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A B S T R A C T

Hypoalbuminemia, associated with inflammation in severely ill patients, can emerge due to 
decreased albumin production. Transforming growth factor-beta (TGF-β) and nuclear factor- 
kappa B (NF-κB) are critical signaling pathways responsible for decreased albumin expression. 
This study explores the protein content and modulation effects of Striatin on albumin synthesis 
and inflammation, employing in silico proteomics and in vitro investigations. In the in silico pro-
teomics realm, LC/MS-MS protein sequencing, 3D modeling, protein-protein docking simulations, 
100 ns molecular dynamics (MD) simulations, and MM/PBSA binding free energy calculations 
were carried out. Complementing this, in vitro studies examined Albumin gene expression and 
extracellular secretion in HepG2 cells subjected to lipopolysaccharides-induced hypo-
albuminemia. Furthermore, the study probed Striatin’s influence on the NF-ᴋB expression, given 
albumin’s role as a negative acute-phase protein. The results unveiled nucleoside diphosphate 
kinase (NdK) and parvalbumin (PV) as the prominent constituents within Striatin. Notably, NdK 
and PV exhibited the ability to disrupt hydrogen bonds with specific residues in both TGF-β and 
NF-κB complexes, thereby enhancing their flexibility, akin to the action of the FKBP12 complex 
(antagonist complex). In the in vitro experiments, Striatin demonstrated a dose and time- 
dependent inhibition of hypoalbuminemia, with peak efficacy observed at a concentration of 
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20 μg/mL. At this concentration, Striatin also suppressed NF-κB expression when co-incubated 
with lipopolysaccharides. While these findings suggest potential inhibitory effects of Striatin on 
TGF-β and NF-κB activities, they are preliminary and warrant further investigation. This study 
highlights Striatin’s potential as a therapeutic agent for inflammation-related hypoalbuminemia, 
though additional research is needed to fully validate these results.

1. Introduction

Hypoalbuminemia is generally associated with inflammation in hospitalized and severely ill patients. Decreased albumin pro-
duction, increased albumin catabolism, or increased loss of albumin through the kidneys, skin, and gastrointestinal tract are possible 
mechanisms that occur in the emergence of hypoalbuminemia [1]. Capillary permeability and release of serum albumin resulting from 
inflammation can increase the volume of albumin distribution, shorten the half-life of albumin, and decrease the total albumin mass 
[2]. Hypoalbuminemia can be an indicator of the severity of various diseases. For example, in chronic kidney disease (CKD), low serum 
albumin levels have been correlated with systemic inflammation, serving as a prognostic marker for higher mortality rates [3]. 
Similarly, research on colorectal cancer patients revealed a noteworthy association between hypoalbuminemia and increased systemic 
inflammatory response, indicating a heightened nutritional risk among this cohort [4]. In the realm of infectious diseases, particularly 
in the context of severe sepsis or septic shock, hypoalbuminemia often accompanies the inflammatory response. Research has 
demonstrated that low albumin levels in septic patients are associated with a higher likelihood of organ failure and increased mortality 
rates [5]. This emphasizes the role of hypoalbuminemia as an indicator of the severity of systemic inflammatory responses.

The cytokine that plays an essential role in the inflammatory response mediated by albumin expression is transforming growth 
factor β (TGF-β). This cytokine inhibits albumin production in normal human hepatocytes and hepatoma HepG2 cells by reducing 
albumin mRNA levels by 2-4-fold [6]. An in vivo study indicated that overexpression of TGF-β can trigger urinary albumin loss by 
increasing albumin permeability from the glomerulus [7]. Furthermore, increased levels of TGF-β are associated with loss of albumin 
in the body and increased levels of albumin in the urine (micro- and macroalbuminuria) through a lysosomal breakdown of albumin 
filtered by proximal tubular cells [8]. Besides TGF-β, nuclear factor kappa β (NF-κB) is vital in albumin expression. Lipopolysaccharide 
(LPS)-induced signaling activation and increased NF-κB activity decreased albumin expression dramatically [9]. This underscores the 
multifaceted nature of the inflammatory response and the involvement of various molecular pathways in modulating albumin levels. 
Considering the significance of TGF-β and NF-κB in albumin regulation, these cytokines emerge as potential targets for therapeutic 
intervention aimed at addressing hypoalbuminemia conditions. Inhibition of TGF-β and NF-κB pathways could hold promise in 
restoring normal albumin expression and mitigating the complications associated with altered albumin dynamics.

Nucleoside diphosphate kinase (Ndk) and parvalbumin (PV) are two proteins isolated from Channa striata, commonly known as the 
striped snakehead fish. Channa striata is a freshwater fish spread across Southeast Asian countries. This fish is a source of high-quality 
protein and is often used as a traditional medicine to treat various diseases [10]. Snakehead fish is used traditionally by local people to 
treat pain and wounds. It can also increase the energy and recovery of people with illnesses. Snakehead fish contains protein (more 
than 75 %), lipids, and vitamin A. It has a high content of docosahexaenoic acid (DHA) and arachidonic acid (AA), which help treat 
wounds and reduce inflammation [11,12]. Striatin is a form of development from Channa striata as a traditional medicine. It is a 
bioactive protein fraction isolated from snakehead fish that lives in Indonesian freshwaters. Striatin can accelerate wound healing and 
restore albumin levels in injured animal models [13]. Ndk is an enzyme involved in nucleotide metabolism associated with various 
biological functions, including cell signaling, DNA repair, and cell proliferation [14–16]. Parvalbumin, a low molecular weight 
calcium-binding protein, is known for its role in muscle relaxation and calcium homeostasis [17,18]. However, their potential ther-
apeutic effects and molecular mechanisms of action in hypoalbuminemia have yet to be extensively investigated.

In recent years, in silico proteomics approaches have gained popularity in bioinformatics and drug discovery research. These 
computational methods allow researchers to analyze large-scale biological datasets and predict the interactions between proteins and 
potential drug compounds [19,20]. However, no integrative study has yet employed a combination of in silico proteomics and in vitro 
experimentation to investigate the therapeutic potential of Channa striata extract, leaving a gap in the comprehensive understanding of 
its molecular mechanisms and effects. Our study uniquely integrates in silico proteomics with in vitro experiments to address the 
existing research gaps. While prior research has largely focused on either computational or laboratory-based methods independently 
[21,22], our approach integrates both, enabling a more holistic understanding of Striatin’s biological activity. Specifically, we 
employed in silico proteomics to characterize the molecular interactions and mechanisms of action of Striatin. The protein profile of 
Striatin was analyzed using two-dimensional gel electrophoresis (2-DE) and liquid chromatography-tandem mass spectrometry 
(LC-MS/MS). We further conducted molecular docking and molecular dynamics (MD) simulations (100 ns) to investigate how Striatin 
proteins interact with their target receptors (TGF-β and NF-κB). On the in vitro side, we explored how Ndk and PV affect the NF-κB 
expression. We assessed their effects on albumin synthesis in HepG2 cells under inflammatory conditions induced by LPS. This dual 
approach validates the computational predictions and reveals the molecular mechanisms by which Striatin modulates inflammation 
and restores albumin levels. By bridging computational and experimental methods, our study advances current knowledge of the 
therapeutic applications of bioactive proteins derived from Channa striata. This integrated approach offers a robust framework for 
exploring Striatin’s potential in managing hypoalbuminemia and inflammation, providing a foundation for future translational 
research and clinical applications.
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2. Materials and methods

2.1. Striatin bioactive fraction

Striatin was obtained and developed at Dexa Laboratories Biomolecular Science (DLBS), PT Dexa Medica, Cikarang, Indonesia. 
Striatin is a bioactive protein fraction (BAPF) from Channa striata fillet meat from freshwater waters in West Java, Indonesia. This BAPF 
was obtained by extracting Channa striata using a water-based solvent and then processed through a multi-step fractionation, con-
centration, and drying process.

2.2. Computing power

The employed computing power for the in silico proteomics approach in this study was a workstation that has the following 
specifications: Intel® Core™ i9-10900K CPU @3.70Ghz x 20, NVIDIA GeForce RTX 3090 24 GB, RAM 32 GB DDR5, HDD 4 TB, and 
Ubuntu operating system.

2.3. Proteomics study of striatin

To identify the proteins present in Striatin, a 2-DE technique was used. This technique separates proteins based on their isoelectric 
point and molecular weight. Subsequently, LC-MS/MS was employed to identify the proteins from the 2-DE gels. This approach 
allowed us to characterize the protein composition of Striatin.

2.3.1. Protein separation by gel electrophoresis
The protein profile of Striatin was analyzed by gradient 10 % and 16.5 % Tricine sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), using ultra-low molecular weight markers (1.02–26.6 kDa). In addition, protein bands were visualized by 
Coomassie Brilliant Blue R-250 [23]. 2-DE also separated the proteins present in Striatin, using a wide range of immobilized pH 
gradient (IPG) strips (pH 3–10). Striatin (equal to 200 μg of protein) was diluted using rehydration buffer (urea 8 M, CHAPS 2 %, 
Dithiothreitol 50 mM, Bio-Lyte 0.2 %, and bromocresol blue). The IPG strip rehydration was done by diluting the Striatin solution in a 
rehydration/equilibration tray for 16 h at 4 ◦C. In the first dimension, the separation was conducted through three different voltages: 
250 V for 20 min, 400 V for 2 h, and 10,000 V for 4 h. After the first dimensional electrophoresis, the IPG strip was run on gradient 
Tricine SDS-PAGE. Protein spots were then visualized by Coomassie Brilliant Blue R-250 staining.

2.3.2. Protein digestion, mass spectrometry, and database searching
All protein spots were manually excised from the 2-DE, stored at 4 ◦C for further analysis, and were sent to Proteomics Interna-

tional; Pty. Ltd. (Broadway, Nedlands, Australia) for protein identification. Firstly, the individual protein was digested in the tryp-
sinized gel. Then, the digested products were extracted according to the standard techniques before LC-MS/MS analysis [24]. Extracted 
peptides with molecular weights around 10.9, 8.3, 15.4, and 16.7 kDa were individually analyzed using an LC-MS/MS, the Agilent 
1260 Infinity HPLC system (Agilent), coupled to an Agilent 6540 mass spectrometer (Agilent) (LC-MS/MS). Tryptic peptides were 
loaded onto a C18 column 300 SB, 5 μm (Agilent), and separated with a linear gradient of water/acetonitrile/0.1 % (v/v) formic acid. 
Each spectrum was analyzed with Mascot sequence matching software (Matrix Science) using the MSPnr100 database (for LC-MS/MS) 
to identify the protein of interest. Each peptide ion data fragmented within the mass spectrometer was matched to the possible amino 
acid sequences in the database. Furthermore, the resulting sequences were then searched against the National Center for Biotechnology 
Information (NCBI) protein database using the basic local alignment search tool (BLAST) to provide the sequence coverage of Striatin’s 
peptides in each spot to the predicted protein. Blast analysis was subsequently conducted and followed by sequence alignment (http:// 
www.ebi.ac.uk/Tools/services/web).

2.4. In silico study of striatin

In addition to the experimental characterization, in silico protein-protein interaction studies were conducted to investigate the 
interactions between proteins from Striatin and their potential target molecules, specifically TGF-β and NF-κB. In silico methods, such 
as molecular docking, were employed to predict and to analyze the binding interactions between Striatin proteins and the target 
receptors. Furthermore, MD simulations, lasting 100 ns (ns), were performed to study the dynamic behavior and stability of the 
protein-protein complexes formed between Striatin and its target receptors. These simulations allow the researchers to observe the 
conformational changes and intermolecular interactions over an extended period.

2.4.1. 3D structure modeling
The nucleoside diphosphate kinase (Ndk) and parvalbumin (PV) as the two major proteins (based on % sequence coverage) of 

Striatin were chosen for in silico study. Briefly, the 3D model structures of Ndk (PDB template: 4UOF [25]) and PV (PDB template: 
5ZGM [26]) were built by employing iterative threading assembly refinement (I-TASSER) [27] based on the matched protein 
sequences.
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2.4.2. Protein-protein docking simulation
We investigated the intermolecular interactions of Ndk and PV isolated from Striatin with their target receptors (TGF-β and NF-κB). 

Protein-protein docking simulations determined key residues responsible for forming protein-protein complexes, types of intermo-
lecular interactions, binding affinities, binding modes, and orientations. To obtain information regarding the binding site of TGF-β 
(PDB ID: 1B6C [28]) and NF-κB (PDB ID: 1SVC [29]), the protein-protein interactions were analyzed using PDBSum [30]. The 
advanced interface option in the High Ambiguity Driven Protein-Protein Docking (HADDOCK) stand-alone version [31] was used to 
perform protein-protein docking calculations for the Ndk and PV against TGF-β and NF-κB. The best protein-protein docking results for 
each resulting complex were selected based on two essential criteria: (1) the most significant number of clusters or populations and (2) 
the highest docking score (HADDOCK score), which indicates the strongest binding affinity between the two proteins in the 
protein-protein complex. Furthermore, the intermolecular interactions in the protein complexes were determined using Protein In-
teractions Calculator (PIC) with default parameters [32].

2.4.3. Molecular dynamics (MD) simulation
Molecular dynamics (MD) simulations were performed for the generated protein–protein complexes employing GROMACS 2022.5 

[33]. The Optimized Potentials for Liquid Simulations (OPLS-AA/L) all-atom force field and the default cubic box parameters were 
used to set up the MD simulations [34]. Several standard steps were followed, including the preparation of input files, the definition of 
the box dimensions, the addition of water molecules using Single Point Charge Extended (SPCE), and the inclusion of counterions to 
neutralize the system. The energy minimization phase was carried out using the steepest-descent approach, followed by a two-phase 
equilibration process including phase 1: Number of particles, Volume, and Temperature (NVT) ensemble; and phase 2: Number of 
particles, Pressure, and Temperature (NPT) ensemble to stabilize the system. Subsequently, production MD simulations were per-
formed for 100 ns for the protein-protein complexes. The GROMACS package provided various built-in functions to analyze the 
simulation results, such as Root Mean Square Deviations (RMSD), Root Mean Square Fluctuation (RMSF), Radius of Gyration (RoG), 
potential energies, and intermolecular hydrogen bonding interactions. To visualize the crucial residues and intermolecular in-
teractions within the predicted protein-protein complex, a manual inspection was performed using the PyMOL program [35].

2.4.4. Molecular Mechanics/Poisson–Boltzmann Surface Area (MM/PBSA) calculations
The Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) calculation method, based on MD simulations, was uti-

lized to examine the protein-protein interactions involved in downregulating TGF-β and NF-κB overexpression by Ndk and PV from 
Striatin (Channa striata) under hypoalbuminemia conditions. MD simulations generated an ensemble of protein conformations and 
selected representative snapshots. Gas-phase energy calculations, solvation energy estimations using a continuum solvent model, and 
entropy calculations were performed for each snapshot. The binding free energy was then computed by combining these contributions. 
The gmx_MMPBSA module from GROMACS was employed to perform the calculations [36,37]. The MM/PBSA method is commonly 
used to predict the binding free energy of a protein-protein complex [38]. The equation for calculating the MM/PBSA binding free 
energy is as follows: 

ΔG_binding = ΔG_complex - ΔG_protein1 - ΔG_protein2                                                                                                                 

Where:
ΔG_binding is the binding free energy of the protein-protein complex.
ΔG_complex is the free energy of the fully solvated protein-protein complex.
ΔG_protein1 is the free energy of protein 1 in its solvated state (unbound).
ΔG_protein2 is the free energy of protein 2 in its solvated state (unbound).
The binding free energy is estimated by computing the difference between the free energy of the complex and the sum of the 

individual free energies of the unbound proteins. This accounts for the energetic changes that occur upon complex formation.

2.5. In vitro study of striatin

The in vitro experiments aimed to assess the expression of the albumin gene and the release of Albumin into the extracellular 
environment in HepG2 cells induced with hypoalbuminemia caused by lipopolysaccharides. Furthermore, the study investigated how 
Striatin influenced the total NF-ᴋB expression, taking into account the fact that albumin acts as a negative acute-phase protein.

2.5.1. Protein content assay
Protein concentration was quantified using the Bradford method. Sample (100 μL) was added to 2 mL of Bradford reagent (100 mg 

Coomassie G250 (Sigma-Aldrich), 50 mL of ethanol 95 % (Sigma-Aldrich), 100 mL of phosphoric acid 85 % (Sigma-Aldrich), and water 
up to 1 L volume. The mixture was incubated for 10 min at room temperature, and the absorbance was measured at 595 nm. The 
standard curve was prepared using BSA fraction V (Merck, Germany) at various concentrations to determine Striatin protein con-
centration during cell treatment.

2.5.2. Cell line reporting requirements and cell viability assay
Cell viability was assessed using the human hepatocellular carcinoma cell line HepG2 (ATCC, HB-8065, RRID: CVCL_0027). These 

cells were obtained from the American Type Culture Collection (ATCC) and authenticated using short tandem repeat (STR) profiling to 
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confirm their identity. Additionally, they were tested and found negative for mycoplasma contamination. The HepG2 cells were 
cultured in Minimum Essential Medium (MEM) supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin (PS) 
and maintained under standard culture conditions. For the cell viability assay, HepG2 cells were seeded in 96-well plates and treated 
with various concentrations of Striatin (0–500 μg/mL) for 24 h. After the treatment period, cell viability was assessed using the 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to the manufacturer’s instructions (Promega, Madison, 
Wi, USA). MTT is a colorimetric assay that measures the reduction of MTT by viable cells to form insoluble formazan crystals, 
providing an indirect measure of cell viability. To ensure reproducibility, each condition was tested in triplicate within each exper-
iment, and the assay was performed across three independent experiments.

2.5.3. Optimization of LPS-induced decrease in albumin secretion
Before treatment, the HepG2 cells were seeded at a density of 10 × 104 cells per well in a 6 mm cell culture dish (Iwaki) and 

incubated in a complete medium for 2 h before use (3 replicates in each group). Cells were incubated in a serum-free medium for 
another 24 h to diminish serum in the medium completely. Afterward, cells were exposed to LPS at various concentrations (0–1000 ng/ 
mL) for 24 h to obtain optimal conditions for LPS-induced reduction in albumin secretion. Subsequently, HepG2 cells were incubated 
with an optimal concentration of LPS at four different incubation times (24, 48, 72, and 96 h). The total mRNA and extracellular 
proteins were isolated for further assay.

2.5.4. Treatment of Striatin on LPS-induced decrease in albumin secretion HepG2 cell line
After reaching confluency, HepG2 cells were incubated (3 replicates in each group) with the optimal LPS concentration, then co- 

incubated with Striatin at various concentrations (0–40 μg/mL) at three different times (24, 48, and 72 h). To ensure that fluctuations 
in cell viability did not affect the results, controls were included at each time point (24, 48, and 72 h) to provide a basis for comparison 
and to validate the continued viability of the cells throughout the experiment. Total mRNA and extracellular protein were analyzed to 
investigate the effect of Striatin on LPS-induced suppression of albumin secretion. Human serum albumin (HSA, CSL Behring), with a 
concentration of 10 μg/mL, was used as a comparator.

2.5.5. Total mRNA isolation and reverse transcriptase polymerase chain reaction (RT-PCR)
Total mRNA was isolated using TRIzol reagent (Invitrogen) and then processed using RT-PCR to obtain cDNA. Total mRNAs (1 μg) 

were added to 10 μL of reaction mixture containing 2 μL of Reverse Transcriptase buffer, 0.5 μL of Reverse Transcriptase Enzyme Mix, 
and 0.5 μL of primer mix from ReverTra Ace™ qPCR RT Kit (Toyobo). The cDNA was subjected to RT-PCR to determine albumin and 
nuclear factor kappa B (NF-κB) gene expression. PCR was performed with 2 μL of cDNA in 20 μL of reaction mixture containing 10 μL of 
Ssofast™ Evagreen® MasterMix (Biorad), and 1 μL of 5 μM each sense and antisense primers. The glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) was used as the internal control for the RT-PCR reaction. Relative gene expressions were calculated using the 
ΔΔCq method relative to untreated control in 24 h of treatment. The PCR primer sequences and obtained product sizes for gene 
amplification are provided in Table 1.

2.5.6. Enzyme-linked immunosorbent assay (ELISA)
The expression of HSA was measured with sandwich ELISA using a specific antibody (Santa Cruz, USA; Abcam, USA). A 96-well 

plate (Greiner Bio-one 705070) was coated overnight with 100 μL of 1 μg/μL anti-HSA (Abcam, [15C7] Ab2406). Wells were 
washed three times with 200 μL of washing buffer (twice with phosphate-buffered saline (PBS), once with 200 μL of tris-buffered 
saline, 0.1 % Tween® 20 detergent (TBST)). Blocking was conducted using 150 μL of 2.5 % BSA (Sigma, USA) in PBS for 1 h at 
room temperature with gentle shaking. Antigen solution (50 μL) was loaded and incubated for 1 h at room temperature. The wells were 
rewashed three times, and an amount of 0.5 μg/mL detection antibody was added (Anti-HSA Ab2406, Abcam). After a similar pro-
cedure of incubation and washing, wells were incubated with 100 μL of secondary antibody-tagged horseradish peroxide (HRP) 
(1:1000) (Santa Cruz, USA) in blocking solution for 1 h at room temperature with gentle shaking. The color was developed by adding 
50 μL of TMB (Sigma, USA), stopped by 0.25 M of sulfuric acid solution, and the absorbance was measured at 450 nm. The standard 
absorbance calibration curve was generated using native HSA (Abcam). Extracellular HSA relative quantity was calculated by 
normalizing the albumin content of each sample to control.

2.5.7. Statistical analysis
The data were presented as mean ± SD (standard deviation). Data analysis was performed using SPSS ver. 22.0 (IBM Corp, Armonk, 

Table 1 
PCR primer sequences and product sizes for gene amplification in hypoalbuminemia study.

Gene Primer Sequence (5’ - 3′) Product size (bp)

Albumin (ALB) Forward TGCTTGAATGTGCTGATGACAGGG 162
Reverse AAGGCAAGTCAGCAGGCATCTCAT

Nuclear factor kappa b subunit (NFkB) Forward GCTTAGGAGGGAGAGCCCAC 107
Reverse AACATTTGTTCAGGCCTTCCC

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) Forward ATGACAACAGCCTCAAGATCATCAG 607
Reverse CTGGTGGTCCAGGGGTCTTACTCCT
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NY, USA). One-way analysis of variance (ANOVA) followed by the Tukey post hoc test was used to analyze samples. The value of p <
0.05 was considered a significant difference between the tested groups.

3. Results

3.1. Proteomics study of striatin

The protein analysis conducted on Striatin revealed a protein profile consisting of four distinct protein bands with molecular 
weights ranging from 6.5 to 17 kDa (Fig. 1a). This initial characterization provided an overview of the protein components in the 
Striatin sample. To further investigate the protein composition, a 2-DE analysis was performed. The four protein bands observed in the 
protein profile were separated into seven distinct protein spots on the 2-DE gel (Fig. 1b). Each protein spot represented a protein with a 
specific molecular weight and isoelectric point (pI). The 2-DE analysis revealed three spots with molecular weights around 10.9 kDa, 
two spots at approximately 8.3 kDa, and the remaining spots at about 15.4 and 16.7 kDa, respectively. Significantly, all protein spots 
fell within the pH range of 4–10, indicating their isoelectric points.

To identify the proteins corresponding to these spots, LC-MS/MS analysis was performed. The results of the LC-MS/MS analysis, 
including the protein hits and the number of matched peptides for each spot, were summarized in Table 2. Mascot sequence query 
analysis revealed that spots S1 and S2 were identified as nucleoside diphosphate kinase (Ndk), while spots S3, S4, and S5 were similar 
to parvalbumin (PV). Additionally, spots S6 and S7 were identified as beta-1-parvalbumin (Pvalb1). Identifying the proteins was based 
on comparing the amino acid sequences of peptides obtained from each spot with those of known protein hits. The percentage of 
sequence coverage from all matched peptides to the mature peptide of the predicted protein was also considered during the identi-
fication process. These findings hold significance for understanding the protein components of Striatin. The presence of Ndk, PV, and 
Pvalb1 indicates their potential involvement in the biological processes associated with Striatin. However, Pvalb1 was not included in 
the in silico study because Pvalb1 has a protein sequence similar to PV (higher % coverage).

3.2. In silico study of striatin

In this in silico study, the protein-protein interactions and binding free energy were investigated through a series of computational 
methods. The process involved constructing 3D models of the proteins, performing protein-protein docking simulations to predict 
binding orientations, conducting MD simulations to simulate complex dynamics, and finally estimating the binding free energy using 
the MM/PBSA approach. These techniques allowed for a comprehensive analysis of the protein-protein interactions, providing insights 
into their binding modes, dynamics, and energetics.

3.2.1. 3D model construction
In this research, the 3D model structures of nucleoside diphosphate kinase (Ndk) and parvalbumin (PV) from Striatin were con-

structed using I-TASSER, a widely used computational method for protein structure prediction [27]. The modeling process involved 
aligning the protein sequences of Ndk and PV with templates available in the Protein Data Bank (PDB), ensuring the reliability of the 
generated models. The nucleoside diphosphate kinase fragment of Striatin was successfully modeled in 3D using molecular simulation 
techniques. At the same time, the coverage percentage from the sequencing results indicated that the resulting 3D structure was 
incomplete (49.66 % coverage). The 3D modeling analysis provided insights into the active site of nucleoside diphosphate kinase from 

Fig. 1. Striatin protein profile analysis using two-dimensional gel electrophoresis and Tricine-SDS PAGE. (a) Tricine-SDS PAGE gel showing the 
separation of proteins. Lane M: Ultra-low molecular weight (ULMW) protein marker, Lane S: Striatin sample. (b) 2D-Electrophoresis image high-
lighting protein spots corresponding to Striatin.
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Striatin (Fig. 2a). The active site was identified to be composed of specific amino acid residues, including Lys 7, Leu 22, Lys 25, Lys 26, 
and Tyr27 (Fig. 2b). Understanding the composition and arrangement of these residues offers important clues regarding the functional 
mechanisms of Ndk within the context of Striatin. Furthermore, the 3D modeling process sheds light on the structural characteristics of 
Ndk, which are essential for its interaction with target molecules such as TGF-β and NF-κB. By identifying key residues within the active 
site, we gain insights into the potential binding interfaces and interaction modes between Ndk and its targets. This information is 
crucial for elucidating the molecular mechanisms underlying the therapeutic effects of Striatin.

Table 2 
Peptide information and amino acid sequence alignment of Striatin’s spot.

Protein 
spot

Protein size 
(MW, kDa)

Matched 
peptide

Peptide 
score

Amino acid sequence Sequence 
coverage (%)

Annotation

S1 15.4 25 320 1 MERTFIAVKP DGVQRGLCGD IIKRFEQRGF 
RLVAAKFMQA SDDHMKKHYL DLKDKPFYAG 
61 LCKYMSSGPI LAMVWEGQNI VKLARMMLGE 
TNPADSKPGS IRGDLCIDIG RNIIHGSDTV 
121 ENAKTEVDLW FKAEEFVSYT PCAQPFLYE

49.66 Nucleoside 
diphosphate kinase

S2 16.7 55 1110 1 MERTFIAVKP DGVQRGLCGD IIKRFEQRGF 
RLVAAKFMQA SDDHMKKHYL DLKDKPFYAG 
61 LCKYMSSGPI LAMVWEGQNI VKLARMMLGE 
TNPADSKPGS IRGDLCIDIG RNIIHGSDTV 
121 ENAKTEVDLW FKAEEFVSYT PCAQPFLYE

45.64 Nucleoside 
diphosphate kinase

S3 10.9 41 1160 1 MAFAGVLKDA DITAALEACK AADSFNYKAF 
FAKVGLSNKS PDDIKKAFSI IDQDKSGFIE 
61 EDELKLFLQN FSKGARALTD KETKAFLQAG 
DTDGDGKIGI DEFAAVVKA

44.04 Parvalbumin

S4 10.9 41 481 1 MAFAGVLKDA DITAALEACK AADSFNYKAF 
FAKVGLSNKS PDDIKKAFSI IDQDKSGFIE 
61 EDELKLFLQN FSKGARALTD KETKAFLQAG 
DTDGDGKIGI DEFAAVVKA

43.12 Parvalbumin

S5 10.9 41 464 1 MAFAGVLKDA DITAALEACK AADSFNYKAF 
FAKVGLSNKS PDDIKKAFSI IDQDKSGFIE 
61 EDELKLFLQN FSKGARALTD KETKAFLQAG 
DTDGDGKIGI DEFAAVVKA

43.12 Parvalbumin

S6 8.3 64 1738 1 MAFSNVLSDS DVAAALDGCK DAGTFDHKKF 
FSACGLSNKT SDDVKKAFAI IDQDKSGFIE 
61 EEELKLFLQN FKADARVLTD VETSTFLKAG 
DTDGDGKIGA DEFTALVKP

37.61 Beta-1-Parvalbumin

S7 8.3 63 294 1 MAFAGILNEA DITAALAACQ AADSFKHKDF 
FVKVGLAGKS DDDVKKAFAV IDQDKSGFIE 
61 EDELKLFLQN FSASARALTD AETKEFLKAG 
DSDGDGKIGV DEFAALVKV

44.03 Beta-1-Parvalbumin

Bold = Identified peptide fragments from LC-MS/MS Analysis.

Fig. 2. Molecular modeling of nucleoside diphosphate kinase (Ndk) from Striatin. (a) 3D structural model of Ndk highlighting key structural 
features. (b) Identification of binding site residues critical for protein-protein interactions.
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In a similar vein, we employed molecular simulation techniques to construct a 3D model of the Parvalbumin fragment found in 
Striatin. Despite encountering challenges with incomplete coverage, as indicated by a 44.04 % coverage rate based on sequencing 
results, we successfully generated a 3D structure of Parvalbumin. This modeling analysis provided valuable insights into the structural 
characteristics of Parvalbumin and its potential functional implications within Striatin. The 3D modeling analysis of Parvalbumin 
revealed the presence of an active site composed of specific amino acid residues (Fig. 3a). Among these residues are Asp 18, Asp 20, Ser 
22, Phe24, Glu26, and Glu 29 (Fig. 3b). Importantly, these interactions are crucial for Parvalbumin’s biological function within the 
context of Striatin. Of particular significance is the role of these amino acid residues in mediating interactions with key molecular 
targets, such as TGF-β and NF-κB. Both TGF-β and NF-κB are central players in cellular expressions implicated in inflammation and 
immune response regulation. The identification of specific residues within the active site of Parvalbumin highlights its potential 
involvement in modulating these expressions through protein-protein interactions. By elucidating the structural features of Parval-
bumin and its interaction interfaces, we gain valuable insights into its molecular mechanisms of action within the complex network of 
biological processes regulated by Striatin. Understanding the intricate details of Parvalbumin’s structure-function relationships is 
essential for unraveling its therapeutic potential and developing targeted interventions for conditions associated with inflammation 
and immune dysregulation.

3.2.2. Protein-protein docking simulation
The protein-protein docking simulations between nucleoside diphosphate kinase (Ndk) and parvalbumin (PV) with TGF-β and NF- 

κB were conducted using the HADDOCK stand-alone version [31]. In addition, FKBP12 was included in the simulations as the standard 
inhibitor. FKBP12, a protein known as FK506-binding protein 12, has been found to play a crucial role in inhibiting TGF β 
receptor-mediated signaling [39–41]. The HADDOCK provides an easy interface option for performing these docking simulations, 
which are crucial for understanding the molecular interactions between the proteins. To select the most promising docking solutions 
for each protein-protein complex, two critical criteria were considered. Firstly, the number of populations or docking solutions in the 
largest cluster was examined. A higher number of populations suggests a higher likelihood of biologically relevant complex formations. 
This criterion helps identify the most dominant and stable docking solutions. Secondly, the docking or HADDOCK score was assessed to 
evaluate the binding affinity between the two proteins in the complex. A higher docking score indicates a stronger interaction and a 
more favorable binding between the proteins.

To gain insights into the binding site of TGF-β (PDB ID: 1B6C [42]) and NF-κB (PDB ID: 1SVC [43]) within the protein-protein 
complex, further analysis was performed using PDBSum [30]. PDBSum is a valuable resource that provides detailed information 
about protein structures and their interactions. By utilizing PDBSum, we can identify the specific regions or residues within Ndk and 
parvalbumin that could interact with TGF-β and NF-κB. This information is crucial for understanding the molecular basis of the 
protein-protein interaction and can offer insights into the functional implications of the complex formation.

The results of the protein-protein docking simulations revealed that all three protein complexes, namely TGF-β:FKBP12 (Fig. 4a), 
TGF-β:Ndk (Fig. 4b), and TGF-β:PV (Fig. 4c), exhibited interactions in similar binding regions. However, the TGF-β:FKBP12 complex 
displayed the lowest docking score (− 158.0 kcal ±2.1) and free energy of binding (− 11.1 kcal/mol), indicating a stronger and more 
favorable binding affinity compared to the TGF-β:Ndk (− 91.4 ± 9.5; − 10.1 kcal/mol) and TGF-β:parvalbumin (− 83.3 ± 2.0; − 10.3 
kcal/mol) complexes. This finding suggests that FKBP12, serving as a standard inhibitor, has a higher propensity to bind to TGF-β 
compared to Ndk and PV from Striatin. The lower binding score implies that FKBP12 binds more easily and exhibits a stronger 
interaction with TGF-β, potentially leading to more efficient inhibition of TGF-β-mediated signaling. Interestingly, both Ndk and PV 
complexes exhibited a similar hydrogen bond formation with the Asn 267 residue of TGF-β. This suggests that Ndk and PV have the 

Fig. 3. Molecular modeling of Parvalbumin from Striatin. (a) 3D structural model of Parvalbumin (PV) highlighting key structural features. (b) 
Identification of binding site residues critical for protein-protein interactions.
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potential to inhibit the activity of TGF-β by adopting a binding pose similar to FKBP12.
Similar to TGF-β complexes, the NF-κB:FKBP12 (Fig. 5a), NF-κB:Ndk (Fig. 5b), and NF-κB:PV (Fig. 5c), exhibited interactions in 

similar binding regions, suggesting potential interactions between these proteins. Notably, the NF-κB:Ndk complex displayed similar 
docking score (102.3 ± 7.1) and free energy of binding (− 11.1 kcal/mol) compared to the NF-κB:FKBP12 complex, which has docking 
score of − 102.3 ± 7.6 and free energy of binding − 11.0 kcal/mol. This indicates that NF-κB forms a stable complex with Ndk, similar 
to its complex with FKBP12 (a standard inhibitor). The similar binding energy suggests that Ndk has a comparable binding affinity to 

Fig. 4. Predicted protein-protein complexes obtained from docking simulations illustrating the interactions between Striatin and TGF-β. (a) Docked 
structure of FKBP12 bound to TGF-β, (b) Docked structure of nucleoside diphosphate kinase (Ndk) interacting with TGF-β, and (c) Docked structure 
of Parvalbumin (PV) forming a complex with TGF-β.

Fig. 5. Predicted protein-protein complexes obtained from docking simulations illustrating the interactions between Striatin and NF-κB. (a) Docked 
structure of FKBP12 bound to NF-κB, (b) Docked structure of nucleoside diphosphate kinase (Ndk) interacting with NF-κB, and (c) Docked structure 
of Parvalbumin (PV) forming a complex with NF-κB.
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NF-κB as FKBP12, making it a potential inhibitor of NF-κB activity. Interestingly, the Ndk and parvalbumin complexes formed more 
hydrogen bonds with NF-κB compared to FKBP12. Hydrogen bonds play a crucial role in stabilizing protein-protein interactions and 
can contribute to the strength and specificity of binding [44]. The increased number of hydrogen bonds observed in the Ndk and 
parvalbumin complexes suggests a more favorable binding interaction with NF-κB compared to FKBP12. Based on these results, it can 
be inferred that Ndk and parvalbumin have the potential to inhibit the activity of NF-κB, similar to the effect of FKBP12. Their binding 
poses, which resemble that of FKBP12, enable them to interact with NF-κB and potentially modulate its signaling activity. These 
findings highlight the promising inhibitory capabilities of Ndk and parvalbumin on NF-κB activity. The details of binding affinities, 
energy parameters, and interface characteristics of the protein-protein complexes can be seen in Table 3.

Table 4 provides an analysis of the intermolecular interactions in the protein-protein complexes, focusing on hydrophobic in-
teractions, main chain-main chain hydrogen bonds, main chain-side chain hydrogen bonds, side chain-side chain hydrogen bonds, 
ionic interactions, and cation-pi interactions. In the TGF-β complexes, TGF-β:FKBP12 demonstrates the highest number of hydrophobic 
interactions, with 15 observed. It also shows significant contributions from side chain-side chain hydrogen bonds (n = 15) and ionic 
interactions (n = 3). TGF-β:Ndk exhibits a smaller number of hydrophobic interactions (n = 2), but it compensates with a higher 
number of main chain-side chain hydrogen bonds (n = 9) and side chain-side chain hydrogen bonds (n = 5). TGF-β:PV shows a 
balanced distribution of hydrophobic interactions (n = 4), main chain-side chain hydrogen bonds (n = 9), and side chain-side chain 
hydrogen bonds (n = 10).

Moving on to the NF-κB complexes, NF-κB:FKBP12 displays a moderate number of main chain-side chain hydrogen bonds (n = 13) 
and side chain-side chain hydrogen bonds (n = 10). NF-κB:Ndk demonstrates similar trends with a slightly higher count of main chain- 
side chain hydrogen bonds (n = 11). NF-κB:PV has fewer interactions overall, with noticeable contributions from ionic interactions (n 
= 15) and main chain-side chain hydrogen bonds (n = 5). These results highlight the diverse nature of intermolecular interactions in 
the studied complexes. Hydrophobic interactions play a crucial role in stabilizing the TGF-β:FKBP12 complex, while main chain-side 
chain and side chain-side chain hydrogen bonds contribute significantly to the stability of TGF-β:Ndk and TGF-β:PV complexes 
[45–47]. The NF-κB complexes also exhibit a variety of interactions, with main chain-side chain hydrogen bonds and side chain-side 
chain hydrogen bonds playing prominent roles.

3.2.3. Molecular dynamics (MD) simulation
The MD simulation results provided detailed insights into the behavior of the protein-protein complexes formed between both TGF- 

β and NF-κB and its interacting proteins. For TGF-β complexes, the average Root Mean Square Deviation (RMSD) values ranged from 
2.274 to 2.514 Å, indicating that TGF-β maintained a relatively stable conformation throughout the 100 ns simulation without any 
significant spikes, except in the TGF-β:Ndk complex (Fig. 6a). To assess the flexibility profile of individual amino acid residues of TGF- 
β, the root mean square fluctuation (RMSF) was calculated based on the protein dynamics observed during the MD simulation. The 
average RMSF values ranged from 0.974 to 0.982 Å, suggesting moderate flexibility in different protein regions. The RMSF analysis 
provides insights into the mobility and flexibility of specific residues within the protein structure, which can indicate their functional 
roles [48,49]. In the case of the Ndk and parvalbumin complexes with TGF-β, it was observed that these complexes disrupted hydrogen 
bonds with specific residues, namely Gly 188, Ser 189, Arg 215, Phe 216, Ser 387, Ile 388, Asn 389, Met 390, Lys 391, His 392, Pro 433, 
and Ser 434 (Fig. 6b).

This disruption of hydrogen bonds resulted in a higher fluctuation of these residues compared to the FKBP12 complex and the apo- 
protein of TGF-β. This higher fluctuation suggests increased mobility and flexibility of these residues when Ndk and parvalbumin are 
bound to TGF-β. The higher flexibility observed in these specific residues indicates that Ndk and parvalbumin from Striatin have the 
potential to act as inhibitors, similar to the standard inhibitor FKBP12. The disruption of hydrogen bonds and increased flexibility in 
these residues suggests that Ndk and parvalbumin can potentially interfere with the functional interactions of TGF-β, thereby 
modulating its signaling pathways. The similarity in flexibility patterns between Ndk, parvalbumin, and FKBP12 further supports their 
potential inhibitory roles. These findings highlight the importance of specific residues in the interaction between TGF-β and its binding 
partners and the potential of Ndk and parvalbumin from Striatin to disrupt these interactions and act as inhibitors.

The Radius of Gyration (RoG) analysis showed average values ranging from 1.585 to 1.868 nm, indicating a compact overall shape 

Table 3 
Docking score, estimated free energy of binding (ΔG), estimated binding affinity (Kd) in 37 ◦C, and energy parameters of the protein-protein 
complexes.

Parameter TGF-β:FKBP12 TGF-β:Ndk TGF-β:PV NF-κB:FKBP12 NF-κB:Ndk NF-κB:PV

HADDOCK score − 158.0 ± 2.1 − 91.4 ± 9.5 − 83.3 ± 2.0 − 102.3 ± 7.6 − 102.3 ± 7.1 − 100.0 ± 3.0
Binding affinity ΔG (kcal/mol) − 11.1 − 10.1 − 10.3 − 11.1 − 11.0 − 9.4
Kd (M) 1.4e− 08 8.0e− 08 5.1e− 08 1.4e− 08 1.5e− 08 2.3e− 07

Cluster size 200 75 149 90 70 120
RMSD 0.5 ± 0.3 1.6 ± 0.2 1.1 ± 0.3 1.8 ± 0.1 0.8 ± 0.5 1.3 ± 0.1
Van der Waals energy − 85.9 ± 0.9 − 50.0 ± 4.2 − 41.4 ± 2.9 − 47.0 ± 9.1 − 53.8 ± 3.8 − 24.2 ± 3.8
Electrostatic energy − 253.4 ± 9.0 − 184.4 ± 35.8 − 188.2 ± 17.6 − 399.8 ± 32.9 − 321.0 ± 61 − 502.4 ± 23.3
Desolvation energy − 22.6 ± 0.8 − 6.8 ± 1.3 − 12.0 ± 2.2 15.1 ± 4.4 14.2 ± 6.5 20.7 ± 2.9
Restraints violation energy 12.7 ± 4.5 22.8 ± 8.5 77.3 ± 15.7 95.1 ± 10.9 14.4 ± 15.6 40.3 ± 38.7
Buried surface area 2167.1 ± 15.9 1589.5 ± 143.7 1404.3 ± 60.4 1981.2 ± 122.3 1938.0 ± 87.5 1451.6 ± 21.2
Z-score 0.0 − 1.3 − 1.4 − 0.9 − 1.8 − 1.3
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Table 4 
Intermolecular interactions in the protein-protein complexes.

Complex Hydrophobic 
Interactions

Main Chain-Main Chain Hydrogen 
Bonds

Main Chain-Side Chain Hydrogen 
Bonds

Side Chain-Side Chain Hydrogen 
Bonds

Ionic Interactions Cation-Pi 
Interactions

TGF-β complexes
TGF-β: 

FKBP12
15 2 6 15 3 1

TGF-β:Ndk 2 0 9 5 5 4
TGF-β:PV 4 1 9 10 4 1
NF-κB complexes
NF-κB: 

FKBP12
3 0 13 10 5 2

NF-κB:Ndk 2 1 11 11 8 1
NF-κB:PV 0 1 5 8 15 0
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for the TGF-β complexes (Fig. 6c). These results demonstrate the stability and structural integrity of the TGF-β complexes during the 
simulation [50]. The potential energy values reflect the energetics of the protein complexes. All TGF-β complexes exhibited negative 
potential energies, with values ranging from − 321,890.52 to − 520,287.71 kcal/mol. These negative values indicate that the formation 
of the protein-protein complexes is energetically favorable and thermodynamically stable [51,52]. The number of hydrogen bonds 
formed within two interacting proteins in the TGF-β complexes varied, with values ranging from 24 to 28 (Fig. 6d). The presence of a 
significant number of hydrogen bonds indicates the existence of strong intermolecular interactions between TGF-β and its interacting 
proteins, contributing to the stability and specificity of the complexes [53]. The details about Time-averaged structural properties 
obtained from the MD simulations of TGF-β and NF-κB protein-protein complexes can be seen in Table 4.

Regarding the NF-κB complexes, the average RMSD values ranged from 2.469 to 2.753 Å without any notable spikes (Fig. 7a), 
suggesting relatively stable conformations during the MD simulation. The average RMSF values ranged from 0.863 to 1.127 Å, 
indicating moderate flexibility in different regions of the NF-κB complexes. In the case of the Ndk complex with NF-κB, it was observed 
that the complex disrupted hydrogen bonds with specific residues, namely Gly 64, Pro 65, Ser 66, His 67, Thr146, Lys 147, and Lys 148 
(Fig. 7b). This disruption of hydrogen bonds resulted in a higher fluctuation of these residues compared to the FKBP12 complex and the 
apo-protein of NF-κB. This higher fluctuation suggests increased mobility and flexibility of these residues when Ndk is bound to NF-κB. 
Furthermore, it was found that both the Ndk and parvalbumin complexes exhibited similar fluctuation patterns as the FKBP12 complex 
in certain residues, specifically residue numbers 263, 264, 265, 278, and 279. This similarity in flexibility patterns suggests that Ndk 
and parvalbumin from Striatin have the potential to act as inhibitors, similar to the standard inhibitor FKBP12. The higher flexibility 
observed in these specific residues indicates their potential importance in modulating the functional interactions of NF-κB. These 
findings indicate that Ndk and parvalbumin have the potential to disrupt the interactions of NF-κB with specific residues, potentially 
interfering with its signaling pathways. The similarity in flexibility patterns with the standard inhibitor FKBP12 further supports their 
potential inhibitory roles. However, further experimental studies are needed to validate the inhibitory effects of Ndk and parvalbumin 
on NF-κB signaling and to elucidate the underlying mechanisms of their interactions with NF-κB and their functional implications.

The RoG analysis showed average values ranging from 2.048 to 2.213 nm, indicating a compact overall shape for the NF-κB 
complexes (Fig. 7c). These results suggest that NF-κB maintained stable structures with moderate flexibility throughout the simulation. 
Similar to the TGF-β complexes, the NF-κB complexes exhibited negative potential energies, ranging from − 496,164.16 to 
− 516,520.93 kcal/mol (Table 5). These negative values indicate favorable and stable binding interactions between NF-κB and its 
interacting proteins. The number of hydrogen bonds formed within the NF-κB complexes varied, with values ranging from 20 to 29 
(Fig. 7d). The presence of significant hydrogen bonding interactions suggests strong intermolecular interactions, contributing to the 

Fig. 6. Molecular dynamics (MD) simulation analysis of TGF-β complexes. (a) Root mean square deviation (RMSD) depicting structural stability, (b) 
Root mean square fluctuation (RMSF) illustrating residue flexibility, (c) Radius of gyration (RoG) indicating structural compactness, and (d) Number 
of hydrogen bonds highlighting intermolecular interactions.
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stability and specificity of the NF-κB complexes.

3.2.4. MM/PBSA binding free energy calculations
These MM/PBSA calculations provide valuable insights into the protein-protein complexes’ thermodynamic stability and binding 

affinities (Table 6). These values were important in supporting the findings obtained from previous analyses. The ΔGbinding values 
represent the binding free energy of each complex, with the mean value indicated along with the corresponding standard deviation in 
units of kcal/mol. Similar to the results of protein-protein docking, the TGF-β:FKBP12 complex exhibits the highest negative ΔGbinding 
value, indicating a strong binding affinity between TGF-β and FKBP12. The TGF-β:Ndk and TGF-β:PV complexes showed relatively 
lower negative ΔGbinding values, suggesting weaker binding compared to the TGF-β:FKBP12 complex. While, the NF-κB:FKBP12 
complex displays a negative ΔGbinding value, indicating favorable binding affinity. The NF-κB:Ndk and NF-κB:PV complexes also 
exhibited negative ΔGbinding values, albeit lower than that of NF-κB:FKBP12. The results indicate that the TGF-β:FKBP12 complex has 

Fig. 7. Molecular Dynamics (MD) simulation results for NF-κB complexes, illustrating the dynamics and stability of the protein-protein interactions. 
(a) Root Mean Square Deviation (RMSD), (b) Root Mean Square Fluctuation (RMSF), (c) Radius of Gyration (RoG), and (d) Number of 
hydrogen bonds.

Table 5 
Time-averaged structural properties obtained from the MD simulations of TGF-β and NF-κB protein-protein complexes.

Complex Average RMSD 
(Å)

Average RMSF 
(Å)

Average RoG 
(nm)

Potential energy (kcal/ 
mol)

Number of hydrogen bonds between the two 
proteins

TGF-β complexes
TGF-β 2.274 0.974 1.612 − 250,706.52 24
TGF-β: 

FKBP12
2.310 0.895 1.763 − 520,287.71 28

TGF-β:Ndk 2.513 0.990 1.868 − 356,330.76 25
TGF-β:PV 2.364 0.982 1.585 − 321,890.52 27
NF-κB complexes
NF-κB 2.469 0.979 2.162 − 505,702.42 20
NF-κB: 

FKBP12
2.521 1.127 2.213 − 516,520.93 29

NF-κB:Ndk 2.753 1.023 2.048 − 509,907.75 23
NF-κB:PV 2.514 0.863 2.101 − 496,164.16 25
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the strongest binding affinity among all the complexes studied, as evidenced by the most negative average ΔGbinding value. The NF-κB 
complexes, particularly NF-κB:Ndk and NF-κB:PV, also show favorable binding affinities but to a lesser extent compared to the TGF-β 
complexes.

Fig. 8 illustrates a comprehensive view of the binding free energy landscape concerning individual amino acids within the context 
of the Ndk and PV complexes. This plot provides valuable insights into the specific amino acid residues that contribute significantly to 
the binding interactions between Ndk and PV and their respective receptors, TGF-β and NF-κB. In the Ndk complexes, the amino acids 
Asp9, Tyr27, and Ser29, situated within the binding domain, stand out due to their remarkably low binding free energy values of 
− 6.36, − 5.52, and − 6.45 kcal/mol, respectively. These energy values underscore the strong and stabilizing nature of the interactions 
formed between these amino acids and the receptors. Such favorable energy values suggest that Asp9, Tyr27, and Ser29 likely 
contribute residues in establishing a firm and specific binding between Ndk and its receptors (Fig. 8a).

In the context of the PV complexes, the amino acids Lys 21, Phe24, Glu26, and Asp 28, residing within the binding domain, 
exhibited particularly low binding free energy values of − 2.89, − 4.76, − 6.48, and − 2.90 kcal/mol, respectively (Fig. 8b). These 
energy values were significant in facilitating the robust interaction between PV and its receptors. These findings shed light on the 
specific amino acids within Ndk and PV that were essential for their binding to TGF-β and NF-κB.

3.3. In vitro study of striatin

To complement our in silico proteomics studies, we conducted a series of in vitro experiments focusing on Striatin. This multifaceted 
approach aimed to assess Striatin’s impact on HepG2 cell viability, investigate its effects on LPS-induced reduction in albumin 
secretion, and explore its influence on the expression of NF-ᴋB. These in vitro studies provide preliminary insights into Striatin’s effects 
on HepG2 cell viability, LPS-induced reduction in albumin secretion, and modulation of NF-κB expression. While these findings are 
promising, they should be viewed as part of an ongoing investigation into Striatin’s therapeutic potential.

Table 6 
Result of the MM/PBSA calculations for the protein− protein complexes. The mean ΔGbinding is shown with standard deviation in units of kcal/mol.

Complex MM/PBSA Calculation Results 
ΔGbinding (kcal/mol)

Average (kcal/mol)

I II III

TGF-β complexes
TGF-β:FKBP12 − 89.66 ± 5.6 − 90.58 ± 5.5 − 90.12 ± 5.7 − 90.12
TGF-β:Ndk − 38.93 ± 7.3 − 38.61 ± 6.1 − 39.27 ± 7.6 − 38.94
TGF-β:PV − 37.35 ± 7.6 − 37.27 ± 7.8 − 37.34 ± 7.1 − 37.32
NF-κB complexes
NF-κB:FKBP12 − 51.71 ± 6.4 − 51.66 ± 6.7 − 51.77 ± 5.2 − 51.71
NF-κB:Ndk − 35.87 ± 6.4 − 35.95 ± 5.5 − 35.92 ± 5.2 − 35.91
NF-κB:PV − 36.19 ± 7.2 − 35.03 ± 6.7 − 34.67 ± 6.0 − 35.30

Fig. 8. Plot illustrating the binding free energy landscape of individual amino acids within Ndk and PV complexes. (a) Binding free energy plot for 
Ndk complexes. (b) Binding free energy plot for PV complexes.
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3.3.1. Effect of Striatin on the viability of HepG2 cells
The viability assay of Striatin on HepG2 cells is shown in Fig. 9. Based on this figure, Striatin at a concentration of 5–40 μg/mL did 

not decrease the HepG2 cell number, indicating safety.

3.3.2. Determination of optimal LPS concentration to suppress albumin gene expression and extracellular secretion in HEPG2 cells
The albumin gene expression and extracellular albumin secretion were analyzed in response to LPS treatment. As shown in Fig. 10a, 

LPS concentration influenced the suppression of albumin synthesis. However, while a slight trend was observed, the changes in al-
bumin mRNA expression were not statistically significant. Similarly, extracellular albumin secretion (Fig. 10b) showed a general trend 
in line with mRNA expression, although the correlation between the two was not robust or statistically significant. Fig. 10c indicates 
that the highest suppression of albumin gene expression occurred after 24 h (47.1 %). Over prolonged incubation, the suppression 
effect decreased, with the lowest extracellular albumin content recorded at 24 h (77.4 %) (Fig. 10d).

3.3.3. Striatin effect on LPS-induced hypoalbumin
In setting the concentration gradient, we utilized a range of concentrations spanning from 0 μg/ml to a maximum of 40 μg/ml of 

Striatin. This range was chosen based on preliminary viability assays conducted on HEPG2 cells, as depicted in Fig. 9 of our manu-
script. The results of this assay demonstrated that even at the highest concentration tested (40 μg/ml), Striatin did not significantly 
reduce HEPG2 cell viability compared to untreated cells (0 μg/ml). Therefore, this concentration gradient allowed us to explore a range 
of doses while ensuring cell viability remained unaffected.

As seen in Fig. 11a, 20 μg/mL of Striatin showed the optimal stimulatory effect on albumin gene expression. Higher Striatin 
concentrations, unfortunately, did not further enhance the albumin expression. Striatin treatment positively affected albumin 
expression when co-incubated with the substance-suppressing albumin, LPS. As can be seen in Fig. 11b, the detection of extracellular 
albumin secreted by the cell treated with 20 μg/mL of Striatin indicated the most effective concentration of Striatin. The addition of 10 
μg/mL of HSA produced lower albumin extracellular content than the untreated group.

As shown in Fig. 11c, the most effective incubation time is 24 h. Prolonged incubation even decreased the effect of Striatin. 
Furthermore, the results show the albumin extracellular secretion increment and culture time, indicating continuous albumin synthesis 
by the cells (Fig. 11d). LPS had a short-term effect on reducing HSA production. Treatment with Striatin normalized cell function due to 
LPS exposure, and this effect lasted until the end of observation (72 h).

3.3.4. Striatin effect on NF-ᴋB expression
The expression of NF-κB, a key signaling molecule of the inflammatory response, was investigated to observe the effect of Striatin 

on the inflammation pathway. LPS significantly increased NF-κB expression after 24 h of incubation. Co-incubation of Striatin and LPS 
significantly reduced NF-κB expression. The addition of 20 μg/mL of Striatin had the highest effect on NF-κB inhibition during co- 
incubation treatment.

Fig. 9. Effect of varying concentrations of Striatin extract on HepG2 cell viability. Data are represented as mean ± standard deviation. Statistical 
significance indicated by * (p < 0.05) compared to the control group (0 μg/mL Striatin).
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4. Discussion

The proteomics analysis conducted in this study provided valuable insights into the protein composition of Striatin. The presence of 
Ndk and PV in Striatin was confirmed by analyzing protein bands and subsequent identification using LC-MS/MS. These findings are 
consistent with previous studies on Striatin and other related complexes. Several studies have reported the presence of Ndk in various 
biological systems and highlighted its diverse functions. For instance, Ndk has been implicated in nucleotide metabolism, 
phosphorylation-dependent signaling pathways, and regulation of cellular processes such as DNA repair and apoptosis [54,55]. 
Similarly, PV, a calcium-binding protein, has been shown to play a role in calcium homeostasis, muscle contraction, and signal 
transduction [56,57]. The identification of Ndk and PV in Striatin aligns with their known functions and suggests their potential 
involvement in the biological processes associated with this complex.

The in silico investigations aimed to unravel the protein-protein interactions and binding characteristics of Striatin components 
with TGF-β and NF-κB. The results obtained from the 3D modeling, protein-protein docking simulations, MD simulations, and binding 
free energy calculations shed light on these interactions’ structural and dynamic aspects. Using computational methods, the 3D model 
construction of Ndk and PV allowed for a detailed examination of their active sites and potential interaction interfaces. The identi-
fication of specific amino acid residues within the active sites of Ndk and PV provides crucial insights into the key molecular in-
teractions that contribute to their binding with TGF-β and NF-κB. The protein-protein docking simulations revealed the binding modes 
and affinities of the complexes formed between FKBP12 (as the standard inhibitor), Ndk, and PV with TGF-β, and NF-κB (as the target 
receptors). The results showed that the TGF-β:FKBP12 complex exhibited the strongest binding affinity, consistent with previous 
studies [58,59]. FKBP12, a well-known inhibitor, has been extensively studied for its ability to regulate TGF-β signaling by interfering 
with the binding of TGF-β to its receptors [60,61]. The favorable binding affinity observed between TGF-β and FKBP12 in our study 
reinforces the notion that FKBP12 can effectively inhibit TGF-β-mediated signaling.

Fig. 10. Optimal Lipopolysaccharide (LPS) treatment conditions for the suppression of (a) albumin mRNA expression and (b) extracellular albumin 
secretion in HepG2 cells. Time course analysis of LPS treatment illustrating the induction of suppression in (c) albumin mRNA expression and (d) 
extracellular albumin secretion. *p < 0.05, indicating statistical significance.
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Interestingly, both Ndk and PV complexes exhibited hydrogen bond formation with specific residues of TGF-β and NF-κB, similar to 
FKBP12. Hydrogen bonds play a critical role in stabilizing protein-protein interactions and can contribute to the strength and spec-
ificity of binding [62,63]. The formation of hydrogen bonds between Ndk, PV, and the target receptors suggests their potential 
inhibitory effects by adopting binding poses that resemble FKBP12. These findings are supported by previous studies demonstrating 
the inhibitory role of Ndk and PV in different biological contexts [64,65]. The disruption of hydrogen bonds and increased flexibility in 
specific residues observed in the MD simulations further support the potential of Ndk and PV as inhibitors of TGF-β and NF-κB 
signaling.

The MD simulations provided insights into the stability and flexibility of the protein-protein complexes formed between FKBP12, 
Ndk, and PV with TGF-β, and NF-κB. The RMSD analysis indicated relatively stable conformations for both TGF-β and NF-κB com-
plexes, supporting the robustness of the interactions observed in the docking simulations. The RMSF analysis revealed moderate 
flexibility in different regions of the complexes, suggesting inherent dynamics within the protein-protein interfaces. Importantly, the 
disruption of hydrogen bonds and increased flexibility observed in specific residues of Ndk and PV complexes highlight their potential 
inhibitory effects. These findings are in line with previous studies reporting the importance of specific residues and their flexibility in 
modulating protein-protein interactions and signaling pathways [66,67]. The similarity in flexibility patterns between Ndk, PV, and 
FKBP12 further supports their potential inhibitory roles. Notably, our findings are consistent with the inhibitory effects of Ndk and PV 
observed in other systems [68,69]. The disruption of interactions and increased flexibility of specific residues suggest that Ndk and PV 
have the potential to interfere with the functional interactions of TGF-β and NF-κB, thereby modulating their signaling pathways.

The binding free energy calculations using the MM/PBSA approach further support the findings obtained from the docking sim-
ulations and MD simulations. The negative values of ΔGbinding indicate favorable binding affinities for the TGF-β and NF-κB complexes. 
The TGF-β:FKBP12 complex exhibited the strongest binding affinity among all the complexes studied, consistent with the lower 
docking scores and higher free energy of binding. This reaffirms the potent inhibitory role of FKBP12 in TGF-β signaling and its 

Fig. 11. Optimal Striatin concentration to recover (a) albumin gene expression suppression and (b) albumin extracellular suppression. Time course 
Striatin treatment to recover (c) albumin gene expression suppression and (d) albumin extracellular suppression in HEPG2 cells. *p < 0.05 vs. 
untreated group (0 ng/mL LPS); #p < 0.05 vs. LPS alone group (1000 ng/mL LPS).
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potential as a therapeutic target [70,71]. The NF-κB complexes, particularly NF-κB:Ndk and NF-κB:PV, also showed favorable binding 
affinities, albeit to a lesser extent compared to TGF-β complexes.

The results obtained in this study align with previous findings from other research groups investigating the interactions of TGF-β 
and NF-κB with their binding partners. For instance, studies have reported the inhibitory effects of FKBP12 on TGF-β signaling by 
disrupting the TGF-β-receptor interactions [40,72]. Our findings support these observations and further suggest that Ndk and PV, with 
their similar flexibility patterns and hydrogen bond formations, can potentially exert similar inhibitory effects on TGF-β signaling. 
Similarly, investigations into the regulatory mechanisms of NF-κB signaling have identified various proteins and factors that modulate 
its activity. Previous studies have reported the inhibitory effects of Ndk and PV on NF-κB signaling through distinct mechanisms 
[73–75]. The present study complements these findings by providing detailed structural insights into the interactions between Ndk, 
PV, and NF-κB, further supporting their potential inhibitory roles.

The consistency between our findings and previous studies underscores the robustness and reliability of the in silico methods 
employed in this research. Furthermore, the integration of proteomics analysis with in silico approaches provides a comprehensive 
understanding of the protein composition, interactions, and potential inhibitory effects of Striatin components. This holistic approach 
contributes to our knowledge of the complex molecular mechanisms underlying Striatin-mediated cellular processes and highlights the 
potential therapeutic implications of Ndk and PV as inhibitors in TGF-β and NF-κB signaling pathways.

To enhance and validate the findings from our in silico proteomics studies, we undertook a comprehensive series of in vitro ex-
periments specifically centered around the bioactive protein fraction from Channa striata known as Striatin. These in vitro in-
vestigations were designed to bridge the gap between computational predictions and practical applications, allowing us to understand 
better how Striatin functions at the cellular level. By conducting these experiments, we aimed to provide tangible evidence and insights 
into Striatin’s impact on critical cellular processes, including albumin synthesis and the regulation of inflammatory responses, ulti-
mately contributing to a more holistic comprehension of its therapeutic potential. This study investigated the effect of LPS on albumin 
synthesis at both gene and protein levels, measured with qPCR and sandwich ELISA, respectively. Based on the assays, 1000 ng of LPS 
suppressed the albumin expression and secretion in HepG2 cells. Channa striata (snakehead fish) has been widely known for its 
therapeutic applications. One of its notable activities is albumin stimulation under infection or wounded conditions. Consumption of 
snakehead fish extract for post-operative patients significantly increases their serum albumin levels compared with pre-treatment 
conditions [76].

The HepG2 cells could secrete protein through cholesterol metabolism and amino acid pathways [6]. Few amino acids have been 
known to exert an anti-inflammatory effect by regulating the NF-κB signaling pathway in the intestinal cells [77]. The NF-κB was used 
in this study as an inflammatory parameter since it is the transcription factor key that initiates the acute phase response of hepatic cells 
[78]. In this study, the specific protein type of NF-κB that was examined is the nuclear factor kappa B subunit 1 (NF-κB1). NF-κB1 is a 
crucial component of the NF-κB transcription factor family, which plays a central role in regulating genes involved in immune re-
sponses, inflammation, cell survival, and proliferation [79,80]. NF-κB1 is involved in the classical NF-κB signaling pathway and is 
implicated in various cellular processes, including the inflammatory response [81]. In this context, the study focused on investigating 
the effect of Striatin on the expression of NF-κB1 in HepG2 cells exposed to lipopolysaccharide (LPS)-induced inflammation. The 
decision to focus solely on NF-κB expression in the in vitro experiments was based on several factors. Firstly, during preliminary assays, 
we observed inconsistent results regarding TGF-β gene expression when induced by LPS in HEPG2 cells. Increasing LPS concentrations 
appeared to reduce TGF-β gene expression, but the results were not conclusive. Secondly, our molecular dynamics (MD) simulations 

Fig. 12. Effect of Striatin treatment on NF-ᴋB expression in HepG2 cells under LPS-induced inflammation. *p < 0.05 compared to the untreated 
group (0 ng/mL LPS); #p < 0.05 compared to the LPS alone group (1000 ng/mL LPS), indicating significant differences.
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indicated that the proteins from Striatin exhibited interactions more comparable to a standard antagonist when interacting with NF-κB 
rather than with TGF-β. This suggested a potentially stronger inhibitory effect on the NF-κB expression. Given these factors and the 
primary focus of our study on albumin expression, we made the decision not to pursue further analysis of TGF-β expression in vitro. 
Instead, we chose to concentrate our efforts on investigating the effect of Striatin on NF-κB expression, which aligned more closely with 
the objectives of our research.

High expression of NF-κB in LPS control (Fig. 12) indicated the relationship between albumin suppression along NF-κB activation 
during an inflammatory response, which has also been investigated in rat hepatocytes [9]. Striatin has been shown to suppress NF-κB 
expression, in line with its effect in increasing albumin expression. Striatin increases albumin expression and secretion in LPS-induced 
HepG2 cells as a recovery process due to its anti-inflammatory effect. However, it is also reported that HSA can bind to LPS and other 
bacterial products (e.g., lipoteichoic acid and peptidoglycan) [82]. This study found that the effect of Striatin to recover albumin 
expression and secretion was through interfering with NF-κB expression. Snakehead fish extract has also been studied for its 
anti-inflammatory activities. Snakehead fish extract consumption after cesarean section also normalizes blood leukocyte numbers 
compared to control [83]. Its consumption in pulmonary tuberculosis patients significantly reduces inflammatory cytokines levels 
[84]. These findings raise the promise of Striatin in patients with inflammation-related hypoalbuminemia conditions.

5. Comparison with similar studies, novelty, and significance of the study

Several studies have investigated the effects of bioactive compounds on NF-κB expression and inflammatory pathways. For 
instance, a study by Wang et al. (2006) examined the anti-inflammatory effects of a novel peptide on NF-κB p50 subunit signaling in 
human hepatocytes, demonstrating a significant reduction in NF-κB activity. This peptide effectively interacted with the NF-κB p50 
subunit. It inhibited the production of TNF-α and IL-6 in the THP-1 cell line, PMA-induced ear edema, and zymosan A-induced 
peritonitis in mice [85]. Similarly, Chakrabarti et al. (2014) explored the therapeutic potential of marine-derived bioactive peptides on 
chronic inflammation, reporting notable decreases in pro-inflammatory cytokine levels and NF-κB activity in vitro [86]. Unlike pre-
vious studies, we utilized a combination of in silico proteomics and in vitro approaches to elucidate the molecular interactions and 
mechanisms underlying Striatin’s anti-inflammatory effects. The novelty and significance of this study lie in its multifaceted approach 
towards unraveling the therapeutic potential of Striatin, a bioactive protein fraction derived from Channa striata. By integrating in silico 
proteomics analyses with in vitro experiments, the research endeavored to comprehensively decipher the molecular mechanisms and 
therapeutic implications of Striatin. Through proteomics analysis, two novel proteins, nucleoside diphosphate kinase (Ndk) and 
parvalbumin (PV), were identified and characterized within Striatin, representing a significant step forward in understanding its 
molecular composition. These proteins, previously unexplored in the context of hypoalbuminemia, offered new avenues for investi-
gation. Utilizing advanced computational techniques such as molecular modeling, protein-protein docking, and molecular dynamics 
simulations, the study elucidated the molecular interactions between Ndk, PV, and their target receptors, including TGF-β and NF-κB. 
This detailed analysis provided insights into the structural dynamics and binding affinities underlying the inhibitory effects of Striatin 
on key cellular expression associated with hypoalbuminemia and inflammation. The computational predictions were further validated 
through in vitro experiments, which confirmed the therapeutic effects of Striatin, particularly its ability to modulate NF-κB expression 
and restore albumin levels in LPS-induced HepG2 cells. The findings of the study not only corroborated the computational predictions 
but also provided tangible evidence of Striatin’s potential as an intervention for inflammation-related hypoalbuminemia. By eluci-
dating the molecular mechanisms through which Striatin exerts its therapeutic effects, the research laid the groundwork for future 
clinical investigations. Striatin, with its unique protein composition and inhibitory properties, emerged as a promising candidate for 
drug development and personalized medicine approaches targeting conditions characterized by hypoalbuminemia and inflammation.

6. Limitations and future works

While this study provided valuable insights into the therapeutic potential of Striatin, several limitations warrant consideration for 
future research endeavors. Firstly, the in vitro experiments focused primarily on the effect of Striatin on NF-κB expression and albumin 
synthesis in HepG2 cells. While these findings shed light on the molecular mechanisms underlying Striatin’s therapeutic effects, further 
investigations are needed to comprehensively elucidate its broader impact on other signaling pathways and cellular processes 
implicated in hypoalbuminemia and inflammation. Therefore, it will be important to explore the effects of Striatin on additional key 
signaling molecules involved in the inflammatory response, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α). This 
expansion aims to provide a more comprehensive understanding of Striatin’s anti-inflammatory properties and its potential thera-
peutic applications. Additionally, the computational modeling approaches employed in this study relied on protein sequences and 
structural templates available in existing databases. Despite their utility, these methods are subject to inherent limitations, such as 
inaccuracies in template selection and modeling assumptions. Future research could benefit from advanced computational techniques, 
and structural biology approaches to refine and validate the predicted molecular interactions and binding affinities of Striatin com-
ponents with their target receptors. Furthermore, the in vitro experiments focused primarily on cellular models, which may not fully 
capture the complex physiological and pathological processes observed in vivo. Future studies could explore the therapeutic efficacy of 
Striatin in animal models of hypoalbuminemia and inflammation to validate the findings obtained from cell culture experiments and to 
assess its safety profile and pharmacokinetics. Moreover, while the present study identified Ndk and PV as potential therapeutic targets 
within Striatin, their precise mechanisms of action and downstream effects on cellular pathways remain to be fully elucidated. Future 
research could delve deeper into the functional roles of Ndk and PV in modulating TGF-β and NF-κB signaling pathways and explore 
their interactions with other cellular components.
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7. Conclusion

In conclusion, this study employed a dual approach, combining in silico proteomics and in vitro methods, to investigate Striatin’s 
protein composition, molecular interactions, and potential bioactivity. Notably, our findings confirm Ndk and PV in Striatin, implying 
their involvement in its complex mechanisms. The in silico analysis highlighted that Ndk and PV could modulate TGF-β and NF-κB 
signaling pathways through inhibitory effects, supported by the disruption of hydrogen bonds and increased flexibility in specific 
residues. As a confirmation of the in silico studies, in vitro experiments demonstrated that Striatin possesses the capacity to suppress NF- 
κB expression and normalize albumin levels in HepG2 cells exposed to LPS-induced reduction in albumin secretion. These results 
underscore Striatin’s potential as an intervention for inflammation-related hypoalbuminemia. Further research, including in vivo 
studies, holds promise for exploring Striatin’s therapeutic potential.
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