 genes (Fold Enrichment = 4.20, p = 1.51 x
1072), and “Non-alcoholic fatty liver disease” (hsa04932) had 76 genes (Fold Enrichment = 3.31, p =3.65 x 10 2*). The “TNF
signaling pathway” (hsa04668) was also notably enriched with 69 genes (Fold Enrichment = 3.97, p = 3.44 x 10~>*), highlighting
the crucial role of inflammatory signaling in MAFLD (Figure 5c). Further analysis of the full MAFLD gene set using Reactome
pathways reinforced these results, with “Signaling by Interleukins” (R-HSA-449147) emerging as the most significantly enriched
pathway, comprising 162 genes (Fold Enrichment = 2.51, p = 9.76 x 10>?). Additionally, “Interleukin-4 and Interleukin-13
signaling” (R-HSA-6785807) was also notably enriched with 62 genes (Fold Enrichment = 4.09, p = 4.76 x 10 2°). Pathways
related to lipid metabolism, such as “Plasma lipoprotein assembly, remodeling, and clearance” (R-HSA-174824, 46 genes, Fold
Enrichment =4.37, p=2.56 x 10 ") and “FOXO-mediated transcription” (R-HSA-9614085, 36 genes, Fold Enrichment = 3.95,
p=>5.38 x 10" ") also showed significant enrichment (Figure 5d). This really highlights the important roles that lipid dysregulation
and insulin signaling play in MAFLD.

Gene Ontology Analysis Clarifies Biological Functions

Gene Ontology analysis indicated significant enrichment in biological processes, molecular functions, and cellular
components associated with the pathogenesis and treatment of MAFLD. In terms of biological processes, the most
significantly enriched terms were “response to lipopolysaccharide” (GO:0032496, p=4.05x10"4°), “response to molecule
of bacterial origin” (G0:0002237, p=6.06x10"%), and “cellular response to biotic stimulus” (GO:0071216,
p=1.21x10"") (Figure 6a). These results imply that andrographolide may influence immune responses and inflammatory
processes in MAFLD. Molecular function analysis demonstrated enrichment in “DNA-binding transcription factor
binding” (GO:0140297, p=3.46x10""%), “phosphatase binding” (GO:0019902, p=3.46x10""?), and “nuclear receptor
activity” (GO:0004879, p=3.46x10"'%), suggesting that andrographolide has the potential to modulate transcriptional
activity and signaling pathways (Figure 6b).
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Figure 5 Pathway enrichment analysis. (a) KEGG pathway enrichment for shared proteins (andrographolide N MAFLD). (b) KEGG pathway enrichment for MAFLD-related
proteins (full MAFLD gene set). (c) Reactome pathway enrichment for shared proteins. (d) Reactome pathway enrichment for MAFLD-related proteins. The size of each dot

represents the number of genes enriched in the pathway, and the color gradient indicates the adjusted p-value.

Cellular component analysis revealed a significant enrichment in the “vesicle lumen” (GO:0031983, p=1.16x10""%),
“cytoplasmic vesicle lumen” (GO:0060205, p=5.37x10"'®), and “secretory granule lumen” (GO:0034774, p=2.22x10""7).
This suggests that andrographolide may influence secretory mechanisms and vesicle-mediated transport (Figure 6c¢).

Molecular Docking Analysis Reveals Strong Binding Affinity of Andrographolide to Key
Protein Targets
Firstly, to validate the docking protocol, re-docking of the co-crystallized ligand (AZD5363, residue code 0XZ) into the
crystal structure of AKT1 (PDB ID: 4GV1) was performed using the same parameters applied to the AlphaFold models. The
re-docked pose showed close alignment with the crystallographic pose, with an RMSD of 1.109 A (Figure 7a), which is
below the accepted threshold of 2.0 A. This confirms that the docking protocol can accurately reproduce known binding

poses. Therefore, the same protocol was applied to the AlphaFold models of the ten hub proteins used in this study.

The information regarding protein targets sourced from the AlphaFold database is presented in Table 3. The
parameters for the grid box corresponding to each target protein are detailed in Table 4. The dimensions of the grid
varied from roughly 48x58 x 65 A® for VEGFA to 142x129 x 118 A® for EGFR, with the grid centers located at the
geometric center of each respective protein (Table 4).
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Figure 6 Ontology enrichment analysis. (a) Biological process. (b) Molecular function. (c) Cellular component. The size of each dot represents the number of genes
enriched in the pathway, and the color gradient indicates the adjusted p value.

Molecular docking were conducted to assess the binding affinity and potential interactions between Andrographolide
and a selection of ten proteins that play critical roles in the pathogenesis of MAFLD, encompassing inflammation,
apoptosis, and insulin signaling pathways. The findings indicated that Andrographolide displayed strong binding energies
below the threshold of —5.0 kcal/mol for all targets examined, signifying a high likelihood of spontaneous and stable
binding. The binding energies calculated are summarized in Table 4. Importantly, Andrographolide demonstrated the
highest binding affinity towards AKT1 (=7.7 kcal/mol), EGFR (=7.5 kcal/mol), and STAT3 (—7.2 kcal/mol), indicating
its role as a high-affinity ligand for these essential signaling nodes.

Analysis of Hydrogen Bond Interactions Reveals Essential Binding Mechanisms

The detailed examination of the specific molecular interactions that stabilize the Andrographolide-protein complexes was
conducted using Discovery Studio. This analysis concentrated on hydrogen bonds, which play a vital role in determining
binding specificity and affinity. The principal interactions for each target are outlined below and compiled in Table 2.
STAT3: The stability of the complex was attributed to five hydrogen bonds. Significant interactions included a side-chain
interaction between Ser727 OG and its own backbone oxygen, as well as a backbone interaction between Arg729 N and
Ser727 O. Additionally, the ligand (UNK1) established two direct hydrogen bonds with the protein, donating an H atom
to the backbone oxygen of Met726. EGFR: The binding conformation was defined by four hydrogen bonds. Key
interactions were noted between the backbone of Met54 and the side chain of Arg309. The ligand itself was involved
in two bonds: one by donating an H atom to the backbone oxygen of Arg53 and another internal interaction. TP53: The
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Figure 7 (a) Redocking validation of the docking protocol using AKT| (PDB: 4GV ). Overlay of the crystallographic pose (black) and redocked pose (yellow) of AZD5363
(residue code 0XZ). The protein is shown as a cartoon representation. (b) Detailed bond interactions for each Andrographolide protein complex.

complex with the tumor suppressor p53 was stabilized by seven hydrogen bonds. A notably strong interaction was
detected between Arg249 NHI1 and Glul71 OE2 (2.65 A). The ligand also established a direct bond with the tyrosine
residue (Tyr163 OH). IL-6: Andrographolide formed a comprehensive network of seven hydrogen bonds with IL-6.
Remarkably, a very short, strong bond (1.95 A) was formed between Arg196 HH21 and Glu83 OE2, suggestive of a salt
bridge. The ligand interacted directly with the protein through Ser204 HG and the side chain of Argl96. IL-1B: The
stabilization of the binding was achieved through two classical backbone hydrogen bonds formed between Argl120 N and
Vall63 N with the backbone oxygens of Prol18 and Pro173, respectively. TNF: The complex exhibited five hydrogen
bonds, predominantly involving the backbone atoms of the protein (Gly144, Cys145, Lys188, Trp190). Additionally, the
ligand established one direct hydrogen bond within the binding pocket. JUN (Transcription Factor AP-1): A total of five
hydrogen bonds were identified. His122 was highlighted as a crucial residue, with its ND1 atom forming two bonds with
the ligand. Furthermore, the ligand also created an internal hydrogen bond. CASP3: Although only two hydrogen bonds
were noted, one of these was a strong internal interaction within the ligand (2.33 A), which likely plays a significant role
in maintaining the stability of the bound conformation. VEGFA: The binding process was enhanced by two backbone-to-
backbone hydrogen bonds from Serll N and Leul4 N to the oxygens of Trp7 and Trpl0, respectively. AKT1: The
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Table 3 Details of Protein Targets of MAFLD Selected for Molecular Docking
with Andrographolide

Protein Target | ldentifier Method | Average pLDDT | Positions
TNF AF-PO1375-F| | AlphaFold | 84.84 1-233
IL6 AF-P05231-F| | AlphaFold | 85.23 1-212
AKTI AF-P31749-F| | AlphaFold | 82.34 1480
TP53 AF-P04637-F| | AlphaFold | 74.33 1-393
ILIB AF-POI1584-FI | AlphaFold | 75.91 1-269
JUN AF-P05412-F| | AlphaFold | 61.07 1-331
VEGFA AF-P15692-F| | AlphaFold | 78.23 1-232
STAT3 AF-P40763-F| | AlphaFold | 84.82 1-770
CASP3 AF-P42574-F| | AlphaFold | 85.5 1-277
EGFR AF-P00533-FI | AlphaFold | 76.18 I-1210

Abbreviation: pLDDT, predicted Local Distance Difference Test score.

Table 4 Grid Box Parameters, Exhaustiveness Settings, and Predicted Binding Affinities of Andrographolide with
Ten MAFLD-Associated Protein Targets

Protein | Grid Size (x, y, z) Binding Energy (kcal/mol) | RMSD/ub Range (A) | RMSD/Ib Range (A)
AKTI (96.92, 84.20, 79.42) -1.7 0 to 45.9 0 to 42.9
EGFR (142.34, 128.88, 118.10) | -7.5 0 to 35.9 0to 33.0
STAT3 (110.79, 97.96, 132.44) | -7.2 0 to 45.1 0to 428
TP53 (86.35, 107.20, 84.92) —6.9 0 to 35.6 0to 33.3
CASP3 (127.27, 61.83, 79.99) —6.9 0to 9.34 0 to 4.54
ILIB (101.44, 83.54, 119.78) | —6.7 0 to 30.5 0to 282
IL6 (80.33, 78.50, 60.25) —6.1 0 to 25.8 0 to 22.0
TNF (98.56, 92.50, 112.93) -5.8 0 to 30.5 0to 273
VEGFA | (58.27, 48.49, 64.80) -5.8 0 to 26.8 0to 25.0
JUN (88.06, 101.80, 117.01) | —5.3 0 to 39.9 0to 35.6

Notes: Binding energies are in kcal/mol. RMSD/ub = upper bound RMSD (unconstrained), RMSD/Ib = lower bound RMSD (constrained). The
lowest binding energy (most favorable) for each target is shown. RMSD ranges represent the minimum (0, always the best pose) to maximum
values across all 9 predicted binding modes. Bold indicates the strongest predicted binding affinity in comparison other targets.

interaction with AKT1 was particularly remarkable due to two salt bridge interactions between the positively charged
Lys179 NZ and the negatively charged residues Glu198 OE1 and Asp292 ODI1, with distances measuring 2.74 A and
2.81 A, respectively. A summary of Hydrogen bond interactions is presented in Table 5 and Figure 7b. This indicates

a strong electrostatic influence on the binding mechanism.

Table 5 Hydrogen Bond Interactions Between Andrographolide and Key Protein Targets

Target Protein | Donor Atom (Residue) | Acceptor Atom (Residue/Ligand) | Distance (A) | Coordinate (X, Y, Z)
AKTI NZ (:LYSI79) OEIl (:GLUI98) 2.74 —7.80, -3.17, 8.47

NZ (:LYSI79) ODI (:ASP292) 2.8l —-5.82, -3.71, 8.26

N (:ALA230) O (Andrographolide) 3.05 —8.72, —12.99, 0.91
TP53 OH (:TYRI63) O (Andrographolide) 276 5.12, —4.67, —8.06

NHI (:ARG249) OE2 (:GLUI71) 2.65 4.63, —6.82, —11.93

NH2 (:ARG249) O (Andrographolide) 3.05 6.97, -5.37, —10.16
CASP3 H (Andrographolide) O (Andrographolide) 2.33 12.06, 4.12, —11.17
EGFR H (Andrographolide) O (:ARGS53) 2.28 —-18.37, -1.75, 11.8I

H (Andrographolide) O (Andrographolide) 2.12 —-17.87, -1.51, 10.27

(Continued)
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Table 5 (Continued).

Target Protein | Donor Atom (Residue) | Acceptor Atom (Residue/Ligand) | Distance (A) | Coordinate (X, Y, Z)
IL-6 HH21 (:ARG196) OE2 (:GLU83) 1.95 —18.59, 10.45, —2.38
HH22 (:ARG196) O (Andrographolide) 2.24 —15.14, 10.56, —2.64
HG (:SER204) O (Andrographolide) 2.04 —9.50, 6.19, —12.26
HG (:SER204) O (Andrographolide) 2.14 —8.65, 6.24, —11.52
H (Andrographolide) OEIl (:GLUS87) 2.36 —13.40, 13.05, —2.55
STAT3 H (Andrographolide) O (:MET726) 2.02 23.34, 15.89, —34.79
H (Andrographolide) O (Andrographolide) 2.00 17.33, 11.85, =37.16
H (Andrographolide) O (Andrographolide) 2.26 16.78, 11.52, —37.62
JUN NDI (:HIS122) O (Andrographolide) 3.06 25.09, 20.61, 7.21
NDI (:HIS122) O (Andrographolide) 2.90 25.33, 20.40, 5.87
H (Andrographolide) O (Andrographolide) 2.32 25.86, 19.80, 6.55
TNF H (Andrographolide) O (Andrographolide) 2.30 4.94,7.15 -23.14

Notes: The table lists all identified hydrogen bond interactions with a distance of less than 3.2 A. The donor and acceptor atoms are specified by the residue
name and atom type. Internal ligand H-bonds are included as they influence the binding conformation. Coordinates (in Angstroms) represent the spatial
midpoint of the hydrogen bond. Bold values in the Distance column indicate hydrogen bonds with the shortest distances (< 2.5 A), representing the strongest
hydrogen bond interactions. IL-1B and VEGFA had no specific ligand-protein H-bonds identified.

Oil Red O Staining Results

To assess the impact of andrographolide on OA-induced steatosis both visually and quantitatively, we conducted Oil Red
O staining. The representative microscopic images (Figure 8a) revealed that control cells had minimal lipid droplet accumulation,
while treatment with 1 mM OA for 24 hours significantly increased the number and intensity of red-stained lipid droplets within
the cells. The quantitative assessment of Oil Red O staining indicated that 1 mM OA treatment significantly increased
intracellular lipid levels when compared to the untreated control cells. The group treated with OA showed a mean absorbance
of 2.07 + 0.09 (95% CI: 1.69 to 2.45), reflecting a 186% increase in comparison to the control group, which had a mean
absorbance of 0.72 £ 0.07 (95% CI: 0.44 to 1.01). This observed difference was statistically significant (t(4) = 12.13, p=0.0003)
and indicated an exceptionally large effect size (Cohen’s d = 9.91, 95% CI: 2.86 to 16.96) (Figure 8).

Furthermore, co-treatment with 14 pM andrographolide resulted in a significant reduction of lipid accumulation caused
by OA. The OA+Andrographolide group exhibited a mean absorbance of 1.29 & 0.09 (95% CI: 0.92 to 1.66), which was
38% lower than the absorbance recorded in the OA-only group. Statistical analysis validated that this reduction was
significant (t(4) = —6.32, p = 0.0032) with a very large effect size (Cohen’s d =—5.16, 95% CI: —9.07 to —1.24) (Figure 8).

Real-Time Validation in Steatotic Hepatocytes

Quantitative real-time PCR analysis showed that when andrographolide was co-administered, there was a significant
decrease in the mRNA expression levels of AKT1, EGFR, and STAT3 in OA-induced steatotic HUH7 hepatocytes
(Figure 9). Compared to cells treated only with OA, all three genes displayed considerable downregulation. These
alterations in transcript levels imply that treatment with andrographolide may influence these signaling pathways.
However, it remains unclear whether this effect is due to direct transcriptional regulation or if it is a secondary result
of decreased lipid accumulation and cellular stress, as mRNA data alone cannot provide a definitive answer.

The analysis of GAPDH expression stability across treatment groups indicated that the Cq values for GAPDH did not show
significant differences between the experimental groups (p > 0.05). This supports the use of GAPDH as a stable reference gene for
gRT-PCR normalization under our experimental conditions. The ACT values for AKT1 rose from 2.26 + 0.31 in OA-treated cells
to4.18 £ 0.29 in cells treated with OA and Andrographolide, reflecting a 1.91-unit increase in ACT (t(4) =—4.02, p=0.0159). This
translates to a 0.27-fold decrease in AKT1 expression (95% CI: 0.11-0.66), which corresponds to a 73.5% reduction (Table 3). In
the case of EGFR, ACT values increased from 3.05 £ 0.34 to 4.89 £+ 0.26 (AACT = 1.84, t(4) = —4.20, p = 0.0137), leading to
a 0.28-fold reduction (95% CI: 0.12-0.65) or a 72.0% decrease in expression. STAT3 exhibited the least significant down-
regulation, with ACT values increasing from 2.67 + 0.28 to 3.78 £ 0.25 (AACT = 1.11, t(4) = —3.64, p=0.0220), indicating a 0.46-
fold reduction (95% CI: 0.26-0.83) or a 53.6% decrease in expression (Figure 9).
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Figure 8 The protective effect of Andrographolide against OA-induced lipid accumulation in HUH7 cells after 24 hours of treatment. (a) Representative microscopic images
of Oil Red O staining for the control, OA-only (I mM), and OA + Andrographolide (14 pM) groups (Light microscope at 40% magnification). (b) Quantitative analysis of
intracellular lipid content measured by spectrophotometric absorbance at OD 500 nm. Data are expressed as mean * SEM from three independent experiments. Statistical
significance was determined using Student’s t-test; **p < 0.01, ***p < 0.001. Yellow diamonds represent individual group mean values.
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Figure 9 Andrographolide differentially modulates the expression of signaling molecules in steatotic hepatocytes. (a) Relative fold change (27AACT) in mRNA expression of

target genes in OA-induced HUH7 hepatocytes treated with andrographolide, normalized to the OA-only control (red dashed line, Fold Change = |.0). Data are presented
as mean fold change with 95% confidence intervals (error bars) from three independent experiments. Percent reduction in gene expression is indicated above each bar. |
indicates decreased fold change (b) Log2Fold Change values for each target gene. Negative values denote downregulation following andrographolide co-administration. P-
values were derived from Student’s t-test.
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Discussion

Our comprehensive multi-methodology strategy, which integrates computational systems pharmacology with experi-
mental validation, offers substantial evidence regarding the therapeutic efficacy of andrographolide in the context of
MAFLD. The foundational computational framework established a solid molecular basis, demonstrating a 32.11%
overlap between the targets of andrographolide and proteins associated with MAFLD, while also identifying critical
hub genes (TNF, IL6, AKT1, TP53, IL1B, JUN, VEGFA, STAT3, CASP3, and EGFR) within a highly interconnected
network. Importantly, these in silico predictions were corroborated by our in vitro results. Co-treatment with andro-
grapholide significantly reduced OA-induced lipid accumulation in HUH7 hepatocytes by 38%, illustrating its direct anti-
steatotic properties. Additionally, qPCR analysis validated the modulation of key hub genes, revealing that androgra-
pholide significantly downregulated the expression of AKT1, EGFR, and STAT3 mRNA in the steatotic model. While
these findings at the transcript level show a correlation, they do not actually prove that there’s a direct inhibition of the
protein functions of AKT1, EGFR, or STAT3. To really understand the mechanisms at play, we need to validate these
results at the protein level, especially by looking at the phosphorylation-specific activity of AKT1 and STAT3. The
alignment of computational predictions with experimental findings strongly indicates that the therapeutic potential of
andrographolide stems from its multi-target nature, effectively addressing the interconnected pathological processes of
dysregulated metabolism, inflammation, and insulin signaling that are characteristic of MAFLD.

Our computational analysis indicates that andrographolide (MW 350.45, C_20H_300 _5) exhibits generally positive drug-
like characteristics. It adheres to Lipinski’s rule of five (no violations), demonstrating moderate lipophilicity (cLogP ~2.5) and
a high proportion of sp® carbons (Fsp® ~0.75). These attributes are often associated with favorable oral bioavailability.
Nevertheless, the predicted aqueous solubility is low (LogS ~4.3), which aligns with the established poor water solubility of
andrographolide (logP~2.63) and the low bioavailability documented in the literature.*>*® For instance, Ye et al (2011)
highlighted andrographolide’s “poor oral bioavailability” attributed to its low solubility and rapid metabolism.** Although its
rigid conformation (with only 3 rotatable bonds) and moderate polar surface area (PSA of 86.99 A?) are conducive to
permeability, the low solubility likely restricts absorption. Indeed, formulation studies underscore that andrographolide’s
“poor solubility (logP~2.6) and low oral bioavailability” necessitate solubilizing strategies.*® The various bioactivities of
andrographolide encompass anti-inflammatory, antibacterial, hepatoprotective, and other well-established effects.*” However,
its inadequate pharmacokinetics pose a significant obstacle to its clinical application. Patil and Jain (2021) provided a thorough
review of analytical techniques, including chromatography and spectrophotometry, which are vital for quantifying this
compound in biological matrices and formulations, highlighting the necessity for stringent quality control in any delivery
method.*’ In conclusion, while the size and polarity of andrographolide align with drug-likeness, its solubility and dispersion
pose significant challenges.

Andrographolide’s anticipated ADME profile reveals challenges in absorption and distribution. Both in silico Caco-2
and MDCK models demonstrate extremely low apparent permeability (<10~ cm/s), alongside a significant likelihood of
P-glycoprotein (P-gp) efflux (substrate probability ~0.009). These forecasts are consistent with experimental pharmaco-
kinetic data. Panossian et al (2000) noted that when administered orally to rats, andrographolide was “rapidly and nearly
completely absorbed,” yet its bioavailability significantly decreased at elevated doses.*® They attributed this dose-
dependent behavior to substantial first-pass metabolism and moderate plasma protein binding (~55%). Similarly, Ye
et al (2011) reported that the absolute oral bioavailability of andrographolide in rats was merely ~2.7%; the compound
underwent rapid metabolism (eg, conversion to a 14-sulfonate conjugate) in the gastrointestinal tract and liver, exhibiting
four-fold greater permeability in the basolateral to apical direction in vitro, indicative of active efflux. In situ perfusion
studies confirmed that the inhibition of P-gp by verapamil markedly enhanced the jejunal/ileal uptake of
andrographolide.*> Therefore, our in-silico observations of poor Caco-2/MDCK permeation and P-gp substrate char-
acteristics are corroborated by these experimental findings: the absorption of andrographolide is constrained by both
metabolic processes and efflux mechanisms, resulting in minimal systemic exposure following oral administration. The
intersection of these bioavailability issues with the compound’s promising therapeutic potential has spurred the devel-
opment of innovative delivery methods. Recently, Peng et al (2026) demonstrated that encapsulating andrographolide
within exosome-like nanoparticles (ELNs) derived from Nauclea officinalis markedly improved its anti-NASH efficacy
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in WRL68 cells, surpassing both the free drug and unloaded ELNs. This formulation effectively tackled the poor
solubility and short half-life identified in our analysis, and the synergistic effect combining the anti-inflammatory and
antioxidant properties of andrographolide with miRNA-mediated metabolic regulation by ELNs, reinforces the justifica-
tion for nanoparticle-based strategies to address the absorption challenges we anticipated. Furthermore, the study
validated that such formulations can diminish pro-inflammatory cytokines and lipid accumulation, confirming that the
therapeutic potential of the compound can be realized when its solubility and bioavailability are enhanced.”®

Predicted distribution parameters imply moderate tissue penetration. A volume of distribution (Vd_SS = -0.30 L/kg)
and a calculated unbound fraction (Fu = 33.8%) suggest that a limited proportion circulates freely in plasma. This aligns

closely with the ~45% unbound fraction (55% protein-bound) reported by Panossian et al**

The anticipated low
permeability across the blood—brain barrier (BBB probability ~0.28) is also reasonable, considering the pronounced P-
gp efflux and restricted lipophilicity, indicating that andrographolide may not easily penetrate the central nervous system.

Andrographolide is anticipated to be a non-inhibitor of the primary human CYP enzymes, indicating a low likelihood
of CYP-mediated drug—drug interactions. This observation is consistent with existing literature: Ye et al reported rapid
metabolism by the gut and liver (S9 fraction) but did not indicate any inhibitory effects on CYPs.** The renal excretion of
the unchanged drug is minimal; the majority of clearance seems to be metabolic, as no significant parent compound was
detected in urine during animal studies.*®

The computational toxicity assessment produced mixed results. The estimated acute oral LDs, (approximately
1890 mg/kg in rats) categorizes andrographolide in GHS category 4 (“harmful if swallowed”), which aligns with
pharmacological safety thresholds. In contrast, a standardized Andrographis extract (which contains andrographolide)
exhibited no adverse effects even at doses of 5000 mg/kg in rats,*’ implying that the actual acute toxicity is low.

More alarming are the elevated probabilities for carcinogenicity (0.98) and genotoxicity (0.99) identified by one
model. However, these in-silico warnings are at odds with experimental findings. Sharifuddin et al (2012) evaluated pure
andrographolide in human lymphoblastoid cells and observed no significant genotoxicity (micronucleus formation did
not exceed the control range).’® Likewise, an Ames test conducted on an A. paniculata extract (KalmCold) returned
negative results for mutagenicity.** Therefore, while our computational models raised a flag of caution, published in vitro
research suggests that andrographolide is not mutagenic under the conditions tested. Nonetheless, the predictions
necessitate caution and imply that additional in vivo carcinogenicity studies would be advisable.

The anticipated organ-specific toxicities for the liver and kidneys were predominantly benign: high probabilities of
inactivity were noted for hepatotoxicity (P=0.93) and nephrotoxicity (P=0.51). In fact, andrographolide is widely regarded
as hepatoprotective across various models,?* rather than hepatotoxic. The likelihood of hERG blockade (QT prolongation)
was assessed to be low (P=0.22), and experimental findings do not indicate any cardiotoxic effects associated with
andrographolide. Our model did identify moderate immunotoxicity (P=0.82) and cardiotoxicity (P=0.55). There are no direct
reports of immune or cardiac adverse effects from andrographolide in vivo; rather, it is more commonly recognized for its
immunomodulatory and anti-inflammatory properties.”' Therefore, these predictions should be approached with caution.

Our in vitro discovery that andrographolide markedly diminishes OA-induced lipid accumulation in
HUH?7 hepatocytes offers direct cellular validation of its anti-steatotic properties, which are fundamental to MAFLD
treatment. The recorded 38% decrease in lipid content is strongly supported by the existing body of evidence from both
cellular and animal studies. For example, Ran et al (2023) illustrated that andrographolide mitigated hepatic steatosis in
mice fed a HFD and decreased lipid droplets in OA-treated LO2 cells, mechanistically associating this effect with the
inhibition of fatty acid uptake through the downregulation of Fatty Acid Transport Protein 2 (FATP2)."” Our findings
complement this by validating the effectiveness of andrographolide in a distinct hepatoma cell line (HUH7), thereby
reinforcing the reproducibility of its lipid-lowering impact across various experimental frameworks. Likewise, Pipitone
et al (2023) indicated that andrographolide, both independently and in conjunction with curcumin, effectively reduced
triglyceride levels and reactive oxygen species (ROS) in steatotic HepG2 cells.” Our quantitative Oil Red O analysis
provides further detail to these findings, offering a precise quantification of the effect size (Cohen’s d = —5.16).

The anti-lipid activity we observed aligns with findings from other cellular models. Chen et al (2016) illustrated that
andrographolide inhibited adipogenesis in 3T3-L1 cells by downregulating C/EBPP expression and its phosphorylation,
which in turn diminished the expression of C/EBPa and PPARy, leading to a reduction in lipid accumulation.”® In
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a similar vein, Kaewkittikhun et al (2021) reported that andrographolide decreased lipid droplet accumulation in
adipocytes derived from human bone marrow mesenchymal stem cells by inhibiting adipogenic regulators.”! These
results, in conjunction with our own, suggest that andrographolide exerts anti-lipogenic effects across various cell types
and species, indicating a conserved mechanism that likely underpins its hepatoprotective properties.

Moreover, the significant reduction corresponds with in vivo results from Cabrera et al (2017) and Hu et al (2025),
where the administration of andrographolide led to decreased hepatic triglyceride levels and improved histological
steatosis in dietary rodent models of MASH and MAFLD, respectively.’>>® This alignment between our simplified
in vitro model and the intricate in vivo pathophysiology enhances the translational significance of andrographolide’s anti-
lipogenic effects.

The hepatoprotective capabilities of andrographolide extend beyond the realm of lipid metabolism. Abdulaziz Bardi
et al (2014) demonstrated that Andrographis paniculata leaf extract mitigated thioacetamide-induced liver cirrhosis in
rats, leading to a reduction in fibrosis, lymphocyte infiltration, and oxidative stress, while also restoring serum liver
biomarkers.? Lin et al (2018) further established that andrographolide improved CCly-induced liver fibrosis in mice by
inhibiting the TLR4/NF-kB and TGF-B1/Smad2 signaling pathways.>* Yan et al (2018) found that andrographolide
lessened APAP-induced liver fibrosis through the activation of the Nrf2 antioxidant pathway.'” More recently, Zhang et al
(2025) revealed that andrographolide mitigates acute liver injury by inhibiting the NLRP3/Caspase-1/GSDMD-mediated
pyroptosis pathway,** while Li et al (2026) discovered that it alleviates Salmonella-induced liver damage in mice by
suppressing PANoptosis.”> Taken together, these studies reinforce our findings and establish andrographolide as a multi-
target hepatoprotective agent with effects on steatosis, inflammation, fibrosis, and cell death pathways.

Overall, the in-silico toxicity profile indicates that the compound is relatively safe, with the exception of potential
false-positive signals for genotoxicity. Importantly, all significant CYP450 and nuclear receptor pathways (Tox21 assays)
were predicted to be inactive (probabilities >0.77-0.99), suggesting a minimal risk of andrographolide inducing drug—
drug interactions through metabolic inhibition. This aligns with the absence of reported CYP inhibition by androgra-
pholide in existing literature.

Our analysis of network pharmacology has revealed 10 hub genes that lie at the intersection of the targets of
andrographolide and proteins associated with MAFLD: TNF, IL6, AKT1, TP53, IL1B, JUN, VEGFA, STAT3, CASP3,
and EGFR. These genes constitute a highly interconnected core involved in the regulation of inflammation and
metabolism (Table 2). It is noteworthy that TNF, IL6, and IL1B are well-established pro-inflammatory cytokines that
play a role in the pathogenesis of MAFLD/MASH.’® > STAT3 acts as the transcriptional effector for IL-6 signaling,
while AKT]1 serves as a pivotal node within the insulin/PI3K signaling pathway; both have been previously emphasized
in the context of andrographolide’s effects on metabolic disorders.®®®" CASP3 (caspase-3) and TP53 are associated with
apoptosis and stress responses, aligning with the pro-apoptotic properties of andrographolide in cancer cells.®
Additionally, EGFR and JUN, a component of AP-1, function as hubs for growth factor signaling, whereas VEGFA is
implicated in angiogenesis and also plays a role in modulating inflammation.

Crucially, similar hub targets have been documented in other contexts of MAFLD. Lei Li et al (2021) reported that
the core predicted targets of andrographolide within a MASH network included TNF, IL6, IL1B, and AKT1, all of which
are enriched in the MAFLD pathway.®' This convergence indicates that andrographolide may exert its therapeutic effects
by influencing the chronic inflammatory environment characteristic of MASH. Cabrera et al (2017) demonstrated that
treatment with andrographolide in a mouse model of MASH resulted in significant reductions in hepatic inflammation
and fibrosis, characterized by a “strong reduction in hepatic macrophage infiltration and decreased hepatic mRNA levels
of pro-inflammatory and pro-fibrotic genes”.>* The hub genes we identified (TNF, IL6, IL1B) are likely responsible for
these anti-inflammatory effects. For example, the ability of andrographolide to inhibit NF-xB is expected to suppress the
production of IL-1p, TNF-o, and IL-6,>"%%*"% which corresponds with the downregulation observed in livers subjected
to treatment.

The network is categorized into four primary modules (Figure 4). Community 3 encompasses pro-inflammatory
cytokines and immune regulators (TNF, IL6, IL1B, chemokines, MMPs), which aligns with the inflammatory theme of
Module 3. Community 1, focused on cell signaling and the cell cycle, includes STAT3, JUN, TP53, EGFR, and MAPKs,
which are associated with proliferation and stress responses. Community 4, related to lipid metabolism and nuclear
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receptors, contains PPARs and FABPs, indicating that andrographolide influences lipid management — a notion supported
by recent findings (detailed below). Community 2, which pertains to metabolism and antioxidants, includes CYP450
enzymes and glutathione pathways, suggesting a role in modulating oxidative stress. In conclusion, the hub genes we
identified are well-integrated with established MAFLD biology (inflammation, lipid dysregulation, cell death) and with
the documented activities of andrographolide, highlighting its multi-target potential in liver disease.

The KEGG pathway analysis of the shared targets revealed several pathways pertinent to MAFLD. The “Lipid and
Atherosclerosis” pathway emerged as the most enriched (p~7.9x10 %), reflecting the lipid dysregulation characteristic of
fatty liver. The classic MAFLD pathway itself (hsa04932) was significantly enriched (p~2.3x10"'°; involving 32 targets),
emphasizing that numerous andrographolide targets are situated within pathways explicitly associated with fatty liver.
The AGE-RAGE signaling pathway (hsa04933) and the Hepatitis B pathway (hsa05161) were also highly ranked. These
findings are consistent with other research: Lei et al (2021) similarly observed that the targets of andrographolide are
enriched in MAFLD signaling and fatty acid synthesis pathways.®'

Reactome analysis indicated that interleukin signaling is a predominant theme. The terms “Signaling by Interleukins”
and “IL-4 and IL-13 signaling” emerged as the most significant findings, aligning with the notable presence of IL6, IL1B,
TNEF, among others. Additionally, the concepts of “Programmed cell death” and “cellular response to chemical stress”
were also enriched, connecting to processes of apoptosis and oxidative stress. These results are consistent with the
established anti-inflammatory properties of andrographolide. For instance, andrographolide is known to significantly
inhibit IL-6/STAT3 signaling®® and to block NF-kB-dependent cytokine release.’®¢463

Gene Ontology (GO) enrichment analysis further elucidates the functional implications of our target set. Within the
Biological Processes category, the terms “response to lipopolysaccharide” and “response to molecule of bacterial origin”
were the most prominent (p~10*°). This underscores the activation pathways of the innate immune system; indeed,
endotoxin (LPS) serves as a critical initiator of hepatic inflammation in MASH. The over-representation of androgra-
pholide’s targets among LPS-response genes suggests that it may mitigate inflammatory signals derived from the gut.
Experimental evidence supports that andrographolide can inhibit LPS-induced inflammation (eg, in Kupffer cells)
through NF-kB blockade.*

In terms of Molecular Function, the enrichment of “DNA-binding transcription factor binding” and “nuclear receptor
activity” suggests that andrographolide may influence transcriptional regulators (eg, NF-kB, PPARs). Notably, PPAR-a/y
are present in our network (Community 4), and there are reports of andrographolide affecting PPAR signaling in
metabolic disorders. The analysis of Cellular Component revealed terms such as “vesicle lumen” and “secretory granule
lumen”. These terms may indicate involvement in cytokine secretion or lipid transport vesicles. For example, IL-1 and
IL-6 undergo processing in secretory vesicles; thus, andrographolide’s interference in these pathways could modify
cytokine release.®® Overall, the GO and pathway profiles present a cohesive narrative: the target network of androgra-
pholide is significantly oriented towards inflammation, particularly innate immune responses.

Our docking investigations offer molecular-level evidence supporting the multi-target effects of andrographolide. All
ten selected proteins associated with MAFLD exhibited strong predicted binding affinities (all AG < -5 kcal/mol),
indicating potential physical interactions. Notably, the strongest affinities were observed with AKT1 (7.7 kcal/mol),
EGFR (-7.5 kcal/mol), and STAT3 (-7.2 kcal/mol), suggesting robust binding to critical signaling kinases. The
significant binding to AKT1 is particularly noteworthy: AKT/PI3K signaling is known to regulate lipid synthesis and
insulin responses in hepatocytes. Theoretical inhibition of AKT1 could lead to a decrease in lipogenesis. The significance
of AKT inhibition in hepatic steatosis is robustly supported by in vivo genetic investigations. Wang et al (2021)
illustrated that the simultaneous deletion of Akt2 and AMPKa2 in murine models provided resistance to obesity and
hepatic steatosis induced by a high-fat diet. This effect was mediated by the preservation of Parkin-mediated mitophagy
and the suppression of lipogenic genes such as FAS, SREBP1, PPARy, and DGAT1. Notably, liver samples from obese
individuals exhibited increased phosphorylation of Akt and FoxOl1, thereby underscoring the clinical importance of Akt
signaling in metabolic dysregulation. These results offer mechanistic validation for our docking predictions that
andrographolide may exert anti-steatotic effects through the modulation of AKT, as the genetic ablation of Akt2 mirrors
the lipid-lowering phenotype observed in vitro.®’
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Likewise, our substantial binding to EGFR corresponds with recent research indicating that andrographolide down-
regulates EGFR in cancer cells.®® In a study focused on breast cancer, andrographolide was demonstrated to directly
target EGFR, inhibiting epithelial-mesenchymal transition (EMT).®® Considering EGFR’s involvement in hepatocyte
growth and regeneration, this interaction may influence liver proliferation or fibrosis.

The analysis of hydrogen-bond interactions identifies crucial residues within each complex. For instance, androgra-
pholide established multiple hydrogen bonds with STAT3 (through Ser727 and Arg729 interactions) (Table 3). This
finding aligns with existing literature, which indicates that andrographolide inhibits STAT3 phosphorylation and signal-
ing in cancer cells.®” The docking results imply that andrographolide fits into the STAT3 SH2 domain or an adjacent
pocket, stabilized by five hydrogen bonds. In the case of EGFR, significant interactions included Met54 and Arg309
within the kinase domain, supporting the idea that andrographolide can bind to EGFR and hinder its activity.®® Inhibition
of EGFR may also play a role in diminishing liver fibrosis, as EGFR inhibitors have been shown to reduce stellate cell
activation in MASH models.® Yin et al (2025) recently revealed that andrographolide influences the STAT3/PI3K/Akt
pathway in diabetic nephropathy, leading to reductions in oxidative stress, inflammation, and apoptosis in podocytes.
Utilizing network pharmacology, molecular docking, and in vivo validation, they identified STAT3, PI3K, and AKT1 as
primary targets of andrographolide, with high binding affinities confirmed through molecular docking studies. Their
research demonstrated that andrographolide markedly enhanced renal function and mitigated fibrosis by inhibiting the
RAGE-NF-kB and STAT3/PI3K/Akt pathways.>> These findings support our docking results and imply that the multi-
target engagement of andrographolide with AKT1 and STAT3 may be fundamental to its extensive therapeutic effects
across metabolic and inflammatory disorders, including MAFLD. The qPCR findings, indicating a notable downregula-
tion of AKT1, EGFR, and STAT3 mRNA in steatotic hepatocytes, not only confirm but also enhance the forecasts
derived from our network pharmacology analysis and docking investigations.

The binding to pro-inflammatory cytokines is particularly noteworthy. The docking analysis with IL-6 revealed the
formation of five hydrogen bonds (for instance, a robust Argl96-Glu83 bond), indicating that andrographolide may
stabilize itself on the surface of IL-6. This observation is significant as andrographolide is known for its anti-
inflammatory properties, which include the reduction of IL-6 production;’® "% direct binding could potentially disrupt
the engagement of the IL-6 receptor. In a similar vein, the binding with TNF involved five hydrogen bonds (for example,
at Glyl44 and Cysl145), suggesting that andrographolide may interact with TNF-a. Although this remains speculative,
such binding could influence TNF signaling.

The interaction with caspase-3 (CASP3), despite exhibiting only two hydrogen bonds, was sufficiently strong (AG = —
6.9 kcal/mol) to imply the formation of a stable complex. This aligns with findings that andrographolide promotes
caspase-3-mediated apoptosis in various cell types.®” By binding to CASP3, andrographolide may allosterically enhance
its activation or simulate a substrate. In osteosarcoma cells, andrographolide has been demonstrated to “significantly
induce caspase-3, —8, and —9 activation, resulting in PARP cleavage”,62 which is consistent with our docking results
supporting a direct interaction with CASP3.

The docking findings with transcriptional regulators TP53 (-6.9 kcal/mol) and JUN (-5.3 kcal/mol) indicate potential
anti-tumor effects. Although p53 is frequently mutated in various diseases, andrographolide has been reported to degrade
mutant p53 and to induce apoptosis independent of p53.”* In this context, andrographolide forms seven hydrogen bonds
with wild-type p53 (involving Arg249 and Tyr163), which may affect the activity or stability of p53. The binding of JUN
(with multiple bonds to His122) could modulate the activity of the AP-1 transcription factor; andrographolide has been
noted to influence c-Jun levels in the context of lung inflammation.”* The interaction with TP53 holds significant
importance in the context of hepatocyte senescence, a phenomenon that is increasingly acknowledged in the development
of fatty liver disease. Qi et al (2022) illustrated that the suppression of hepatocyte senescence, marked by a reduction in
senescence-associated P-galactosidase activity and a decrease in the expression of pl6 and p21, effectively improved
alcoholic fatty liver disease (AFLD) in mice subjected to ethanol and in ethanol-treated LO2 cells.”” Importantly, p53
serves as a principal regulator of cellular senescence through its transcriptional regulation of p21, while the senescence-
associated secretory phenotype (SASP) plays a role in promoting liver inflammation and fibrosis. Although Qi et al
(2022) focused on curcumol instead of andrographolide, their results indicate that targeting pathways related to p53-
induced senescence can provide substantial hepatoprotection against steatotic damage.”” Our docking predictions suggest
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a strong binding affinity of andrographolide to TP53, indicating that andrographolide may also influence hepatocyte
senescence, thereby enhancing its direct anti-lipogenic effects. This proposition is further supported by the extensive anti-
inflammatory and antioxidant characteristics of andrographolide, which may affect the senescence-associated secretory
phenotype and the inflammatory environment within the steatotic liver.

Ultimately, the binding of VEGFA (-5.8 kcal/mol) involved interactions with the backbone; although andrographolide
is not primarily recognized for its anti-angiogenic properties, VEGFA plays a role in fibrosis and inflammation associated
with MASH,’® thus modulation in this context cannot be dismissed. In summary, the docking and interaction patterns are
biologically credible and enhance the network analysis. The anticipated strong affinity for STAT3, EGFR, AKTI,
CASP3, IL-6, and TNF aligns with the documented effects of andrographolide (anti-inflammatory, pro-apoptotic) and
underscores its polypharmacological nature.

It is crucial to emphasize that the anticipated binding energies, especially those around —5.8 kcal/mol (eg, TNF,
VEGFA) and —5.3 kcal/mol (JUN), indicate relatively moderate interactions and should not be construed as definitive
proof of biologically significant binding. Even the most robust predicted interactions (—=7.7 kcal/mol for AKTI)
necessitate experimental confirmation. These computational forecasts function as a prioritization mechanism to inform
subsequent experimental investigations rather than serving as conclusive proof of therapeutic effectiveness.

By synthesizing all findings, andrographolide is revealed as a structurally “drug-like” compound with multi-target
pharmacological properties, albeit with pharmacokinetic challenges. Its limited solubility and significant efflux suggest that
reaching therapeutic levels in the liver may prove difficult without specific formulation strategies. In fact, recent research
has introduced nanocrystal formulations aimed at enhancing the bioavailability of andrographolide.*> Nevertheless, once
administered, andrographolide seems ready to interact with critical pathways related to MAFLD. Our enriched pathways
(lipid metabolism, IL signaling, NF-kB-related inflammation) correspond with in vivo observations: for instance, Ran et al
(2022) demonstrated that andrographolide dose-dependently mitigated hepatic steatosis in mice fed a high-fat diet,
primarily by inhibiting FATP2-mediated fatty acid uptake.'” This innovative mechanism complements our network
predictions: while FATP2 was not included in our target list, the broader pathway of fatty acid uptake and triglyceride
synthesis (the “lipid and atherosclerosis” KEGG pathway) is prominently emphasized in our analysis, reinforcing Ran’s
finding that andrographolide diminishes liver lipid accumulation by restricting fatty acid transport.'®

Furthermore, the inhibitory effect of andrographolide on inflammatory signaling is well documented. Cabrera et al
(2017) demonstrated that andrographolide diminished hepatic macrophage infiltration and reduced the expression of IL-1J,
TNF-q, and other cytokines in MASH mice.?® The focus of our network on TNE, IL6, IL1B, STAT3, and others aligns with
this: andrographolide likely disrupts the detrimental cycle of LPS/Kupffer cell activation leading to NF-kB/STAT3
signaling and subsequent cytokine release. Indeed, the study indicated that NF-«B inhibition is a probable mechanism,>
which is consistent with docking studies showing that andrographolide interacts with proteins (such as STAT3 and IL-6)
involved in these pathways.

Several limitations of this study warrant consideration. These experimental results are aligned with our computational
predictions and indicate that treatment with andrographolide influences these signaling pathways. However, it’s crucial to
recognize that changes in mRNA might be secondary effects stemming from decreased cellular steatosis and enhanced
metabolic health, rather than direct changes in transcription. Therefore, although our integrated computational and
mRNA expression data suggest these pathways play a role in the anti-steatotic effects of andrographolide, they do not
confirm a direct causal relationship. Additional, our integrated approach, combining gene expression analysis with
molecular docking, offers a detailed framework for exploring how andrographolide might work. The predictions from
molecular docking indicate possible direct interactions with important proteins, and the mRNA expression data show that
these pathways are influenced during the anti-steatotic response. However, since the changes in mRNA are correlative
and the docking predictions are based on computational models, we should view these results as generating hypotheses
rather than providing definitive proof of mechanisms. While our qRT-PCR data demonstrate significant downregulation
of AKT1, EGFR, and STAT3 mRNA in response to andrographolide treatment, mRNA changes cannot confirm direct
inhibition of the encoded proteins. Therefore, the transcript-level changes reported in this study are correlative observa-
tions and should not be interpreted as evidence of direct functional inhibition of AKT1, EGFR, or STAT3. Moreover,
Although HUH?7 cells provide consistent results for early mechanistic research, their cancerous characteristics make it
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difficult to apply findings to primary human hepatocytes. It’s crucial to validate these results in non-tumorigenic models
such as HepaR@G, primary hepatocytes, and co-cultures to ensure their relevance for translation.

Challenges arise from the pharmacokinetics of andrographolide, as its poor solubility, Pgp efflux, and rapid
metabolism result in low systemic exposure. Addressing these challenges (for instance, through advanced formulations
or prodrugs) is crucial to unlock its therapeutic potential in MAFLD.

Conclusion

This comprehensive study, utilizing a multi-faceted methodology that includes computational network pharmacology, molecular
docking, and experimental validation, offers substantial and converging evidence regarding the therapeutic efficacy of andro-
grapholide in the context of MAFLD. Our in silico investigations laid a solid molecular groundwork, forecasting a favorable
safety profile characterized by a low risk of hepatotoxicity, while also pinpointing a network of essential targets within critical
MAFLD pathways that encompass inflammation, metabolism, and cellular signaling. Importantly, these computational forecasts
were corroborated through experimental means. In vitro studies revealed that andrographolide significantly reduced OA-induced
lipid accumulation in HUH7 hepatocytes, thereby affirming its direct anti-steatotic properties. Furthermore, the results from
gPCR indicated that andrographolide specifically lowered the mRNA expression of AKT1, EGFR, and STAT3 mRNA in
steatotic cells. This suggests that it may influence processes like lipogenesis, cell proliferation, and inflammation. However, it’s
important to note that these effects might be a result of decreased steatosis. To establish direct mechanistic effects, further
validation at the protein level and functional assays are necessary. Crucially, AKT1 and STAT3 activities are primarily regulated
through phosphorylation, which cannot be assessed by qPCR. Protein-level validation (Western blot for p-AKT1 Ser473, p-
STAT3 Tyr705, and total EGFR) is absent in this study and is required to establish functional target engagement. The alignment
of robust predicted binding affinities derived from docking studies with the noted downregulation of these target genes provides
a coherent hypothesis for a multi-target mechanism of action. However, this hypothesis requires experimental confirmation at the
protein level. Andrographolide seems to concurrently influence interrelated pathological processes in MAFLD steatosis,
inflammation, and insulin resistance via a polypharmacological effect. Although the encouraging anti-steatotic and anti-
inflammatory characteristics position andrographolide as a strong candidate for MAFLD treatment, subsequent research must
tackle its pharmacokinetic and pharmacodynamic safety liabilities. Future efforts should concentrate on enhancing bioavail-
ability, verifying in vivo target engagement, and assessing its effectiveness in advanced experimental models of steatohepatitis
and fibrosis to fully unlock its translational potential.
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