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Abstract 
 

Several studies have predicted the molecular interactions of the active ingredient of Spirulina platensis as an anti-

inflammatory compound. However, these interaction studies did not review the modulation of the NF-κB activation 

pathway, which involves various factors. This study demonstrated the potential of the bioactive compounds of S. platensis 

for modulating immune function by reducing inflammation through the inhibition of the NF-κB activation pathway. 

Phycocyanobilin was predicted to have good potential for molecular docking with multisubunit IκB kinase (IKK)1/IKKA, 

IKK2/IKKB, NF-κB-inducing kinase, and the IκBα/NF-κB complex. Furthermore, β-carotene exhibited good potential 

for interactions with NF-κB essential modulator/IKK and the NF-κB complex, and α-glucan had the potential for 

interactions with COX-2. Therefore, supplementation with S. platensis and its bioactive compounds is expected to provide 

optimal benefits. 
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Introduction 
 

During the last century, breakthroughs in the health and 

scientific fields have allowed humans to live longer in 

healthier states [1]. Natural products have become 

people's choice because of the many disadvantages of 

drug therapy, including side effects [2, 3]. One nutritional 

supplement that is rich in available nutrients is Spirulina 

platensis, a blue-green algae that is commonly used as a 

dietary supplement because of its abundant flavonoid and 

sulfalipid contents [4, 5]. The biological functions of the 

bioactive compounds found in S. platensis include 

increasing immunity; accelerating wound healing; and 

serving as anti-inflammatory, antioxidant, antibacterial, 

and antiviral factors [6–12]. 

 

The modulatory and anti-inflammatory activity of 

S. platensis is executed under the regulation of several 

significant mediators, such as IL-2, IL-4, TNF-α, IL-1β, 

IL-6, IL-10, and COX-2, which have the ability to inhibit 

or stimulate the transcription factor NF-κB [9, 13, 14]. The 

anti-inflammatory mechanism of S. platensis is expressed 

through the inhibition of the nuclear translocation of 

NF-κB; this effect results in the subsequent inhibition of 

the expression of pro-inflammatory genes [15–19]. 

NF-κB is a transcription factor that plays an important 

role in various physiological and pathological processes. 

Two distinct NF-κB pathways that act through different 

activation mechanisms exist: canonical and noncanonical 

NF-κB pathways [20]. NF-κB is inactive in the cytoplasm 

because it is bound to inhibitory proteins, namely, IκB 

[21]. The canonical NF-κB pathway can be activated 

through the stimulation of multisubunit IκB kinase 

(IKK). Furthermore, the inhibitory protein IκBα (IκB 

subunit) bound to NF-κB is degraded after it is 

phosphorylated at a specific site. The IKK complex is 

activated by cytokines, mitogens, growth factors, stress 

agents, and microbial components [22]. The IKK 

complex consists of one subunit of the NF-κB essential 

modulator (NEMO) or IKKγ and two subunits (IKKA 

and IKKB) that have catalytic sites. The process 

mentioned above involves the rapid and temporary 

transfer of canonical NF-κB members, particularly the 

p50/RelA and p50/c-Rel dimers, from the cytoplasm to 

the nucleus [23]. Meanwhile, the noncanonical NF-κB 

pathway is activated by the degradation of NF-κB-

inducing kinase (NIK) [24]. In addition, COX-2, the 

inflammatory mediator, was also reported negatively and 

positively regulate NF-κB [25]. 

 



Modulation of the NF-κB Activation Pathway by Phycocyanobilin    167 

Makara J. Sci.   September 2022  Vol. 26  No. 3 

In this study, we used molecular docking to determine the 

molecular interactions of the bioactive compounds of 

S. platensis, namely, phycocyanobilin [26], β-carotene 

[27], and α-glucan [28, 29], through the binding of the lead 

compounds to the proteins involved in the canonical and 

noncanonical activation pathways of NF-κB. This study 

aims to predict the potential of the bioactive compounds of 

S. platensis for modulating immune function by reducing 

inflammation through their ability to inhibit the NF-κB ac-

tivation pathway. 

Methods 

In Silico molecular docking study. The entire molecular 

docking process was performed by using an Asus device 

with an Intel(R) Core (TM) i3-1005G1 CPU @ 1.20 

GHz 1.19 GHz with 4 GB RAM, Windows 10, and a 

64-bit operating system. The software used to obtain 

and process the data were MarvinSketch-22.11.0, 

AutodockTools-1.5.6, Discovery Studio-V21.1.0.20298, 

swissADME, and Protox-II. 

 

Ligand preparation. In this study, the bioactive 

compounds of S. platensis that were used as ligands were 

phycocyanobilin (PubChem IDs: 6438349) [26], 

β-carotene (PubChem IDs: 5280489) [27], and α-glucan 

(PubChem IDs: 134692111) [28, 29]. The biological 

interactions of these three bioactive compounds with the 

related indicators described in this study were predicted 

by using http://way2drug.com/passonline. In addition, 

the following inhibitors against target proteins were used 

as control ligands: parthenolide (PubChem IDs:7251185) 

[30], BAY-11-7082 ([E]-3-tosylacrylonitrile), PubChem 

IDs:5353431) [31], celecoxib (PubChem IDs:2662), and 

rofecoxib (PubChem IDs: 5090) [32]. First, the 

PubChem® database was used to derive the three-

dimensional (3D) structure of the third ligand. Then, by 

using MarvinSketch-22.11.0, the entire ligand structure 

was optimized into three dimensions and converted into 

a .pdb file. Finally, by using AutoDockTools-1.5.6, all 

the ligands were charged, the torsion was set, and the 

result was saved in .pdbqt file format so that the ligands 

would be ready for use. 

 

Protein preparation. The target proteins used in this 

study were the proteins involved in the NF-κB activation 

pathway, namely, NEMO–IKK, IKK1/IKKA, 

IKK2/IKKB, NIK, IκBα-NF-κB, NF-κB, and COX-2. 

The proteins NEMO (IKBKG), IKKA (CHUK), IKKB 

(IKBKB), NIK (MAP4K4), IκBα (NFKBIA), NFKBp65 

(Nfkb3/RELA), NFKBp50 (Nfkb1/NFKB1), and COX-2 

(PTGS2) were then analyzed by using protein–protein 

interaction software (https://string-db.org/) to determine 

if they were associated with each other. All protein 

structures were obtained from the Protein Data Bank 

(www.rscb.org) in .pdb file format. Each protein 

structure was then removed molecularly. Then, nonpolar 

hydrogens and Gasteiger charges were added, and the 

result was converted into .pdbqt file format. All stages of 

this preparation process were performed by using 

AutoDockTools-1.5.6 software. The grid box size and 

coordinate position of the grid center were adjusted by 

using blind docking for the following proteins: NEMO–

IKK (PDB ID: 3BRT), the IκBα–NF-κB complex (PDB 

ID: 1IKN), and NF-κB p65/p50 (PDB ID: 1VKX). The 

grid box size used for the NEMO–IKK and IκBα-NF-κB 

complex proteins was 60 × 60 × 60 and that for the NF-κB 

protein around the active site was 60 × 120 × 60. Through 

validation with native protein ligands, the grid box sizes 

and grid center coordinate positions of IKK1/IKKA 

(PDB ID: 5EBZ), IKK2/IKKB (PDB ID:4KIK), NIK 

(PDB ID: 4IDV), and COX-2 (PDB ID:5KIR) were 

found to be 60 × 60 × 60 around the active site. 

 

Molecular docking. Docking files were prepared in .gpf 

and .dpf formats by using the AutoDockTools-1.5.6 

software before ligand and protein docking. The search 

parameter used was the Lamarckian genetic algorithm. 

Docking was done online by using the command-line 

interpreter Command Prompt. The docking results were 

analyzed in .dlg format by using AutoDockTools-1.5.6 

software on the basis of the binding value (ΔG), the 

inhibition energy constant (Ki), and the amount of 

hydrogen binding. The docking results were visualized 

by using Discovery Studio Software [33, 34]. 

 

Toxicity prediction In Silico. The toxicity analysis, 

which was based on the prediction results of oral toxicity, 

classified toxicity as organ toxicity (hepatotoxicity) and 

the end point of toxicity, namely, mutagenicity, 

carcinogenicity, and cytotoxicity. In addition, drug-

likeness parameters, gastrointestinal absorption, Lipinski 

rules, and the predicted interactions with significant 

cytochromes can be determined to avoid potential 

interactions with other medications. Each compound's 

canonical SMILES was obtained from PubChem and 

entered on the SwissADME and Protox-II platforms to 

obtain the toxicity predictions for the three active 

compounds and the inhibitors used. 

Results 

The target proteins (Table 1 and Supplementary Table 1) 

used in the molecular docking portion of this study are 

proteins that are involved in the NF-κB activation 

pathway: NEMO–IKK, IKK1/IKKA, IKK2/IKKB, NIK, 

IκBα-NF-κB, NF-κB, and COX-2.[20,35,36] The protein–

protein interaction network analysis (Figure 1) among 

NEMO (IKBKG), IKKA (CHUK), IKKB (IKBKB), NIK 

(MAP4K4), IκBα (NFKBIA), NFKBp65 (Nfkb3/RELA), 

and NFKBp50 (Nfkb1/NFKB1) revealed that the proteins, 

with the exception of COX-2 (PTGS2), have strong 

associations with each other as evidenced by their scores, 

which fell within 0.900–0.999 (highest confidence) 

(Supplementary Table 2) [37, 38]. The association score 

of COX-2 with the other proteins is between 0.569 and 
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0.795 (medium confidence–high confidence) [37, 38]. 

NF-κB, as the transcription factor of pro-inflammatory 

mediators, can be reasonably concluded to regulate the 

expression of COX-2 after regulation by the major pro-

inflammatory cytokine TNF-α and IL-6. The indirect 

association between COX-2 and the other protein targets 

in this research can be explained by the positive feedback 

mechanism of COX-2 that increases NF-κB activity. 

Furthermore, the prostaglandin cyclopentanone has a 

negative feedback mechanism that inhibits NF-κB 

activity [25]. The three active compounds of S. platensis 

used in this work are phycocyanobilin, β-carotene, and 

α-glucan. The biological activity prediction anticipates 

that phycocyanobilin has biological activity as a protein 

kinase inhibitor; β-carotene acts as a TNF-expression 

inhibitor and anti-inflammatory; and α-glucan functions 

as an immunomodulator, an anti-inflammatory, an 

immunostimulant, and a nonsteroidal anti-inflammatory 

agent (Table 2) [39]. 

 

Table 1.  Summary of the Bioactive Compounds of S. platensis with the Best Affinity for Molecular Docking in the NF-κB 

Activation Pathway 
 

No Protein Target Ligand Active Compound 
ΔG 

(kcal/mol) 
pKi  

1 NEMO–IKK Control ligand 

(inhibitor) 
Parthenolide −7.03 7.09 µM  

Test ligand β-Carotene −10.05 43.27 nM  

2 IKK1/IKKA Control ligand 

(inhibitor) 
Parthenolide −8.4 699.85 nM  

Test ligand Phycocyanobilin −7.52 3.1 µM  

3 IKK2/IKKB Control ligand 

(inhibitor) 
Parthenolide −8.03 1.29 µM  

Test ligand Phycocyanobilin −11.08 7.6 nM  

4 NIK Control ligand 

(inhibitor) 
Parthenolide −7.46 3.41 µM  

Test ligand Phycocyanobilin −10.96 9.23 nM  

5 IκBα-NF-κBp65/p50 Control ligand 

(inhibitor) 
BAY-11-7082 −8.1 1.15 µM  

Test ligand Phycocyanobilin −7.62 2.58 µM  

6 NF-κBp65/p50 Control ligand 

(inhibitor) 
Parthenolide −6.29 24.69 µM  

Test ligand β-Carotene −8.64 463.53 nM  

7 COX-2 Control ligand 

(inhibitor) 
Celecoxib −11.01 8.51 nM  

Control ligand 

(inhibitor) 
Rofecoxib −10.15 36.35 nM  

Test ligand α-Glucan −6.93 8.29 µM  

ΔG (mean binding energy); pKi (binding affinity) 

 

 
 

Figure 1. Protein–protein Interaction Network Involving NEMO (IKBKG), IKKA (CHUK), IKKB (IKBKB), NIK (MAP4K4), 

IκBα (NFKBIA), NFKBp65 (Nfkb3/RELA), NFKBp50 (Nfkb1/NFKB1), and COX-2 (PTGS2). Interaction Score > 

0.4 was Applied to Construct the Network [37, 38]. 
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Table 2.  Biological Activity Prediction for S. platensis Bioactive Compounds [39] 
 

No S. platensis bioactive compound Pa Pi Activity 

1 Phycocyanobilin 0.457 0.045 Kinase inhibitor 

2 β-Carotene 0.890 0.002 TNF-expression inhibitor 

  0.690 0.017 Anti-inflammatory 

3 α-Glucan 0.557 0.007 Immunomodulator 

  0.729 0.012 Anti-inflammatory 

  0.873 0.005 Immunostimulant 

  0.464 0.015 Nonsteroidal anti-inflammatory agent 

*Pa and Pi: Probabilities of the presence and absence of activity 

 

 

The model of energetic ligand binding to the binding site 

on the target protein was predicted by using molecular 

docking [40]. The main parameters used in analyzing 

molecular docking results are the binding energy (ΔG) 

and the inhibition constant (Ki) [41]. The values of G and 

Ki determine the binding affinity for the receptor. 

A highly negative G value is indicative of the high 

binding affinity for the receptor's active site [41]. The 

best molecular docking result between the protein targets 

and bioactive compounds of S. platensis are presented in 

Table 1. Then, their 3D (Figure 2-8 (a-b)) and two-

dimensional (2D, Figure 2-8 (c)) visualizations were 

generated by using Discovery Studio Software. 

 

The interaction of the three S. platensis bioactive 

compounds with NEMO–IKK shows that β-carotene is 

the bioactive compound with the lowest G value of 

−10.05 kcal/mol (Table 1). Figure 2 illustrates that 

β-carotene binds to NEMO–IKK at the amino acid 

residues LYS90 and MET735. Moreover, β-carotene, 

together with other test ligands, binds to NEMO–IKK 

binding sites (Supplementary Table 1, Figure 2 (b-c)) that 

involve the amino acid residues ARG87, PHE82, 

GLU89, GLN86, LYS90, and GLN730 [30, 42]. 

 

In the molecular docking of the three bioactive 

compounds from S. platensis used against IKK1/IKKA, 

IKK2/IKKB, NIK, and the IκBα/NF-κB complex, 

phycocyanobilin shows potential as the compound with 

the lowest G values of −7.52, −11.08, −10.96, and −7.62 

kcal/mol, respectively (Table 1). In the molecular 

docking of phycocyanobilin against IKK1/IKKA (Figure 

3), the interaction occurs at the amino acid residues 

ARG20, THR23, and GLU89, which are amino acids that 

are also involved in the binding with the following test 

ligands: GLY22, CYS98, LEU21, VAL29, ILE164, 

VAL151, LYS44, ASN149, ARG20, and THR23 

(Supplementary Table 1, Figure 3 (b-c)). The interactions 

of the amino acid residues CYS99, LYS106, LEU21, 

ASP103, GLY22, and GLN100 are shown in the 

visualization of the binding of the phycocyanobilin 

molecule to IKK2/IKKB (Figure 4). The same amino 

acid residues also interact with other test ligands with 

IKK2/IKKB, namely, CYS99, LEU21, GLY22, VAL74, 

ALA42, LYS106, LEU21, ASP103, VAL152, and 

VAL29 (Supplementary Table 1, Figure 4 (b-c)). 

 

The visualization of the phycocyanobilin interaction with 

NIK (Figure 5) shows that the amino acid residues 

ARG408, SER410, ARG416, and ARG66 interact 

through a hydrogen bond. All test ligands at the binding 

site involve the same amino acids, i.e., ARG416, 

LEU472, ARG408, LEU522, VAL414 GLU473, A4RG-

NF, ARG405, SER476, MET469, CYS533, and LEU522 

(Supplementary Table 1, Figure 5 (b-c)) [43]. As shown 

in Figure 6, phycocyanobilin interacts with the IκBα–NF-

κB complex by the binding to the amino acid residues 

LYS221, GLU286, PRO281, GLU222, and ALA242. 

Together with other test ligands, this interaction involves 

the same amino acids, specifically, HIS245, ARG246, 

LYS221, VAL244, GLU222, SER288, GLU284, and 

TYR251 (Supplementary Table 1, Figure 6 (b-c)). 

 

The interactions of these three compounds with the 

NF-κB complex demonstrates that β-carotene is the 

bioactive compound with the lowest G value of −8.64 

kcal/mol (Table 1). The visualization illustrates that the 

interaction of β-carotene with the NF-κB complex 

(Figure 7) involves the amino acid residues LEU154, 

ARG187, ALA188, LYS218, CYS120, ARG605, 

LYS575, VAL603, PHE34, TYR36, HIS88, and HIS604. 

The interactions of all the test ligands with the NF-κB 

complex involve the same amino acid residues: LYS195, 

ARG33, ARG605, LYS195, ASP217, ARG187, 

ARG605, VAL603, and PRO600 (Supplementary Table 

1, Figure 7 (b-c)) [30]. Molecular docking was also 

performed with COX-2. However, the binding energies 

of the bioactive compounds of S. platensis are lower than 

those of COX-2 inhibitors, such as rofecoxib and 

celecoxib, with α-glucan (−6.93 kcal/mol) resulting in the 

lowest value among the bioactive compounds of S. 

platensis. The visualization of the protein ligand complex  
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Figure 2. 3D (a and b) and 2D (c: Arrow Represents the Same Amino Acid Residue that Binds to Other Ligands) Visualization 

of the Molecular Docking of the Bioactive Compounds of S. platensis with the Best Affinity for the NEMO/IKK 

Protein: Complex of β-carotene with the NEMO/IKK Protein 

 

 
 

Figure 3. 3D (a and b) and 2D (c: Arrow Represents the Same Amino Acid Residue that Binds to Other Ligands) Visualization 

of the Molecular Docking of the Bioactive Compounds of S. platensis with the Best Affinity for the IKK1/IKKA 

Protein: Complex of Phycocyanobilin with the IKK1/IKKA Protein 

b 



Modulation of the NF-κB Activation Pathway by Phycocyanobilin    171 

Makara J. Sci.   September 2022  Vol. 26  No. 3 

 
 

Figure 4. 3D (a and b) and 2D (c: Arrow Represents the Same Amino Acid Residue that Binds to Other Ligands) Visualization 

of the Molecular Docking of the Bioactive Compound of S. platensis with the Best Affinity for the IKK2/IKKB Pro-

tein: Complex of Phycocyanobilin with the IKK2/IKKB Protein 

 

 
 

Figure 5. 3D (a and b) and 2D (c: Arrow Represents the Same Amino Acid Residue that Binds to Other Ligands) Visualization 

of the Molecular Docking of the Bioactive Compound of S. platensis with the Best Affinity for the NIK Protein: 

Complex of Phycocyanobilin with the NIK Protein 

 



172   Iswanti, et al. 

Makara J. Sci.   September 2022  Vol. 26  No. 3 

 
 

Figure 6. 3D (a and b) and 2D (c: Arrow Represents the Same Amino Acid Residue that Binds to Other Ligands) Visualization 

of the Molecular Docking of the Bioactive Compound of S. platensis with the Best Affinity for the IkBα–NF-κB 

Complex Protein: Complex of Phycocyanobilin Binding with the IkBα–NF-κB Protein Complex 

 

 
 

Figure 7. 3D (a and b) and 2D (c: Arrow Represents the Same Amino Acid Residue that Binds to Other Ligands) Visualization 

of the Molecular Docking of the Bioactive Compound of S. platensis with the Best Affinity for the NF-κB Protein 

Complex: Complex of β-carotene with the NF-κB Protein Complex 
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comprising COX-2 and α-glucan (Figure 8) shows that 

the involvement of the amino acids ARG513, PHE518, 

TYR355, SER530, MET522, SER530, and GLN192 

occurs through hydrogen bonding with α-glucan. The test 

ligands used in this study interact with several of the 

same amino acids (Supplementary Table 1, Figure 8 (b-

c)), i.e., ARG513, PHE518, LEU352, SER353, HIS90, 

TYR355, SER530, LEU531, and MET522 [32]. 

 

The results of the toxicity prediction (Table 3) with the 

Protox-II platform indicate that all the bioactive 

compounds of S. platensis, except for β-carotene, which 

has the mutagenicity risk of 0.71, lack toxicity risk. 

Meanwhile, parthenolide is predicted to pose 

carcinogenic risk with the probability of 0.52 and has the 

probability of 0.98 to impart the same adverse effects as 

xenobiotics on the immune system. In addition, celecoxib 

poses a carcinogenic risk with a probability of 0.56. 

Phycocyanobilin, β-carotene, and α-glucan (Table 4) also 

lack any potential interactions with the cytochromes 

CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4. 

All of the active ingredients of S. platensis are also 

predicted to be absorbed by the gastrointestinal tract even 

at low levels (Table 4) [44]. 
 

 
 

Figure 8. 3D (a and b) and 2D (c: Arrow Represents the Same Amino Acid Residue that Binds to Other Ligands) Visualization 

of the Molecular Docking of the Bioactive Compound of S. platensis with the Best Affinity for the COX-2 Protein: 

Complex of α-glucan with the COX-2 Protein 

 

 

Table 3.  Toxicity Prediction of the Bioactive Compounds and Inhibitors of S. platensis 
 

Classification Target 
Parthenolide BAY-11-7082 Celecoxib Rofecoxib Phycoyanobilin β-carotene α-glucan 

1 2 1 2 1 2 1 2 1 2 1 2 1 2 

Oral toxicity 

prediction 

Predicted LD50 1330 mg/kg 1440 mg/kg 1400 mg/kg 2240 mg/kg 3066 mg/kg 1510 mg/kg na 

Predicted 

Toxicity Class 
4 4 4 5 5 4 n.a 

         

Organ 

Toxicity 
Hepatotoxicity IA 0.77 IA 0.85 IA 0.98 IA 0.55 IA 0.73 IA 0.85 IA 0.9 

                

Toxicity end 

points 

Carcinogenicity A 0.52 IA 0.73 A 0.56 IA 0.71 IA 0.6 IA 0.86 IA 0.9 

Immunotoxicity A 0.98 IA 0.99 IA 0.99 IA 0.97 IA 0.96 IA 0.88 IA 1 

Mutagenicity IA 0.74 IA 0.81 IA 0.82 IA 0.68 IA 0.7 A 0.71 IA 0.9 

Cytotoxicity IA 0.81 IA 0.79 IA 0.79 IA 0.76 IA 0.6 IA 0.81 IA 0.8 
 

1 (Prediction); 2 (Probability); IA (Inactive); A (Active) 
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Table 4.  ADME Parameter Prediction of the Three Active Compounds of S. platensis and Inhibitors 
 

Pharmacological 

Parameter 
Parthenolide 

(E)-3-Tosylacry-

lonitrile 
Celecoxib Rofecoxib Phycocyanobilin β-Carotene α-Glucan 

MW (g/mol) 248.32 g/mol 207.25 g/mol 
381.37 

g/mol 
314.36 g/mol 586.68 g/mol 536.87 g/mol 504.44 g/mol 

HBA 3 3 7 4 7 0 16 

HBD 0 0 1 0 5 0 11 

LogP 2.64 1.79 3.4 2.79 3.74 11.11 −5.32 

GI Abs High High High High Low Low Low 

Lipinski Yes Yes Yes Yes Yes Yes No 

CYPIA2 inhibitor No Yes Yes Yes No No No 

CYP2C19 inhibitor No No No Yes No No No 

CYP2C9 inhibitor No No Yes Yes No No No 

CYP2D6 inhibitor No No No No No No No 

CYP3A4 inhibitor No No No No No No No 

 

 

Discussion 

In addition to drug discovery, computational techniques 

can be used in functional food research to identify 

complementary ingredients and targets through predictive 

molecular modeling. Several studies on the development 

of functional foods have utilized bioinformatics 

applications to predict toxicity [45]. Moreover, some 

works have predicted the molecular interactions of the 

bioactive compounds of S. platensis as anti-inflammatory 

components [43, 44]. However, these interaction studies 

did not review the complex modulation of the NF-κB 

activation pathway. 

 

In this study, docking was conducted to analyze the 

predicted molecular interactions of several bioactive 

compounds of S. platensis that have been identified to 

have potential interactions with the NF-κB activation 

pathway, specifically with NEMO–IKK, IKK1/IKKA, 

IKK2/IKKB, NIK, IκBα-NF-κB, NF-κB, and COX-2 

[20, 25, 35, 36]. These proteins were chosen because of 

their involvement in direct and indirect inflammatory 

reactions. Many therapeutic strategies for inflammatory 

diseases aim to block NF-κB activity because NF-κB 

signaling plays a vital role in these diseases [46]. 

 

Through the inhibition of IKK kinase activity, some 

drugs, such as aspirin and salicylates, prevent IκBα 

phosphorylation. Other drugs, including lactacystin and 

PS-34, block IκBα degradation by inhibiting protease 

activity. Tacrolimus has been reported to be an IκBα 

repressor that prevents the NF-κB subunits of RelA, p50, 

c-Rel, and other members from entering the nucleus. 

Other drugs, for example, glucocorticoids and PPAR 

agonists, can prevent the NF-κB subunit from binding to 

the target gene and further inhibit transcription [14]. 

 

The FDA states that functional foods are part of a normal 

diet and consist of nutrients consumed in a food matrix 

that can improve health and exert physiological effects 

through one or more active ingredients [45]. S. platensis, 

whose nutritional content can potentially improve human 

health through various means, can be used as a functional 

food ingredient [47]. S. platensis is rich in various bioactive 

compounds, including phycocyanin, polyunsaturated 

fatty acids, polysaccharides, γ-linolenic acid, phenolic 

compounds, carotenoids, minerals, vitamins, and several 

minerals that are important for bodily nutrition [48]. 

Various studies have been conducted to determine the 

effectiveness of each active ingredient, including 

phycocyanobilin, β-carotene (a carotenoid), and α-glucan 

(a polysaccharide), which have potential applications as 

anti-inflammatories, immunomodulatories, and 

antioxidants [28, 49, 50]. 

 

In the molecular docking carried out in this study, 

parthenolide [30] was used as the control ligand inhibitor 

of the NF-κB activation pathway through interactions with 

the proteins NEMO–IKK, IKK1/IKKA, IKK2/IKKB, 

NIK, IκBα/NF-κB, and NF-κB. Through molecular 

docking, phycocyanobilin was demonstrated to potentially 

inhibit the NF-κB activation pathway via its interaction 

with the IKK1/IKKA, IKK2/IKKB, NIK, and NF-κB 

proteins. β-Carotene also showed its potential as an 

inhibitor in binding assays with NEMO–IKK and the 

NF-κB complex [43]. 

 

The molecular docking results in this study indicated the 

potential of the active ingredients of S. platensis as 

inhibitors acting through the IκBα–NF-κB complex. 

Although the binding energy of phycocyanobilin (–7.62) 

was not lower that of BAY 11-7082 (−8.1 kcal/mol), 

phycocyanobilin had the lowest binding energy when 

compared with β-carotene and α-glucan. In addition, the 

binding sites of phycocyanobilin and the other two active 

ingredients are in the region that involves the same amino 

acids as the inhibitor BAY 11-7082 [31]. This study 

demonstrated that the binding energy of COX-2 
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by α-glucan (−6.93 kcal/mol) was lower than that by 

phycocyanobilin (−5.38 kcal/mol) and β-carotene (−5.98 

kcal/mol). However, this binding energy was suboptimal 

compared with the binding energy of the control ligands, 

namely, celecoxib (−11.01 kcal/mol) and rofecoxib 

(−10.15 kcal/mol). 

 

The molecular docking results for the three active 

ingredients of S. platensis used in this study further 

emphasize their anti-inflammatory potential. The 

molecular docking in this study yielded results regarding 

the potency of α-glucan that were different from those 

provided by in vitro tests. α-Glucan from S. platensis was 

found to significantly increase IL-6 mRNA expression 

and may thus have immunomodulatory activity [50]. 

Another study by Grzanna et al. 2006 [51] reported that 

supplementation with S. platensis polysaccharide 

increased NF-κB activation, which further increased the 

expression of the pro-inflammatory cytokines TNF-α and 

IL-1β, as well as the inflammatory mediator COX-2 [51]. 

 

Phycocyanobilin, β-carotene, and α-glucan were 

predicted to not exhibit any interactions with 

cytochromes that are representative of CYP450s in 

humans. Therefore, this prediction indicates that these 

bioactive compounds are likely safe for consumption 

even by patients undergoing other treatments [44]. 

 

Conclusions 

The potential as anti-inflammatories of the bioactive 

compounds of S. platensis, namely, phycocyanobilin, 

β-carotene, and α-glucan, can be predicted through 

molecular docking studies with various proteins involved 

in the NF-κB activation pathway. Phycocyanobilin 

shows good potential as an inhibitor in molecular 

docking with IKK1/IKKA, IKK2/IKKB, NIK, and the 

IκBα/NF-κB complex. Furthermore, β-carotene has good 

potential as an inhibitor through its interaction with 

NEMO–IKK and the NF-κB complex, and α-glucan has 

potential as an inhibitor through interactions with COX-2. 

Therefore, supplementation with a complete set of these 

bioactive compounds is expected to provide optimal 

benefits. However, further in vitro and in vivo research is 

essential to evaluate the function of S. platensis as a 

functional food. 
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Supplementary Data 

Supplementary Table 1.  Comparison of ΔG values, Ki, and amino acid residues involved in the interaction of 

the bioactive compounds of S. platensis and the control inhibitors of the NF-κB 

activation pathway 

No Protein Ligand Active Compound 
ΔG 

(kcal/mol) 
pKi Binding Residues 

1 
NEMO–IKK (PDB 

ID: 3BRT) 

Control ligand 

(inhibitor) 

Parthenolide 

 (PubChem IDs: 

7251185) 

−7.03 7.09 µM 
GLN83*, ARG87, PHE82, 

GLN730, THR726 
       

  

Test ligand 

(S. platensis 

bioactive 

compound) 

Phycocyanobilin 

(PubChem IDs: 

6438349) 

−7.98 1.41 µM 

GLU89*, GLN86, ASN732*, 

LYS90, GLU729, PHE82, 

SER85, MET734, LEU93, 

MET94, ASP725, GLN730 
       

   
β-Carotene  

(PubChem IDs: 

5280489) 

−10.05 43.27 nM 
LYS90, MET735, SER733, 

GLN86 
       

   
α-glucan  

(PubChem IDs: 

_134692111) 

−6.12 32.45 µM 

THR726*, ASP725*, 

GLN86*, GLU89*, PHE82, 

LYS90, LEU93, MET94, 

GLU729 
       

2 
IKK1/IKKA (PDB 

ID: 5EBZ) 

Control ligand 

(inhibitor) 

Parthenolide 

 (PubChem IDs: 

7251185) 

−8.4 699.85 nM 

GLY22*, CYS98*, LEU21*, 

VAL29, ILE164, VAL151, 

LYS44, ASN149, ASP165, 

GLY22, CYS98, ALA4, 

ASN149, ASP165, GLY22, 

CYS98, ALA42 
       

  

Test ligand 

(S. platensis 

bioactive 

compound) 

Phycocyanobilin 

(PubChem IDs: 

_6438349) 

−7.52 3.1 µM 

ARG20*, THR23*, GLU19*, 

LEU21, VAL 151, GLY101, 

ILE164, ASN149, CYS98, 

LYS44 
       

   
β-caroten  

(PubChem IDs: 

_5280489) 

−7.08 6.45 µM 
VAL29, VAL151, LEU21, 

MET95, ILE164, TYR97 
       

   
α-glucan  

(PubChem IDs: 

_134692111) 

−4.84 281.59 µM 

ARG20*, GLY22*, THR23*, 

GLU148*, CYS98*, ASN28, 

GLY101, VAL151 
       

3 
IKK2/IKKB 

(PDB ID:4KIK) 

Control ligand 

(inhibitor) 

Parthenolide 

 (PubChem IDs: 

_7251185) 

−8.03 1.29 µM 

CYS99*, VAL29, VAL152, 

ILE165, LYS44, MET96, 

ASP166, LEU21, GLY22, 

VAL74, ALA42 
       

  

Test ligand 

(S. platensis 

bioactive 

compound) 

Phycocyanobilin 

(PubChem IDs: 

_6438349) 

−11.08 7.6 nM 

CYS99*, LYS106*, LEU21*, 

ASP103*, GLY22*, 

GLN100*, VAL74, CYS99, 

VAL152, ILE165, VAL29, 

MET96, LYS106, GLU97, 

ALA42, GLY102, GLN110 
       

   
β-Carotene  

(PubChem IDs: 

_5280489) 

−6.43 19.32 µM 

LYS106, ARG105, ARG47, 

PHE26, TRP58, GLU61, 

CYS46, GLN45, GLU149, 

ASP103, ASN109, GLN110 
       

   
α-Glucan 

 (PubChem IDs: 

_134692111) 

−4.85 280.01 µM 

GLU97*, CYS99*, LEU21*, 

GLU149*, ASP103, ALA42, 

VAL74, VAL29, LYS106, 

GLY102, VAL152 
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Supplementary Table 1. Continue 
 

No Protein Ligand Active Compound 
ΔG 

(kcal/mol) 
pKi Binding Residues 

4 
NIK 

(PDB ID: 4IDV) 

Control ligand 

(inhibitor) 

Parthenolide  

(PubChem IDs: 

_7251185) 

−7.46 3.41 µM 

ARG416*, LEU472*, 

ARG408, VAL416, ALA427, 

LEU522, VAL414, VAL471, 

MET469, GLY475, GLU473 
       

  

Test ligand 

(S. platensis 

bioactive 

compound) 

Phycocyanobilin 

(PubChem IDs: 

_6438349) 

−10.96 9.23 nM 

ARG408*, SER410*, 

ARG416*, ARG666*, 

ASP519 GLY409, LEU522, 

ARG405, GLU483, GLU473, 

LEU471, SER476, VAL414 
       

   

β-Carotene 

 (PubChem IDs: 

5280489) 

−5.15 169.06 µM 

ARG408, LYS429, CYS444, 

ILE467, MET469, CYS533, 

LEU522, LEU472, VAL 414, 

VAL453, LEU455, PHE535, 

GLU440, GLY475, GLU470, 

ASP534, LEU441 
       

   

α-Glucan 

 (PubChem IDs: 

134692111) 

−5.14 169.66 µM 

LEU406*, ARG416*, 

GLN479*, ASP519*, 

ASN520*, LEU472* 
       

5 

IκBα-NF-κB 

Complex (PDB ID: 

1IKN) 

Control ligand 

(inhibitor) 

BAY-11-7082 ((E)-3-

Tosylacrylonitrile) 

(PubChem IDs: 

5353431) 

−8.1 1.15 µM 

HIS245*, ARG246*, 

ASP290*, LYS221, VAL244, 

VAL251 

       

  

Test ligand 

(S. platensis 

bioactive 

compound) 

Phycocyanobilin 

(PubChem IDs: 

_6438349) 

−7.62 2.58 µM 

LYS221*, GLU286*, 

PRO281*, GLU222*, 

ALA242*, SER288, ARG246, 

PRO182, MET279, HIS181, 

PHE184, PHE307, GLU284, 

VAL244, TYR251, LEU280, 

GLN289, ARG30, ARG15 
       

   

β-Carotene  

(PubChem IDs: 

_5280489) 

−3.82 1.58 mM 

LYS221, LYS249, VAL251, 

PRO281, HIS245, TTYR289, 

VAL244, ARG246, ASP271, 

TYR248, GLU341 
       

   

α-Glucan  

(PubChem IDs: 

_134692111) 

−6.71 12.11 mM 

ARG246*, SER283*, 

GLU287*, VAL244*, 

SER288*, GLN249*, 

ALA242*, GLN241,ALA242, 

HIS245, TYR251, GLU284 
       

6 
NF-κB p65/p50 (PDB 

ID: 1VKX) 

Control ligand 

(inhibitor) 

Parthenolide  

(PubChem IDs: 

7251185) 

−6.29 24.69 µM 
LYS195*, ILE196*, 

CYS197, MET284, SER281 
       

  

Test ligand 

(S. platensis 

bioactive 

compound) 

Phycocyanobilin 

(PubChem IDs: 

_6438349) 

−6.77 10.86 µM 

ARG33*, ARG605*, 

ARG606*, LYS195, ARG35, 

ARG187, ASP217 
       

   

β-Carotene  

(PubChem IDs: 

_5280489) 

−8.64 463.53 nM 

LEU154, ARG187, ALA188, 

LYS218, CYS120, ARG605, 

LYS575, VAL603, PHE34, 

TYR36, HIS88, HIS604, 

PRO600, ARG33, ASP185 
       

   

α-Glucan 

 (PubChem IDs: 

_134692111) 

−2.18 25.1 mM 
ARG605*, VAL603*, 

LYS195*, ASP217*, PRO600 
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Supplementary Table 1. Continue 
 

No Protein Ligand Active Compound 
ΔG 

(kcal/mol) 
pKi Binding Residues 

7 
COX-2 (PDB 

ID:5KIR) 

Control ligand 

(inhibitor) 

Celecoxib  

(PubChem IDs: 2662) 
−11.01 8.51 nM 

ARG513*, PHE518*, 

LEU352*, SER353*, 

GLN192*, HIS90*, VAL523, 

PHE518, TYR355, TRP387, 

VAL349, ALA527, ILE517, 

SER530, GLY526, ALA516, 

ARG120 
       

  
Control ligand 

(inhibitor) 

Rofecoxib  

(PubChem IDs: 5090) 

−10.15 36.35 nM 

ILE517*, PHE518*, HIS90*, 

ARG513*, ALA527*, 

VAL523, PHE518, LEU352, 

SER530, LEU531, VAL349, 

MET522, GLN192, ALA516 

  

 

Test ligand 

(S. platensis 

bioactive 

compound) 

Phycocyanobilin           

(PubChem IDs: 

6438349) 

−5.38 113.94 µM 

ARG120, SER353, GLY526, 

MET522, TYR355, SER530, 

LEU93, VAL116, 

MET113,VAL523, PHE205, 

TYR355, PHE357, PHE381, 

TYR385, VAL349, ALA527, 

VAL344, LEU534, GLY526, 

LEU384, LEU352, TRP387, 

LEU351, PHE518, TYP348, 

GLY533 
       

   
β-Carotene  

(PubChem IDs: 

_5280489) 

−5.98 41.16 µM 

PRO514, ARG513, ILE564, 

HIS90, TYR91, HIS95, 

HIS351, ASP347, PHE580, 

HIS356, GLN192, GLY354, 

THR94 
       

   
α-Glucan 

 (PubChem IDs: 

134692111) 

−6.93 8.29 µM 

ARG513*, PHE518*, 

TYR355*, SER530*, 

MET522*, SER353*, 

GLN192*, VAL523, 

GLY526, LEU352, ALA527, 

TRP387, LEU93, VAL349, 

ALA516, ILE517 

ΔG (mean binding energy); pKi (binding affinity); bold black markings: the bioactive compound of S. platensis with the best affinity; 

* and black bold: amino acid residues involved in hydrogen binding. 
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Supplementary Table 2.  Protein–Protein Interaction: NEMO (IKBKG), IKK1/IKKA (CHUK), IKK2/IKKB (IKBKB), NIK 

(MAP4K4), IκBα-NFκB Complex (NFKBIA), NF-κB p65 (RELA), NF-κB p50 (NFKB1), COX-2 

(PTGS2) 
 

No #node1 node2 combined_score 

1 CHUK NFKBIA 0.999 

2 CHUK NFKB1 0.999 

3 CHUK IKBKG 0.999 

4 IKBKB NFKBIA 0.999 

5 IKBKB NFKB1 0.999 

6 IKBKB IKBKG 0.999 

7 IKBKG NFKBIA 0.999 

8 NFKB1 NFKBIA 0.999 

9 NFKB1 RELA 0.999 

10 NFKBIA RELA 0.999 

11 CHUK RELA 0.998 

12 IKBKB RELA 0.998 

13 CHUK IKBKB 0.992 

14 IKBKG RELA 0.985 

15 IKBKG NFKB1 0.982 

16 CHUK MAP4K4 0.922 

17 IKBKB MAP4K4 0.911 

18 IKBKG MAP4K4 0.907 

19 NFKBIA PTGS2 0.795 

20 IKBKB PTGS2 0.62 

21 NFKB1 PTGS2 0.603 

22 CHUK PTGS2 0.589 

23 PTGS2 RELA 0.569 
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