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Abstract. Tinospora cordifolia (TC) is a medicinal plant traditionally used for its
immunomodulatory, antioxidant, and gastrointestinal (GI) protective properties. However, the
molecular mechanisms underlying its GI benefits remain poorly understood. This study employed an
integrated network pharmacology (NP) and molecular docking approach to systematically explore
the bioactive compounds of TC and their potential targets in Gl disorders. A total of 27 bioactive
compounds were screened using ADME/Tox criteria, and their targets were predicted and enriched
via GO and KEGG pathway analyses. Protein—protein interaction (PPI) network analysis identified
key hub genes including AKT1, GAPDH, TNF, SRC, and EGFR. Molecular docking revealed
strong binding affinities of berberine and jatrorrhizine with AKT1 (—9.9 kcal/mol) and other critical
targets, indicating potential modulation of the PI3K-Akt, MAPK, and inflammatory pathways.
These findings provide a mechanistic basis for the Gl protective effects of TC and highlight its
bioactive alkaloids as promising candidates for functional food and nutraceutical development.
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FOxHo-Ypanbckuli 2ocydapcmeeHHbIl yHusepcumem, HYenabuHck, Poccus

Annomayusn. Tunocniopa xopaudonus (TK) — ato jexkapcTBeHHOE pacTeHHE, TPaAHIIMOHHO
UCIIOJIb3yeMoe OJ1aroapsi CBOMM UMMYHOMOTYJIMPYIOIINM, aHTHOKCHAAHTHBIM M 3alJUTHBIM CBOM-
cTBaM JuIsl kenrynouHo-kumevHoro tpakra (JKKT). OnHako MoJeKyssipHble MEXaHU3MBI, JIeXKaline
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B ocHoBe ee noub3bl st JKKT, ocrarorcst HenocTaTouHO M3YYeHHBIMU. B naHHOM MccnenoBaHnn
OBLT NMPUMEHEH MHTETPUPOBAHHBINA MOIX0MA ceTeBoi (apmakosoruu (NP) U MonekymnspHOTO mo-
KUHTa Ul CHCTEMAaTH4eCKOro M3y4eHHs OMOakTHBHBIX coequHeHMH TK M WX MOTEHIMAaIbHBIX
muteHei npu 3aboneBarmsax JKKT. Beero 6p110 mpoTectupoBaHo 27 OMOAKTHBHBIX COCTUHEHUMN
¢ ucnonp3oBanueM kpurepueB ADME/Tox, a ux MUmeHn ObUIM IMpencKa3aHbl U 00OTaIIeHBI C
nomomsio aHamu3a GO n KEGG-myreii. Ananm3 cetn 6emkoBo-0enKkoBEIX B3anmoneiicteuii (PPI)
BBISIBIUI KimtoueBble reHpl-xao0sl, Bkimodas AKT1, GAPDH, TNF, SRC u EGFR. MonexymnsapHbiit
JOKMHI IIOKa3al CHIBHOE CpOJCTBO CBsi3bIBaHMs OepOepuHa u srpoppusuHa ¢ AKT1
(—9,9 kkan/moJb) U APYTUMH KPUTHYECKUMH MUILCHSIMH, YTO YKa3bIBaeT HA MOTCHIHAIBbHYIO MO-
nymsamuio PI3K-Akt, MAPK n BocnanmutensHbIX IMyTei. ITH pe3ysnbTaThl 00ECeYnBalOT MEXaHHU-
CTHYECKYIO0 OCHOBY JUIA 3aIlUTHOTO JercTBua TK Ha jkey10YHO-KMIIEUHBIH TPAKT U IOTYEePKH-
BAaIOT MEPCIEKTUBHOCTh €ro OMOaKTHBHBIX AJIKAJIOHMJIOB B KauecTBE KaHAMAATOB JJs pa3paboTKu

(GYHKIHOHAIBHBIX IPOLYKTOB MUTAHHS U HYTPHIIEBTHKOB.
Knrouesvie cnoea: Tinospora cordifolia, cereBast hapmakoiorus, >enymIo9HO-KHIIICUHBIC

paccrpoiictea, AKT1, myts PI3K-Akt
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Cordifolia in gastrointestinal disorders using computational pharmacology // Bectaux OYpI'Y.
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Introduction

The growing interest in plant-based thera-
peutics has spurred research into the molecular
mechanisms underlying the health benefits of
medicinal herbs [1]. Tinospora cordifolia (TC),
commonly known as Guduchi, is a well-regarded
Ayurvedic plant with demonstrated antioxidant,
anti-inflammatory,  immunomodulatory, and
gastroprotective activities [2, 3]. Despite its
widespread use, the specific molecular targets
and signaling pathways through which TC exerts
its Gl benefits remain largely unexplored. Net-
work pharmacology (NP) offers a holistic ap-
proach to understanding multi-component herbal
extracts by mapping compound-target—pathway
interactions [4]. When combined with molecular
docking, NP enables the prediction of bioactive
compound interactions with key protein targets,
providing insights into potential mechanisms of
action. Previous studies have qualitatively identi-
fied alkaloids such as berberine, jatrorrhizine,
tembetarine, and tinosporine as major bioactive
constituents of TC [5-7]. However, a systematic
in silico investigation linking these compounds to
Gl-relevant targets and pathways is lacking.

This study aims to bridge this gap by em-
ploying an integrated NP and molecular docking
strategy to: (1) screen TC bioactive compounds
using ADME/Tox criteria, (2) identify potential
protein targets and enriched pathways related to
Gl disorders, (3) construct compound — target —
pathway networks, and (4) evaluate binding af-
finities of key alkaloids with critical Gl targets.
The findings are expected to provide a computa-

tional foundation for the development of TC-
based functional foods and therapeutic agents
targeting Gl health.

Material and Methods

Network pharmacology (NP) and gene on-
tology (GO) analysis

For the assessment of NP three major steps
were performed (a) prediction of bioactive targets,
(b) enrichment analysis of regulated targets, and
(c) construction of network between bioactives,
targets, and pathways and its analysis. Briefly,
targets of bioactives were predicted using Molsoft
(Molsoft LLC, San Diego, CA, USA) and
SwissADME (Swiss Institute of Bioinformatics,
Lausanne, Switzerland) at the pharmacological
activity (Pa) of 0.5 and the modulated proteins
were enriched using STRING ver 12.0 (Swiss In-
stitute of Bioinformatics, Lausanne, Switzerland)
for their cellular components, biological processes,
molecular function, and KEGG (https://www.ge-
nome.jp/kegg/) pathway database. Similarly, the
network between bioactives, their targets, and
modulated pathways was constructed using
Cytoscape ver 3.10.2 (Cytoscape Consortium, San
Diego, CA, USA); any duplicates were removed
and the whole network was analyzed based
on edge count for color map and node size. The
target pathway network developed using SR plot
(Bioinformatics.com.cn, Shanghai, China)
(http://www.bioinformatics.com.cn/login_en/).

Molecular docking

The molecular docking analysis of 03
protoalkaloid and 01 furanolactone were per-
formed on the crystal structures of AKT1 (PDB
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ID: 3096), GAPDH (PDB ID: 1IHY), TNF
(PDB ID: 2AZ5), SRC (PDB ID: 1BKL), and
EGFR (PDB ID: 4HJO) were retrieved from the
RCSB database (https://www.rcsb.org/). The pro-
teins were purify using AutoDock tools 1.5.6
(The Scripps Research Institute, La Jolla, CA,
USA) by removing water and heteroatoms fol-
lowed by addition of polar hydrogens for stabili-
zation [8]. The Kollmann charges added to min-
imize the energy of protein. After energy reduc-
tion, the protein converted to PDBQT for molec-
ular docking [9]. The ligand was prepared by
converting SDF to PDB followed by PDBQT by
adding Gasteiger charges using AutoDock Tools
1.5.6, using the same directory as the protein.
The AutoDock Vina 1.2.5 (The Scripps Research
Institute, La Jolla, CA, USA), command-line
program, was used to finish the phytocompounds
virtual screening [5]. The first binding pose was
generated with zero atomic position root-mean
square deviation (RMSD) is regarded as being
exceptionally genuine out of 10. Additionally, it
possesses the greatest binding affinity of all the
positions, indicating a more efficient binding.
Molecular docking visualized with Biovia Dis-
covery Studio 2024 (Dassault Systémes, Vélizy-
Villacoublay, France). The total number of hy-
drogen bond (Hb), total count of intermolecular
bonds, and binding affinity used to calculate the
extent of ligand interaction [5].

Results and Discussion

Network pharmacology (NP) and gene on-
tology (GO) analysis

Total of 42 active phytocompounds were as-
sessed using ADME characteristics; of these, 27
active phytocompounds chosen using the screen-
ing standards listed in Table 1. High bioavailabil-
ity compounds allow the body to absorb addi-
tional nutrients without needing larger doses,
making them more effective. Druglikeness (DL)
measures a compound's propensity to be bioa-
vailable when taken orally. DL created from the
structures and properties of currently marketed
drugs and potential drugs has been widely used in
the early phases of drug discovery to filter out
undesirable compounds.

The ADME screening was used to identify
bioactive chemicals that are taken orally and that
did not have any negative side effects, such as
mutagenicity or allergenicity. Rapid results from
server-based ADME/Tox analysis could be im-
portant in the development of lead compounds.
For the ADME analysis of the substances in our
investigation, we used SwisSADME. The Table 2

summarizes the findings, whereas Fig. 1A depicts
the egg diagram. All of the polyphenolic com-
pounds' predicted qualities meet all of Lipinski's
five requirements, indicating that they have drug-
like potential.

All of the substances studied have good sol-
ubility and absorption in the human intestine.
During the design of a pharmacological mole-
cule, it is vital to forecast the situation and
movement of the medication in the human body.
The bioavailability radar provides a quick as-
sessment of a molecule's drug-likeness by taking
into account six physicochemical qualities such
as LIPO (Lipophilicity), SIZE, POLAR (Polari-
ty), INSOLU (Insolubility), INSATU (Insa-
turation) and FLEX (Flexibility) respectively.

The berberine, jatrorrhizine, tembetarine and
tinosporine were found to be non-hepatotoxic in a
toxicity class ranging from 1 (toxic) to 6 (non-
toxic). The NP approach identified berberine,
jatrorrhizine, tembetarine, and tinosporine as the
most relevant bioactive compounds by cytohubba
plugin. It is important to note that the selection of
these compounds for in silico analysis is strongly
supported by extensive phytochemical literature
[6, 7]. Thus, the computational predictions are
grounded in the well-established chemical compo-
sition of the plant material. Toxicity in close prox-
imity is thought to be more harmful to human
health, and vice versa (Table 2). The ADME/Tox
characteristics play a significant role in drug filter-
ing throughout the early phases of drug develop-
ment. We used ADME screening to identify bioac-
tive chemicals that could be taken orally and that
did not have any negative side effects, such as mu-
tagenicity or allergenicity. Additionally, their pri-
mary targets were determined using the Swiss
Target Prediction database based on the primary
active chemicals. A total of 12,873 target genes
were identified. Furthermore, 697 genes associated
with gastric-intestinal disorder were obtained from
OMIM and GeneCards databases (Fig. 1B).

Protein—Protein Interaction (PPI) network
analysis

Using the STITCH database, a PPl network
was constructed from the 697 potential target
genes associated with Gl disorders. The initial
network (Fig. 2A) consisted of 695 nodes and
14,684 edges, with an average node degree of
42.3, a clustering coefficient of 0.449, and a PPI
enrichment p-value < 1.0 x 10, indicating
a highly significant interaction among the target
proteins. To identify the most influential targets,
network topology parameters such as degree cent-
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Table 1
Screening of active compounds using ADME criteria

2 g |2 | 2 |E_|E
s. s | 85| 88| £ | 28| =58
No Compound Name = S| 2 8 NG é 08)’ § qg)’é TPSA

8 = o= = % | 5

s |8 |§ | T |% |2
1 | (+) - Corytuberine 327.14 0.7 0.55 0 5 2 62.16
2 | (+) — N-Methylcoclaurine | 299.15 | 1.37 0.55 0 4 2 52.93
3 | (+) —Reticuline 329.16 | 1.13 0.55 0 5 2 62.16
4 | (S)-Norcoclaurine 27112 | 0.78 0.55 0 4 4 72.72
5 | 15-Nonacosanone 422.8 | -1.20 0.55 1 1 0 17.07
6 3‘&';’3;0"3"’“6”3" Acetal- | 43505 | 131 | 055 | 0 2 1 | 373
7 | Astragalin 448.4 0.67 0.17 2 11 7 190.28
8 | Berberine 336.4 0.77 0.55 0 4 0 40.8
9 | Beta-Sitosterol 414.7 0.78 0.55 1 1 1 20.23
10 | Coclaurine 285.13 | 0.89 0.55 0 4 3 61.72
11 | Dopamine 153.07 | 0.09 0.55 0 3 3 66.48
12 | Jatrorrhizine 338.4 0.84 0.55 0 4 1 51.8
13 | Kaempferol 286.24 | 0.50 0.55 0 6 4 111.13
14 | Kokusaginine 259.26 | -0.47 0.55 0 5 0 53.72
15 | Magnoflorine 342.17 | 0.78 0.55 0 4 2 58.92
16 | N-Trans Feruloyltyramine | 313.13 | 0.21 0.55 0 4 3 78.79
17 | Palmatin 352.4 0.69 0.55 0 4 0 40.8
18 | Pyrrolidine 7112 | -1.24 0.55 0 1 1 12.03
19 | Sterol 248.4 | -1.07 0.55 1 1 1 20.23
20 | Syringin 3724 0.05 0.55 0 9 5 138.07
21 | Tembetarine 34418 | 1.21 0.55 0 4 2 58.92
22 | Tetracosanoic acid 368.6 | -0.54 0.85 1 2 1 37.3
23 | Tinosinen 504.5 0.53 0.17 3 13 7 196.99
24 | Tinosporine 358.4 0.52 0.55 0 6 1 85.97
25 | Tinosporinone 342.3 | -0.05 0.55 0 0 71.06
26 | Tyramine 137.08 | -0.91 0.55 0 2 46.25
27 | Xenosporic acid 536.5 0.37 0.11 2 11 5 176.12
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Table 2
Screening of active compounds using toxicity criteria
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Fig. 1. A — Boiled-Egg representation of the polyphenolic compounds for the drug-likeness
studies; B — Venn diagram representing the identification of drug target disease related genes

rality and betweenness centrality were analyzed.
Genes with the highest values in these metrics
were selected as key hubs, representing the pri-
mary molecular targets of TC in the context of Gl
disorder intervention (Fig. 2B, Table 3). From
this analysis, the top 10 hub genes were identified
and subjected to pathway enrichment analysis,
with AKT1, GAPDH, and TNF ranking highest
in terms of network centrality and biological rel-
evance (Fig. 2C).

These targets are known to be involved in
crucial pathways related to inflammation, oxida-
tive stress, and cellular survival — making them
prime candidates for further investigation into the
therapeutic effects of TC.

Functional annotation and gene ontology
(GO) analysis

The pharmacological role of each target gene
of TC for Gl disorders was examined using func-
tional annotation and enrichment analysis. The
BPs obtained using the SR plot with 695 interac-
tion genes, as observed in Fig. 2D, 2E and 2F.
The topmost three terms were cellular calcium
ion homeostasis (GO: 0006874), calcium ion
homeostasis (GO: 0055074), and cellular divalent
inorganic cation homeostasis (GO: 0072503)
were significantly enriched in BPs terms (p <
0.01). The primary BPs include peptidyl- tyrosine
phosphorylation, peptidyl-tyrosine modification,
response to drug, regulation of cytoplasmic calci-
um ion concentration, etc.

KEGG pathway examination

The KEGG examination demonstrated the
therapeutic effect that TC plays in the treatment
of Gl disorders by acting on the pathway. Here,
ten significant signalling pathways (Fig. 2E) with
p < 0.01 selected for additional investigation
based on 695 key targets. The top three were
AGE-RAGE signalling pathway in diabetic com-
plications, calcium-signalling pathway, and
chemical carcinogenesis receptor activation.

Compound-target (C-T) interaction network

Fig. 2 illustrates the compound-target (C-T)
interaction network, comprising 27 phytocom-
pounds and 695 target genes. The network analy-
sis revealed that multiple TC-derived compounds
interact with a single gene target, while many of
the target genes are regulated by two or more
active components. Additionally, the pathways
associated with Gl disorders often involve at least
ten interconnected genes, indicating the complex-
ity of TC’s pharmacological effects. To visualize
overlapping targets between compounds and pro-
tein interactions, Cytoscape was used to develop
a C-T-PPI network, as shown in Fig. 2B.

CytoHubba, a plugin within Cytoscape, was
applied to determine the top 10 hub genes based
on degree centrality and other network metrics
(Fig. 2C). The genes AKT1 (306), GAPDH
(302), TNF (283), SRC (264), EGFR (242),
STAT3 (234), BCL2 (217), JUN (214), CASP3
(213), and ESR1 (212) exhibited the highest
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degrees, indicating their critical regulatory roles
and dense interconnectivity within the PPI net-
work. These are identified as hub targets. The
target network was built with a moderate confi-
dence score (0.50), and the resulting PPI analy-
sis demonstrated a significantly higher number
of interactions than expected, suggesting a non-
random, functionally enriched network associat-
ed with GI pathology and its related complica-
tions.

Among the active compounds, tembetarine,
berberine, jatrorrhizine, and tinosporine exhibited
strong binding interactions with several of the
identified hub genes in the C—T interaction (CTI)
analysis. The results suggest that AKTL,
GAPDH, TNF, SRC, and EGFR are among the
most functionally relevant targets, with potential
involvement in key signaling cascades such as
the Neuroactive ligand—receptor interaction,
PI3K-AKkt signaling pathway, Calcium signaling
pathway, MAPK pathway, and Lipid and athero-
sclerosis pathways.

Molecular docking simulations

The target enzymes, human AKT1 (3096),
GAPDH (1IHY), TNF (2AZ5), SRC (1BKL),
and EGFR (4HJO) were virtually screened
against the top-ranked compounds based on 27
selected phytocompounds from TC. The out-
comes demonstrated that each and every mole-
cule was attached to the inhibitor binding site of
the enzyme.

These compounds were found to interact
with the c-helix region, which is recognized for
its phosphorylation and catalytic activity. Bind-
ing in this region would inhibit the key residues
from getting activated. Consequently, the
phytocompounds' binding in that region may
cause the reduction in enzyme activity. Analysis
of intermolecular interactions revelaed that
berberine had the highest binding affinity for
AKT1, followed by jatrorrhizine, tinosporine,
and tembetarine. AKT1 was selected for further
analysis as it represents a prime pharmaceutical
target, and berberine showed strong binding af-
finity towards it. The results of the virtual scree-

ning of a particular TC phytocompound against
the target enzyme are shown in Table 4. Inhibito-
ry binding site of AKT1 (3096), GAPDH
(1IHY), TNF (2AZ5), SRC (1BKL), and EGFR
(4HJO) were docked and the binding affinity was
measured in kcal/mol (Fig. 3). The strong bind-
ing affinities observed, particularly for berberine
and jatrorrhizine, provide a plausible mechanistic
basis for the enhanced AOA and potential
gastroprotective effects observed in our fortified
yogurt. It is likely they contribute significantly
to the observed bioactivity, thereby directly
bridging our in silico predictions with the exper-
imental outcomes. We hypothesize that the cho-
sen proteins may be suitable targets and therapeu-
tic candidates, given their likely interactions with
the medicine to lessen the harmful effects of gas-
tric disorder and pathology.

Conlcusion

This study utilized an integrated network
pharmacology and molecular docking approach
to elucidate the molecular basis of Tinospora
cordifolia’s GI protective effects. Through sys-
tematic screening, we identified berberine,
jatrorrhizine, tembetarine, and tinosporine as key
bioactive compounds with favorable ADME/Tox
profiles. PPl and pathway enrichment analyses
highlighted AKT1, GAPDH, TNF, SRC, and
EGFR as central targets involved in inflamma-
tion, oxidative stress, and cellular survival path-
ways such as PI3K-Akt and MAPK signaling.
Molecular docking confirmed strong binding af-
finities, particularly of berberine and jatrorrhizine
with AKT1, suggesting their potential role in
modulating critical signaling cascades. These in
silico predictions provide a plausible mechanistic
explanation for the observed antioxidant and
gastroprotective effects of TC. They also under-
score the value of computational approaches in
guiding the development of evidence-based func-
tional foods and nutraceuticals. Future studies
should focus on experimental validation using in
vitro and in vivo models to confirm these targets
and pathways, paving the way for targeted TC-
based interventions for GI health.
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I s O e 3096 - tinosporine

Fig. 3. Highest dock pose interaction of (a) berberine; (b) jatrorrhizine, (c) tembetarine,
and (d) tinosporine with AKT1 (3096), where green shows the ligand and protein shown my magenta,
oval shape in yellow shows the position of interaction of ligand in protein
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