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Abstract

Tinospora cordifolia received significant attention due to its medicinal and pharmacological properties in
the treatment of various diseases. However, despite its well-established reputation for its anti-inflammatory
effects, our understanding of the molecular mechanisms underlying these activities remains limited. To
address this gap, an extensive literature review and identification of thirteen anti-inflammatory metabolites
derived from Tinospora cordifolia was conducted. These metabolites were subjected to pharmacokinetic
prediction using SwissADME and Protox II. Molecular docking techniques with DockingPie through
PyMOL was also used to investigate their interactions with thirty-two proteins associated with different
inflammatory pathways. Among the secondary metabolites tested, there were 14 conformations consisting
of 13 proteins and 5 ligands which showed ideal binding affinity. Stigmasterol (11) had the greatest number
of acceptable binding affinities among the 5 ligands with MMP-13 (-9.8 kcal/mol), Nf-kb1 (-8.6 kcal/
mol), NIK (-8.2 kcal/mol), IL-17A (-8.2 kcal/mol), and TGF-B (-8.1 kcal/mol), followed by B-sitosterol
(2) with COX-1 (-8.8 kcal/mol), LT-B (-8.8 kcal/mol), 15-LOX (-8.4 kcal/mol), and NIK (-8.2 kcal/mol).
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Then columbin (5) with 5-LOX (-8.5 kcal/mol), MMP-1 (-8.3 kcal/mol), and MMP-
8 (-8.2 kcal/mol). Both berberine (3) and 20-hydroxyecdysone (1) are bound to
the least number of proteins, namely MMP-2 (-8.9 kcal/mol) and MMP-19 (-8.9
kcal/mol), respectively. Meanwhile, ADMET analysis revealed that berberine (3),
magnoflorine (7), menisperine (8), reticuline (10), and stigmasterol (11) are of good oral
bioavailability, while B-sitosterol (2), syringin (12), and 20-hydroxyecdysone (1) have
undesirable lipophilicity and polarity. Berberine (3), columbamine (4), jatrorrhizine (6),
and palmatine (9) are predicted to be the most toxic compounds when administered
via oral route. While these secondary metabolites exhibited optimal binding affinities,
their potential as lead compounds is constrained by their drug-likeness properties, with
some of them having violations in XLOGP3, MLOGP, and hydrogen bond following
Lipinski’s rule of five and Muegge’s rule. Therefore, further functionalization and
modification are imperative for prospective drug discovery and design.

Keywords: ADMET; Anti-inflammatory; Inflammation pathway; Molecular Docking;
Tinospora cordifolia

INTRODUCTION

Inflammation is the body’s natural response to foreign stimuli, injury, or infection as its
defense mechanism. However, its uncontrolled persistence over time progresses into
a chronic inflammation leading to serious health problems. Chronic inflammatory
diseases such as stroke, respiratory diseases, cancer, and diabetes are considered one
of the leading causes of death worldwide, with 3 out of 5 people dying [1]. Thus, the
discovery and development of natural and synthetic drugs with anti-inflammatory
activity remain crucial.

Natural products are recognized for their extensive pharmacological activities and
minimal toxicity, which is beneficial for the development of natural anti-inflammatory
drugs. Although most of the severe symptoms of chronic diseases cannot be treated with
natural products, they can be used to alleviate pain during the early stage of the disease

[2].

Tinospora cordifolia is a natural product used in various herbal preparations for treating
different illnesses for its anti-periodic, antispasmodic, anti-microbial, anti- osteoporotic,
anti-inflammatory, anti- arthritic, anti-allergic, and antidiabetic properties [3]. Several
studies on the anti-inflammatory properties of Tinospora cordifolia have been reported,
citing its remarkable activity in treating inflammatory disorders [4]. Sumanlata et al.
(2019) also established that the aqueous extracts of Tinospora cordifolia exhibited highly
effective and dose-related anti-inflammatory activities [5]. It was demonstrated that
flavonoid contents of the plant and other mediators were able to inhibit prostaglandins,
isoforms of inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2)
enzymes induced from the inflammation. Moreover, Jacob and Kumar (2015) reported
the dual inhibition of COX and lipoxygenase (LOX) enzymes in the presence of
alkaloid and flavonoid phytoconstituents of Tinospora cordifolia [6]. Other important
products of both pathways, including prostacyclins, thromboxanes, leukotrienes, and
hydroperoxyeicosatetraenoic acid (HPETE), were found to be suppressed by the plant
extracts.
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Another study conducted by Philip, Tom, and Vasumathi (2018), wherein the chloroform
extracts of Tinospora cordifolia (CETC) exhibited a significant suppression in
cytokine secretion, transcription, and translation of proinflammatory biomarkers of
macrophages exposed to lipopolysaccharide (LPS). This was further validated by CETC
also producing a suppressive effect in the inflammatory late phase reactions in the rat
model of carrageenan-induced hind paw edema, through inhibiting cyclooxygenase-2
[7]. Nevertheless, there remains a gap in our understanding of the molecular level anti-
inflammatory mechanisms of Tinospora cordifolia, primarily because previous research
works have focused solely on testing extracts of the plant rather than its individual
components. Thus, this study is conducted to identify the specific secondary metabolites
responsible for the anti-inflammatory activity of Tinospora cordifolia. Moreover, given
the recognized inhibitory properties of the constituents in Tinospora cordifolia, there
is a promising avenue to investigate its compounds as potential anti-inflammatory lead
candidates. Through in silico investigations using molecular docking, and ADMET
predictions, this research could lead to therapeutic advancement and personalized
medicine that is beneficial to the scientific community and pharmaceutical industry.

MATERIALS AND METHODS

Protein Selection and Ligand Selection. Three inflammatory pathways were chosen for
this study: the Arachidonic acid (A A) pathway, Nf-kb pathway, Matrix Metalloproteinases
(MMP), and several Tumor Necrosis factors and interleukins. The selection of the AA
pathway was based on its association with prevalent inflammatory conditions such as
arthritis and asthma. This pathway is crucial in the inflammatory response as it facilitates
the production of prostaglandins and leukotrienes. Consequently, a total of five target
proteins were selected in the Arachidonic acid pathway which are the Cyclooxygenase-1
(COX-1), Cyclooxygenase-2 (COX-2), 5-Lipoxygenase (5-LOX), 12-Lipoxygenase
(12-LOX) and 15-Lipoxygenase (15-LOX). On the other hand, the decision to focus on
the NF-«kB pathway and MMP was driven by their roles in regulating pro-inflammatory
genes, including cytokines and chemokines, as well as in the activation and differentiation
of immune cells. Specifically, three target proteins were selected for the Nf-kb pathway,
namely, the Nf-kbl, RelA (p65), and NIK, while seven from the MMPs were chosen,
which are MMP-1, MMP-2, MMP-8, MMP-9, MMP-13, MMP-19, and MMP-26.
Finally, interleukins (ILs) were chosen for their pivotal role in activating immunological
and inflammatory responses. Similarly, tumor necrosis factors were selected due to their
crucial function in regulating the expression of inflammation, particularly by stimulating
the production of macrophages. For the interleukins (ILs), the following were selected:
IL-1a, IL-1B, IL-18, IL-2, IL- 4, IL-5, IL-6, IL-8, IL-13, IL-17A, and IL-17B, while there
were five proteins selected from the Tumor Necrosis Factors, namely, TNF-a, TNF-f3,
CD40L, LT-B, and BAFF. The following target proteins have been selected meticulously
considering their capacity to regulate the expression of inflammation and the abundance
of studies supporting their inflammatory characteristics. All 3D structures of the proteins
were obtained from RCSB Protein Data Bank (PDB) and UniProt.
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For the ligands, the secondary metabolites from Tinospora cordifolia were screened
based on extensive literature mapping to distinguish those compounds that exhibit anti-
inflammatory properties. Hence, 20-Hydroxyecdysone (1), B-sitosterol (2), berberine
(3), columbamine (4), columbin (5), jatrorrhizine (6), magnoflorine (7), menisperine (8),
palmatine (9), reticuline (10), stigmasterol (11), syringin (12), and tetrahydropalmatine
(THP) (13) were selected. Their structural models and canonical simplified molecular-
input line-entry systems (SMILES) were obtained from the PubChem database.

SwisSADME and ProTox II Analysis. SMILES format of each ligand was used
in conducting SwissADME for the identification of its Absorption, Distribution,
Metabolism, Excretion (ADME) profile; and Protox II for toxicity profile. Generated
computational results were analyzed based on the scientific report by Daina, Michielin,
and Zoete (2017) [8].

Molecular Docking. Protein structures collected from RCSB PDB and UniProt in PDB
file format were optimized through PyMOL by removing bound ligands and water
molecules [9] and adding missing polar hydrogens, if necessary [10]. Meanwhile,
selected ligands collected from PubChem in SDF file format were subjected to Avogadro
software for minimization of energy. Subsequently, the ligands were converted to PDB
format.

After structure optimization, molecular docking has been performed using DockingPie
through PyMOL. The grid parameters for each protein were modified to cover the whole
molecule, and 20 poses were generated per each protein-ligand complex. The ligands
with the best binding affinity from the set of docking poses were chosen to represent the
set and subjected to post-docking analysis [10]. Results were placed in the visualizer
panel of PyMOL and BIOVIA Discovery Studio, along with the target proteins.

ResuLTts AND DiscussioN

SwissADME Prediction of Target Metabolites. Based on Table 1, berberine (3),
magnoflorine (7), menisperine (8), reticuline (10), and stigmasterol (11) are within the
accepted range of saturation, size, polarity, solubility, flexibility, and lipophilicity. All
these molecules, therefore, indicate good oral bioavailability. However, the lipophilicity
of B-sitosterol (2) has values beyond the specified range at 9.34. This is not desirable
since it could result in poorer aqueous solubility in the gastrointestinal tract and reduced
cell penetration [11]. Elevated levels of lipophilicity also indicate that these compounds
have less oral bioavailability and are prone to enzymatic metabolism. Likewise, syringin
(12) has a polarity value of 138.07 and 20-hydroxyecdysone (1) with 138.45, which are
beyond the specified range. Highly polar substances may possibly lower lipophilicity,
which may affect permeability [12]. Therefore, these predictions signify that syringin
(12) and 20-hydroxyecdysone (1) are not orally bioavailable.
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Table 1. SwissADME Prediction of Physicochemical Analysis of the Target Metabolites of Tinospora cordifolia

Compound Saturation  Size (g/mol)  Polarity (A*)  Solubility Flexibility Lipophilicity

(=0.25) 150-500 20-130 (£6) (<9) (-0.7 - +6.0)
20-Hydroxyecdysone 0.89 480.63 138.45 -2.78 5 0.46
PB-sitosterol 0.93 414.71 20.23 -7.90 6 9.34
Berberine 0.25 336.36 40.80 -4.55 2 3.62
Columbamine 0.25 338.38 51.80 -4.37 3 3.42
Columbin 0.60 358.39 85.97 -3.50 1 2.16
Jatrorrhizine 0.25 338.38 51.80 -4.37 3 3.42
Magnoflorine 0.40 342.41 58.92 -3.91 2 2.74
Menisperine 0.43 356.44 47.92 -9.25 3 -0.59
Palmatine 0.29 352.40 40.80 -4.58 4 3.75
Reticuline 0.37 329.39 62.16 -3.88 4 3.01
Stigmasterol 0.86 412.69 20.23 -7.46 5 8.56
Syringin 0.53 372.37 138.07 -1.03 7 -1.31
Tetrahydropalmatine 0.43 355.43 40.16 -4.16 4 3.24

Two topological methods are used in SwissADME to predict the water solubility of the
compounds. However, only the ESOL model, which establishes the linear relationship
between log S and five molecular parameters namely the molecular weight, the number
of rotatable bonds, the fraction of aromatic heavy atoms and Daylight’s CLOGP is used.
All predicted values are the decimal logarithm of the molar solubility in water, Log S
[8]. Table 2 shows the SwissADME results of the thirteen compounds in terms of water
solubility. The second column shows the classification of the compounds in terms of
solubility based on the topological method that implements the ESOL model. Based on
the prediction of SwissADME shown in Table 2, it can be inferred that syringin (12) is
the most soluble one among the thirteen ligands.

Table 2. SwissADME Prediction of Water Solubility of the Target Metabolites of Tinospora cordifolia

Compound Log S (ESOL) Interpretation
20-Hydroxyecdysone -2.78 soluble
pB-sitosterol -7.90 poorly soluble
Berberine -4.55 moderately soluble
Columbamine -4.37 moderately soluble
Columbin -3.50 soluble
Jatrorrhizine -4.37 moderately soluble
Magnoflorine -3.91 soluble
Menisperine -4.12 moderately soluble
Palmatine -4.58 moderately soluble
Reticuline -3.88 soluble
Stigmasterol -7.46 poorly soluble
Syringin -1.03 very soluble
Tetrahydropalmatine -4.16 moderately soluble
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Figure 1. BOILED-Egg plot of the Selected Target Metabolites of Tinospora cordifolia

The passive human gastrointestinal absorption and blood-brain barrier permeation status
of the compounds were all derived from the BOILED-Egg model of SwissADME (Figure
1). Among the thirteen compounds that were analyzed, berberine (3), columbamine (4),
jatrorrhizine (6), magnoflorine (7), menisperine (8), palmatine (9), reticuline (10) and
tetrahydropalmatine (13) were found to have high GI absorption. The same compounds
were also found to successfully penetrate the BBB. Meanwhile, the next column shows
the ability of the selected compounds to use P-glycoprotein (P-gp), an ATP binding
cassette transporter that plays a significant role in drug absorption, distribution, and
elimination. Generally, the P-gp acts as a transmembrane efflux pump that expels toxins
and foreign substances out of cells, bringing about changes in the body [13]. At the
beginning of drug discovery studies, it is crucial to determine whether a compound is a
P-gp substrate as they are easily pumped out of the cell, thus, reducing their absorption.
Among the thirteen compounds, only B-sitosterol (2), stigmasterol (11), and syringin
(12) are not P-gp substrates [14]. Furthermore, the P-gp is expressed in different organs
like the small intestine, blood vessels, blood-brain barrier, kidneys, and liver.

Table 3. SwissADME Prediction of Pharmacokinetics of the Target Metabolites of Tinospora cordifolia

Compound GI Absorption BBB permeant P-gp substrate Log Kp (cm/s)
20-Hydroxyecdysone High No Yes -891
B-sitosterol Low No No -2.20
Berberine High Yes Yes -5.78
Columbamine High Yes Yes -5.94
Columbin High No Yes -6.95
Jatrorrhizine High Yes Yes -5.94
Magnoflorine High Yes Yes -6.44
Menisperine High Yes Yes -6.30
Palmatine High Yes Yes -5.79
Reticuline High Yes Yes -6.17
Stigmasterol Low No No -2.74
Syringin Low No No -9.50
Tetrahydropalmatine High Yes Yes -6.17
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Table 4. SwissADME Prediction of CYP Inhibition of the Target Metabolites of Tinospora cordifolia

Compound CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
20-Hydroxyecdysone No No No No No
B-sitosterol No No No No No
Berberine Yes No No Yes Yes
Columbamine Yes No No Yes Yes
Columbin No No No No No
Jatrorrhizine Yes No No Yes Yes
Magnoflorine Yes No No No Yes
Menisperine Yes No No Yes Yes
Palmatine No No No Yes Yes
Reticuline No No No Yes No
Stigmasterol No No Yes No No
Syringin No No No No No
Tetrahydropalmatine No No No Yes Yes

In addition, the Log Kp which measures the ability of the skin to absorb a drug, or a
chemical was also calculated. The more negative the value of Log Kp, the less likely the
drug can permeate the skin membrane. -sitosterol (2) has the least negative Log Kp,
which means it has the highest skin permeability.

The Cytochrome P450 (CYP450) is a superfamily of isoenzymes that plays a major role
in drug elimination through metabolic transformation process. The inhibition of CYP450
by a compound results in lower drug clearance and higher drug accumulation as the rate
of enzyme-catalyzed reactions is reduced. It must be taken into consideration whether a
drug is categorized as a CYP450 inhibitor to avoid increasing the potential for toxicity.
Moreover, it was determined that about 80% of oxidative metabolism and around 50%
of the overall elimination of most clinical drugs are attributable to the first three CYP
families which include CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4 [15].
CYP inhibition prediction of the selected secondary metabolites (Table 4) showed
that 20-Hydroxyecdysone (1), B-sitosterol (2), columbin (5) and syringin (12) do not
inhibit any of these enzymes, which signifies that they are the least toxic compounds.
Both berberine (3) and menisperine (8) displayed the greatest number of CYP enzymes
inhibited, which means that among the thirteen selected compounds, they are the most
toxic.

Lipinski’s rule of five evaluates four key molecular properties associated with drug
absorption and permeation. Particularly, it predicts poor absorption in compounds with
more than 5 H-bond donors, 10-H bond acceptors, molecular weight of more than 500,
and calculated MLOGP (Moriguchi octanol-water partition coefficient) of greater than
4.15[16]. As indicated in Table 5, all compounds are orally active, while B-sitosterol (2)
and stigmasterol (11) have violations mostly of the MLOGP and 20-hydroxyecdysone
(1) on hydrogen bond donors (-NH or -OH). Furthermore, the Muegge rule makes use of
a point filter is to identify compounds that are drug-like. There are four functional motifs
in drug-like molecules that when combined to pharmacophore points, could help with
hydrogen bonding to achieve drug interactions with targets [17].
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Table 5. SwissADME Prediction of Druglikeness of the Target Metabolites of Tinospora cordifolia

Compound Lipinski Muegge
20-Hydroxyecdysone Yes; 1 violation: NH or OH > 5 No; 1 violation: H-don > 5
p-sitosterol Yes; 1 violation: MLOGP > 4.15 No; 2 violations: XLOGP3 > 5, Heteroatoms < 2
Berberine Yes; 0 violation Yes
Columbamine Yes; 0 violation Yes
Columbin Yes; 0 violation Yes
Jatrorrhizine Yes; 0 violation Yes
Magnoflorine Yes; 0 violation Yes
Menisperine Yes; 0 violation Yes
Palmatine Yes; 0 violation Yes
Reticuline Yes; 0 violation Yes
Stigmasterol Yes; 1 violation MLOGP > 4.15 No; 2 violations: XLOGP3 > 5.
Syringin Yes; 0 violation Heteroatom < 2
Tetrahydropalmatine Yes; 0 violation Yes

To pass the filtering process, candidate drugs must receive two to seven pharmacophore
points based on the functional group’s amine, amide, alcohol, ketone, sulfone,
sulfonamide, carboxylic acid, carbamate, guanidine, amidine, urea and ester. Referring
to Table 5, all compounds, except 20-hydroxyecdysone (1), B-sitosterol (2), and
stigmasterol (11) due to their violations in XLOGP3, heteroatoms, rotors, and hydrogen
donors, contain pharmacophore points that could potentially provide key interactions
with target proteins. Overall, the ligands berberine (3), columbamine (4), columbin
(5), jatrorrhizine (6), magnoflorine (7), menisperine (8), palmatine (9), reticuline (10),
syringin (12), and tetrahydropalmatine (13) consistently showed no violations to both
Lipinski’s and Muegge’s criteria, indicating good drug-likeness. Lipinski’s criteria
primarily focus on the assessment of physicochemical properties related to the oral
bioavailability of a drug, while Muegge’s filter focuses on a more comprehensive and
complementary set of rules emphasizing the balance between hydrogen bond donors and
acceptors. In addition to using Lipinski’s rule of five, the consistency of predictions with
Muegge’s filter enhances the reliability of pharmacokinetic properties of the compounds.

ProTox-II Prediction of the Target Metabolites. The analysis of 2D similarities and
identification of toxic fragments in input compounds with determined median lethal
doses (LD, are used as the basis for oral toxicity predictions [18]. The predicted toxicity
classes shown in Table 6 depend on the respective LD, values, based on the Globally
Harmonized System of Classification and Labelling of Chemicals (GHS). Specifically,
both Class 1, with LD, values less than or equal to 5 mg/kg, and Class 2 compounds, with
LD, values from 6 to 50 mg/kg, are considered fatal if swallowed; Class 3 compounds
with LD, values from 51 to 300 mg/kg are toxic if swallowed; Class 4 compounds with
LD, values from 301 to 2000 mg/kg are harmful if swallowed; Class 5 compounds
with LD, values from 2001 to 5000 mg/kg may be harmful if swallowed; and Class
6 compounds with LD,  values greater than 5000 mg/kg are generally considered
non- toxic. Table 6 shows that 20-hydroxyecdysone (1) is the only Class 6 compound
predicted to be orally non-toxic.
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Table 6. ProTox-II Prediction of Acute Oral Toxicity and Toxicity of the Target Metabolites of Tinospora cordifolia

. Predicted
Predicted .. . .. . . . . . .
Compound Toxicity  Hep icity Car I y 1 icity y Cytotoxicity
LD, - ‘ h h
0 Class
20-Hydroxyecdysone 9000 mg/kg 6 Inactive (0.74) Active (0.78) Active (0.93) Inactive (0.74) Inactive (0.76)
B-sitosterol 890 mg/kg 4 Inactive (0.87) Inactive (0.60) Active (0.99) Inactive (0.98) Inactive (0.94)
. . Below Threshold . Below Threshold "

Berberine 200 mg/kg 3 Inactive (0.82) (0.56) Active (0.99) 0.62) Active (0.96)
Columbamine 200 mg/kg 3 Inactive (0.79) Inactive (0.53) Active (0.98) Belmfg;‘;smld Inactive (0.50)
Columbin 555 mg/kg 4 Inactive (0.85) Inactive (0.62) Active (0.98) Inactive (0.79) Inactive (0.53)
Jatrorthizine 200 mg/ke 3 Inactive (0.81) Tnactive (0.54) Active (0.98) B““”:OT?;;S]“’M Tnactive (0.51)
Magnoflorine 401 mg/kg 4 Inactive (0.96) Inactive (0.64) Active (0.94) Inactive (0.59) Inactive (0.69)
Menisperine 350 mg/kg 4 Inactive (0.96) Inactive (0.64) Active (0.98) Inactive (0.58) Inactive (0.66)
Palmatine 200 mg/ke 3 Inactive (0.77) Bel‘)‘”(’OT;‘(;;s“"ld Active (0.96) Active (0.57) Active (0.56)
Reticuline 700 mg/kg 4 Inactive (0.94) Inactive (0.63) Active (0.92) Inactive (0.50) Inactive (0.51)
Stigmasterol 890 mg/kg 4 Inactive (0.87) Inactive (0.60) Active (0.99) Inactive (0.98) Inactive (0.94)
Syringin 4000 mg/kg 5 Inactive (0.83) Inactive (0.85) Active (0.92) Inactive (0.80) Inactive (0.76)
Tetrahydropalmatine 580 mg/kg 4 Inactive (0.95) Inactive (0.55) Active (0.76) Inactive (0.55) Inactive (0.50)

This is followed by the Class 5 compound, syringin (12); then the Class 4 compounds,
[B-sitosterol (2), columbin (5), magnoflorine (7), menisperine (8), reticuline (12),
stigmasterol (11), and tetrahydropalmatine (13), in terms of toxicity severity. Moreover,
berberine (3), columbamine (4), jatrorrhizine (6), and palmatine (9) were shown to be
the most orally toxic compounds in the group, since these were classified as Class 3
compounds.

Oleaga et al. (2016) defined organ toxicity as characterized by any detrimental change
in the physiology, biochemistry, or morphology of an organ, caused by toxicants acting
either directly or indirectly through disrupting normal physiological mechanisms [19].
This includes hepatotoxicity, nephrotoxicity, neurotoxicity, and more. In particular, the
ProTox-II platform utilizes hepatotoxicity as its only model under this classification [20].
As seen in Table 6, all compounds are predicted to be non-hepatotoxic, which means that
they are not capable of causing drug-induced liver injury. For toxicological endpoints,
the ProTox-II server utilizes four models under this toxicity classification, particularly
carcinogenicity, immunotoxicity, mutagenicity, and cytotoxicity [20]. Table 6 also shows
that 20-hydroxyecdysone (1) and palmatine (9) are the only compounds predicted to
be carcinogenic and mutagenic, respectively. Likewise, berberine (3) and palmatine (9)
are the only ones considered to be cytotoxic, while all thirteen compounds are found
to be immunotoxic. Furthermore, those that were classified below threshold had lower
confidence values than the perceived ranges and were, therefore, omitted.

However, based on several literature proving the anti-inflammatory effects of Tinospora
cordifolia, the extract has shown no significant toxicities. In a study by Philip etal. (2018),
for the acute oral toxicity of Tinospora cordifolia chloroform extract at a high dose, 2000
mg/kg body weight, the rats showed no significant signs of toxicity and mortality. The
liver and serum analyses also showed no significant toxicological changes [7].

4
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Table 7. Key Residues of Ligands with Optimal Binding Energies

(l]:;;;eli]r;) Ligands Bir:f(ilﬁ/,];:l:f; 8y Key Residues of Interaction
MMP-13 (P45452) Stigmasterol -9.8 Phel07, Phel89, Prol91, Pro193, Tyr104, Tyr176, Tyr195, Val106
MMP-2 (P08253) Berberine -8.9 Asn245, Cys363, Glu243, Pro391, Ser246, Thr250
MMP-19 (Q99542) 20-Hydroxye-cdysone -8.9 Argl03, Arg301, GIn347, Leul01, Leu298, Pro344, Pro387
COX-1 (P00395) B-sitosterol -8.8 Ala24, Leu21, Leu20, Phe393, Trp6
LT-p (Q06643) PB-sitosterol -8.8 Alal66, Gly173, Leul02, Prol75, Pro226, Tyr220
Nf-kbl (P19838) Stigmasterol -8.6 Arg934, Leu581
5-LOX (P09917) Columbin -8.5 Ala454, Arg 247, Arg371, 1le366, Leu245, Val244
15-LOX (P16050) B-sitosterol -8.4 Arg394, Leul67, Phe77, Tyr97, Tyr395
MMP-1 (P03956) Columbin -8.3 Glu311, Leu314, Pro310, Val312
MMP-8 (P22894) Columbin -8.2 Alal32, Asp135, Leu139, Phe212, Val142
B-sitosterol -8.2 Cys605, GIn784, Leu777, Phe778, Phe858, Tyr857
NIK (Q99558)
Stigmasterol -8.2 Cys605, Leu777, Phe778, Pro855, Tyr857
IL-17A (Q16552) Stigmasterol -8.2 Trp51, Tyr43, Tyr44, and Trp67
TGF-B (P01137) Stigmasterol -8.1 Glu99, Leu64, Trp30, Trp32

Another study by Badar et al. (2005) where Tinospora cordifolia extract was administered
to patients with allergic rhinitis, 83% of the participants had total relief from sneezing,
69% showed a 100% improvement in the case of nasal discharge, nasal obstruction was
totally cleared in 61% of the participants, and a 100% improvement was also observed in
71% of the patients for nasal pruritus. The study also reported that Tinospora cordifolia
is well tolerated because out of the 36 patients who took the extract, only two reported
nasal pain and one for headache, which were all relieved by analgesics [21].

As opposed to the results generated from Protox-II, the absence of significant adverse
effects and toxicities from these studies can prove the safety of Tinospora cordifolia.
These compounds present in the extract may have synergistic effects that, when
metabolized after oral administration, may lead to less toxicity compared to the program
results. It is notable that Protox-II is merely used as a tool for the prediction of numerous
toxicity endpoints, and should not limit the anti-inflammatory potential of the secondary
metabolites.

Molecular Docking. The results of docking for each protein-ligand complex revealed
twenty poses arranged based on their docking scores or binding energy (kcal/mol)
from lowest to highest, with the lowest or most negative being the most optimal. Pose
generation requires scoring functions to enhance the quality and identification of correct
bioactive conformation of a ligand in a receptor [22]. These scoring functions roughly
represent and estimate binding affinity in relation to intermolecular interactions that
strengthen the protein-ligand complex, while considering the energy being used. This
binding energy is released as a ligand molecule interacts with a target protein, reducing
the total energy of the complex, referred to as the Gibbs free energy (AG) [23]. A low
docking score indicates that less energy is used to stabilize the binding, thus, the more
negative the score of a conformation, the stronger it is.
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The most negative score, which corresponds to the most ideal ligand pose, is selected
for each set of ligand and protein. Since a starting value of -6.0 kcal/mol is generally
considered for standard drugs with small molecular structures [24], only top-ranked
scores that are lower than -8.0 kcal/mol were considered in this study, in consideration
of the large structural size of the complexes. Table 7 shows the protein-ligand pairs with
their binding affinities in descending order.

Among them, stigmasterol (11) exhibited the lowest binding energy of -9.8 kcal/mol when
docked to MMP-13 (Table 7). Stigmasterol (11) was also revealed to have good binding
affinities with four other receptors: Nf-kb1 (- 8.6 kcal/mol), NIK and IL-17A (-8.2 kcal/
mol), and TGF- (-8.1 kcal/mol), that are all stronger than that of the comparator drug.

Following stigmasterol (11), berberine (3) and 20-hydroxyecdysone (1) are bound
with MMP-2 and MMP-19, respectively, at -8.9 kcal/mol. Meanwhile, B-sitosterol (2)
exhibited -8.8 kcal/mol with both COX-1 and LT-B -8.4 kcal/mol with 15-LOX, and
-8.2 kcal/mol with NIK. Columbin (5) revealed a binding affinity of -8.5 kcal/mol with
5-LOX, -8.3 kcal/mol with MMP-1, and -8.2 kcal/mol with MMP-8.

Positive Controls. The novelty of some proteins as anti-inflammatory targets limits the
comparator compounds available as positive controls versus the ligands in this study.
The binding energy exhibited by the interactions between the following ligands with
the proteins was compared to that of an available positive control with the protein,
respectively: stigmasterol with MMP-13, B-sitosterol with COX-1, stigmasterol with
Nf-kb1(p50), columbin with 5-LOX, and B-sitosterol and stigmasterol with NIK.

Stigmasterol on MMP-13, Nf-kb1(p50), NIK, IL-17A, and TGF- . Figure 2a shows
the interactions predicted to be formed by stigmasterol (11) with MMP-13. Stigmasterol
(11) with MMP-13 revealed the most negative binding energy of -9.8 kcal/mol and
therefore the strongest affinity and most stable conformation among other compounds.
Three carbon hydrogen bond interactions were predicted at Tyr104, Pro193, and Pro191
residues, while a lone pi-pi T-shaped interaction was formed by Phe107 with the aromatic
ring of stigmasterol. Multiple alkyl and pi-alkyl interactions are also predicted at Tyr176,
Phel89, Tyr195, and Val106 residues of MMP-13.

There are several studies on MMP-13, an important metalloproteinase mediator in
inflammation, including its mechanisms in inflammatory bowel disease. Vandenbroucke
et al. (2013) suggest that it is a potential target in treating TNF-dependent intestinal
barrier inflammation, in which its inhibition decreases TNF levels that are primarily
elevated in such cases [25]. However, no compound targeting MMP-13 specifically for
anti-inflammation has been identified thus far aside from batimastat for antiangiogenesis.
Batimastat, a broad-spectrum MMP inhibitor used as an antiangiogenic agent, exhibited
an energy of -7.3 kcal/mol upon binding to MMP-13, which is inferior compared to the
resultant binding energy between stigmasterol (11) and MMP-13. Though stigmasterol
(11) showed a stronger affinity than batimastat, the difference in their binding sites to the
same MMP must be highly considered.
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Figure 2d. Ligand Interactions of Stigmasterol with IL-17A
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Figure 2e. Ligand Interactions of Stigmasterol with TGF-

Moving to Nf-kb1(p50) which is a part of the canonical signaling pathway of the Nf-kb
that serves as a critical mediator for inflammatory responses [26]. Its activation happens
via proinflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis factor
(TNFa) which in turn activates RelA that functions in the expression of proinflammatory
and cell survival genes [27]. Stigmasterol (11) demonstrated a binding energy at -8.6
kcal/mol, forming alkyl interactions at Arg934 and Leu581 residues (Figure 2b).
Dexamethasone, a widely used anti-inflammatory corticosteroid by Nf-«b inhibition was
also docked to Nf-kb1(p50) with a binding energy of -7.2 kcal/mol, notably higher than
that of stigmasterol (11), but on different binding sites.

Moreover, NIK with stigmasterol (11) (Figure 2¢) yielded a binding affinity of -8.2 kcal/
mol. Alkyl interactions are formed by stigmasterol (11) at Pro855, Tyr857 and Phe778.
Pi-alkyl interactions at Cys605 and Leu777 are also predicted. Staurosporine, a natural
antibiotic isolated from Streptomyces staurosporeus, with a potent kinase inhibitory
activity that was found to inhibit NIK exhibited a binding energy of -8.0 kcal/mol upon
docking with NIK, a value not far from that exhibited by stigmasterol (11) with the same
receptor.

In the case of IL-17A with stigmasterol (11) (Figure 2d), a binding affinity of -8.1 kcal/
mol was shown. Pi-sigma and pi-alkyl interactions are predicted to form at Trp51,
Tyr43, Tyr44, and Trp67 residues. IL-17A induces gene expression of proinflammatory
cytokines TNF, IL-1, IL-6, G-CSF, and GM-CSF, chemokines CXCL1, CXCLS, IL-
8, CCL2, and CCL7, antimicrobial peptides defensins and S100 proteins, and matrix
metalloproteinases MMP1, MMP3, and MMP13. It is also involved in neutrophil
recruitment to inflammatory sites [28].

Meanwhile, TGF-f with stigmasterol (Figure 2e) yielded a binding affinity of -8 kcal/
mol. Figure 2e revealed that Trp30 and Trp32 formed pi-alkyl and pi-sigma interactions
with stigmasterol (11), respectively, while Leu64 formed alkyl interactions and Glu99
formed conventional hydrogen bond interactions. As an anti-inflammatory factor,
TGF-p has been demonstrated to suppress the generation and activity of effector T cells
and antigen-presenting dendritic cells. Moreover, it can modulate natural killer cells,
macrophages, dendritic cells, and granulocytes, thus reducing inflammation [29].
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Figure 3a. Ligand Interactions of Berberine with MMP-2

Berberine on MMP-2. MMP-2 with berberine (3) showed a low binding affinity
of -8.9 kcal/mol by different interactions (Figure 3a). A van der Waals interaction is
predicted to form at the Ser246 residue, with another conventional hydrogen bond at
Thr250. Pro391 and Glu243 residues interact with the berberine (3) structure by carbon
hydrogen bonding. An amide-pi stacked interaction is predicted between MMP-2 and
berberine (3) at Asn245 residue, while there is a pi-alkyl bond predicted at Cys363 of
MMP-2. As a member of the MMP family, MMP-2 contributes to the inflammatory
response by controlling the activity of pro-inflammatory cytokines and chemokines [30].
Specifically, it allows the recruitment and movement of inflammatory cells by breaking
down extracellular matrices [31].
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Figure 4a. Ligand Interactions of 20-Hydroxyecdysone with MMP-19

20-Hydroxyecdysone on MMP-19. MMP-19 with 20-hydroxyecdysone (1) (Figure 4a)
interacts at -8.9 kcal/mol. 20-hydroxyecdysone (1) is predicted to form a conventional
hydrogen bond with MMP-19 at Argl03, and two carbon hydrogen bonds at GIn347
and LeulOl. Leu298, Pro344, and Arg301 residues are predicted to form a pi-alkyl
interaction with the aromatic rings of 20-hydroxyecdysone (1), while Argl103, Arg301,
Pro344, Pro387, and Leu298 are all predicted to form alkyl interactions. MMP-19
contributes to the inflammation of lungs by enhancing the Th2-driven eosinophilia and
airway hyperactivity [30]. Its significance lies in its capacity to regulate the accumulation
of tenascin-C, a Th2-cell related inflammatory lung response, by cleaving it like collagen
and other matrix components in the lungs [32].
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p-sitosterol on COX-1, LT-f, 15-LOX, and NIK. B-sitosterol (2) and COX-1 (Figure
5a) showed a low binding affinity of -8.8 kcal/mol wherein pi-sigma, alkyl, and pi-alkyl
bonds interactions at binding sites were predicted, specifically at the Phe393, Trp6,
Leu21, Leu20, and Ala24 residues of COX-1, respectively. However, the binding energy
of selective COX-1 inhibitor Ketoprofen was found to be superior at -11.2 kcal/mol
[33]. The COX pathway plays a crucial role in the initiation of inflammation due to its
association in the production of prostaglandins. Particularly, COX-1 is involved in the
aggregation of platelets, regulation of kidney arteriole vasodilation, and protection of the
innermost mucosa of the gastrointestinal tract [34].

Moreover, fB-sitosterol (2) with LT-p has yielded a binding affinity of -8.8 kcal/mol
wherein on Pi-alkyl bonds were predicted at Alal66 and Prol75 while alkyl bonds at
Pro226, and Leul02 were also predicted to form as shown on Figure 5b.

Pi-sigma and conventional hydrogen bond interactions are also predicted to form at
Tyr220 and Gly173, respectively. LT-f3 contributes to the regulation of immune responses
as it is essential for the development of secondary lymphoid tissues [35].

Furthermore, based on Figure Sc, it shows that 15-LOX with B-sitosterol (2) binds
at -8.4 kcal/mol, with its interactions primarily alkyl and pi-alkyl. Tyr97 residue
is predicted to form an interaction with the heterocyclic ring of B-sitosterol (2). The
compound binds to 15-LOX at Leul67, Tyr395, Arg394, and Phe77 residues. 15-LOX is
a dioxygenase involved in the peroxidation of polyunsaturated fatty acids (PUFAs) into
their hydroxyperoxy derivatives, which include specialized inflammatory mediators,
highlighting the involvement of this pathway in the inflammatory response [36].

Meanwhile, NIK with f-sitosterol (2) (Figure 5d), interacts with a binding affinity of
-8.2 kcal/mol. A conventional hydrogen bond is predicted to form at GIn784 residue.
Moreover, a pi-sigma interaction at Phe778 and Tyr857, a pi-alkyl interaction at Leu777
and Cys605, and an alkyl interaction at Phe858 are also predicted to form.

Columbin on 5-LOX, MMP-1, and MMP-8. Columbin (5), when docked to 5-LOX
(Figure 6a), yielded a binding affinity of -8.5 kcal/mol which is lower compared to
Setileuton, a novel selective 5-LOX inhibitor, with a docking score of -9.6 kcal/mol
[37]. During inflammation, particularly in asthma, the 5-LOX pathway gives rise
to proinflammatory leukotrienes (LTs) which are targets of LT antagonists to reduce
inflammation [38].

Moreover, the docking analysis of MMP-1 with columbin (5), as shown on Figure 6b,
revealed a binding affinity of -8.3 kcal/mol, with conventional hydrogen bond reactions
at Val312, Glu311, and Leu314 residues. Pro310 residue of MMP-1 interacts with
columbin (5) by a carbon hydrogen bond and a pi-sigma with its aromatic ring. On the
other hand, the docking results of columbin (5) with MMP-8 displayed a binding affinity
of -8.2 kcal/mol as shown on Figure 6c¢. It is predicted to have an interaction with a single
carbon hydrogen bond at Asp135, while the rest are alkyl and pi-alkyl bonds between
MMP-8 and columbin (5) at Val142, Leul39, Phe212, and Alal32 residues.
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Figure 6¢. Ligand Interactions of Columbin with MMP-8

From all the compounds docked with considerable docking scores, the interaction
between MMP-13 and stigmasterol (11) has the lowest binding affinity of -9.8 kcal/mol.
On the other hand, the interaction between TGF-f and stigmasterol (11) has the highest
binding affinity of -8.1 kcal/mol. Most of the docked interactions involved in the binding
are pi-alkyl and alkyl bonds which are found to contribute to the binding interaction of
the ligands and proteins. Other interactions like pi-stigma, conventional hydrogen bond,
carbon hydrogen bonds, pi-pi T-shaped, Van der Waals, and pi-cations also contributed
to the stabilization of the binding structures. Stronger van de Waals interactions result in
higher binding affinities and most high-affinity ligands require strong H-bonds [39]. In
addition, in a study by Chen et al. (2016), protein-ligand affinity depends on the effects
of H-bond pairing on free energy change. All strong-strong H-bond pairings increase the
ligand binding affinity.
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However, weak-weak H-bonding tends to be more favorable in increasing ligand binding
affinity than strong-weak H-bonds, which implies that it may be inaccurate to generalize
that H-bonds do not significantly affect binding affinity [40]. However, the conventional
hydrogen bonds and van der Waals interactions were found to contribute greatly
specifically only to the binding structure to the targets of columbin (5) with MMP-1 and
berberine (3) with MMP-2, respectively.

The docked metabolites of Tinospora cordifolia to essential proteins show they can be
potential lead candidates for treating different inflammatory diseases. Upon performing
molecular docking, 14 conformations showed ideal binding affinity, with Stigmasterol (11)
being the preeminent metabolite as it displayed the most significant number of desirable
binding affinities among the chosen ligands. Regarding the toxicities of the secondary
metabolites, ProTox-II revealed that all compounds are predicted to be immunotoxic.
However, based on several literatures proving the anti-inflammatory effects of ZTinospora
cordifolia, as an extract, has shown no significant toxicities and it is notable that Protox-
I is merely used as a tool for the prediction of numerous toxicity endpoints, and should
not limit the anti-inflammatory potential of the secondary metabolites. Hence, the results
generated from this in silico study could commence drug therapy discoveries when
further supplemented by in vitro and in vivo experiments. Based on the results of the
present study, several compounds from Tinospora cordifolia interact well with the target
proteins and could mean promising candidates as new anti-inflammatory agents.

CONCLUSION

The docking and analyses of Tinospora cordifolia metabolites to key proteins in
inflammatory pathways revealed potential lead candidates, namely, 20-Hydroexyecdysone
(1), B-sitosterol (2), Berberine (3), Columbin (5), and Stigmasterol (11). However, while
these 5 secondary metabolites have promising binding activity, their potential as anti-
inflammatory leads are limited by their predicted toxicity based on ProTox-II in silico
studies. Hence, further investigation regarding these secondary metabolites of Tinospora
cordifolia is necessary for prospective drug discovery and design applied to inflammatory
pathways. The major findings of this study showed great potential for the development
of a systematic approach to drug design targeting inflammatory diseases, which could be
explored in future research on Tinospora cordifolia.
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