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Abstract

Cisplatin-induced nephrotoxicity (DIN) restricts the
clinical utility of this frontline chemotherapeutic,
creating an urgent need for nephroprotective agents.
Boerhavia diffusa (Punarnava) is a reputed drug for
renal benefits in traditional medicine, but its molecular
potential in drug induced nephrotoxicity DIN is yet to
be elucidated. Chloroform and ethanol extracts of
Boerhavia diffusa leaves underwent GC-MS profiling,
revealing 40 phyto compounds (26 chloroform, 14
ethanol). Drug-likeness and specificity were evaluated
using Swiss ADME, narrowing the list to 20
compounds. Network pharmacology mapped these
phytoconstituents to 80 genes implicated in cisplatin
nephrotoxicity, identifying six key hub proteins: AKTI,
AMPK, BCL2, CASP3, NLRP3 and OCT, enriched in
apoptotic, pyroptotic and drug transport pathways
(FDR < 1 x 107%). Auto Dock Vina-based molecular
docking screened all actives against these targets and
top interactions were structurally characterized.

Five leads (DHP, HMPFP, BTDMP, Methylenebis,
Flavone) displayed high binding affinities (< —10.5
kcal/mol) to multiple targets. DHP and HMPFP

exhibited robust hydrogen bonding and n-stacking
within AKTI and NLRP3 pockets, blocking key sites
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(e.g. GInl79, Trp80, Arg298) and impeding ATP
access. BTDMP further bridged AKTI and plugged
NLRP3 and OCT channels. These multi-target
interactions indicate modulation of autophagy (via
AKTI/AMPK), attenuation of inflammasome-driven
pyroptosis (NLRP3) and inhibition of cisplatin uptake
(OCT). DHP, HMPFP and BTDMP from B. diffusa
emerge as orally  bioavailable,  multi-target
nephroprotective candidates, meriting further in vivo
validation against cisplatin nephrotoxicity.

Keywords: Drug induced nephrotoxicity, Cisplatin,
Boerhavia diffusa, Apoptosis, Drug transport, Molecular
mechanisms.

Introduction

Drug-induced nephrotoxicity, especially from widely used
chemotherapeutic agent like cisplatin, remains a critical
barrier in clinical practice, underscoring the need for novel
nephroprotective strategies with minimal adverse effects.
Nephrotoxicity arises through a multifaceted cascade
involving oxidative stress, mitochondrial dysfunction,
inflammation, fibrosis and apoptosis, complications further
aggravated by various drugs including antibiotics,
nonsteroidal anti-inflammatory drugs (NSAIDs) and
cytotoxins?®.
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Despite the critical need for effective renal protection in
patients dependent on these agents or chronic disease
management, current therapeutic strategies often prove
inadequate in preventing or reversing nephrotoxic injury.
This therapeutic gap has spurred growing scientific interest
in plant-based alternatives possessing multi-modal
bioactivities, with the potential complement or replacing
nephroprotective agents’’. Phytochemicals, owing to their
structural diversity and broad spectrum of biological
activities, have shown significant potential in ameliorating
renal injury by modulating key molecular pathways linked
to kidney damage.

Plant-derived metabolites, especially those with antioxidant,
anti-inflammatory and anti-apoptotic properties, provide a
rational foundation for developing new anti-nephrotoxic
interventions, merging traditional medicinal wisdom with
contemporary biomedical research!®?2. Boerhavia diffusa
(Punarnava), a staple plant in Ayurveda and other traditional
systems, is reputed for its efficacy in treating kidney and
liver disorders, as well as edema®*. These therapeutic effects
are attributed to its rich profile of alkaloids, flavonoids,
terpenoids, phenolics and glycosides. However, while
anecdotal and historical evidence abound there is a marked
paucity of rigorous, mechanistic studies using modern
analytical methods to validate its role in drug-induced
nephrotoxicity>?>.

Thus, this raises a question; can specific bioactive
compounds isolated from B. diffusa  provide
nephroprotective effects against cisplatin-induced renal
injury, as predicted by contemporary in silico approaches?

To address this, the present study integrates investigative
techniques including GC-MS-based phytochemical
profiling, in silico pharmacokinetic studies (ADME -
absorption, distribution, metabolism and excretion),
molecular  docking and  systems-level = network
pharmacology, to identify and characterize the interactions
between B. diffusa-derived phytoconstituents and renal
molecular targets implicated in cisplatin nephrotoxicity. By
mapping the involvement of key proteins such as AKTI,
AMPK, BCL2, CASP3, NLRP3 and OCT2, each pivotal to
cell survival, inflammation, apoptosis and drug transport,
this comprehensive approach seeks to predict the
nephroprotective efficacy and mechanistic action of
Punarnava’s bio actives'®1%2126.35 Collectively, this strategy
aims to fill critical knowledge gaps and to guide the
development of effective, plant-based therapies for drug-
induced renal injury.

Material and Methods

Sample Collection: The Boerhavia diffusa plant samples
were procured from the Arignar Anna Government Hospital
of Indian Medicine, Arumbakkam, Chennai, Tamil Nadu,
India. These samples were selected for their traditional
medicinal uses and were processed immediately after
collection to maintain the integrity of bioactive compounds.
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Sample Preparation: The collected leaves were thoroughly
washed with distilled water to remove any external
contaminants such as mud, dust and debris. Subsequently,
the leaves were air-dried in the shade for a period of 7-10
days to prevent degradation of heat-sensitive bioactive
compounds. Once dried, the leaves were finely ground into
powder using either a motor and pestle or an electric grinder.

Extraction: A cold maceration method was employed to
extract bioactive compounds. Ten grams of the powdered
leaf material was soaked in 100 mL of chloroform and
ethanol respectively (1:10 w/v ratio) for 72 hours at room
temperature, with continuous shaking at minimal speed in a
rotary incubator. After the incubation period, the mixture
was filtered through Whatmann no. 1 filter paper to obtain
the chloroform and ethanolic extracts respectively. The
filtrate was then concentrated using a rotary evaporator set
at 40°C to remove the solvent. The dry extract was weighed
after complete evaporation of the solvent and the yield
percentage was calculated using the following formula?3:

Yield % = (Weight of the extract / Weight of the plant
material) * 100.

GC-MS Analysis: The phytochemical profile of the
Boerhavia diffusa leaf extract was analyzed using a GC-MS-
QP2010 Plus instrument. The initial oven temperature was
set at 50°C for 2 minutes followed by a temperature ramp to
280°C at a rate of 10°C/min and a final hold for 5-10 minutes
at 280°C. 1 pL injection was used with a split ratio of 10:1
and helium gas was used as the carrier at a flow rate of 1
mL/min. The mass spectra of the eluted compounds were
compared to the NIST and Wiley spectral libraries for
compound identification.

Drug-likeness  Analysis:  The  drug-likeness and
pharmacokinetic properties of the bioactive compounds
identified in the Boerhavia diffusa extract were predicted
using the Swiss ADME online tool
(http://www.swissadme.ch/). The Simplified Molecular Line
Entry System (SMILES) notation for each identified
compound was input into the tool to predict various ADME
(Absorption, Distribution, Metabolism and Excretion)
properties®.

Gene ldentification: To explore the molecular mechanisms
underlying cisplatin-induced nephrotoxicity, relevant genes
were identified using the Gene Cards database
(https://www.genecards.org/) and the Comparative
Toxicogenomics Database (CTD) (https://www.ctdbase.
org/). The search was conducted using keywords such as
"Cisplatin Nephrotoxicity," "Cisplatin induced acute renal
injury," and "Cisplatin induced chronic renal failure"53,

Additionally, a comprehensive literature review of cisplatin-
induced nephrotoxicity was performed to cross-verify the
findings®3¢. A total of 80 genes implicated in cisplatin
nephrotoxicity were selected for further analysis.
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Protein—Protein Interaction Network: The identified
genes were used to construct a protein—protein interaction
(PPI) network using the STRING database (https://string-
db.org/), a reliable tool for visualizing functional
associations and interactions between proteins?®. The "Homo
sapiens” organism was selected and a medium confidence
score (0.4) was applied to filter the interactions.
Subsequently, gene ontology (GO) enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were performed to identify key biological processes
and molecular pathways involved in cisplatin
nephrotoxicity.

Pathways and Functional Enrichment Analysis: The
molecular pathways and functional enrichment of the
identified genes were further analyzed using the ShinyGo
0.81 database (https://bioinformatics.sdstate.edu/go/). This
tool provides insights into gene functional categorization
and helps in understanding the molecular pathways involved
in cisplatin-induced nephrotoxicity?.

Molecular Docking: The bioactive compounds identified
through GC-MS analysis were subjected to molecular
docking to assess their binding affinity with key proteins
associated with cisplatin nephrotoxicity. SMILES notation
for each compound was retrieved from PubChem
(https://pubchem.ncbi.nlm.nih.gov/) and PDB (Protein Data
Bank) structures were generated using the CACTUS tool
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Figure 1: GCMS chromatogram of Boerhavia diffusa a) Chloroform Extract (BDCE) b) Ethanol Extract (BDEE)
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(https://cactus.nci.nih.gov/translate/). Protein structures for
20 key nephrotoxic proteins were downloaded from the
Protein Data Bank (https://www.rcsh.org/) and prepared for
docking by removing water molecules and unwanted ligands
using the Discovery Studio software. The docking
simulations were carried out using PyRx, an open-source
molecular docking tool, to evaluate the binding affinity and
interaction of the plant compounds with their target
proteins®.

Results and Discussion

Extraction Yield: The extraction yield from B. diffusa
leaves varied significantly depending on solvent polarity,
reflecting the diversity of compounds solvated by each
solvent type. The ethanol extract yielded a comparatively
higher yield of 2.15% compared to 1.37% from the
chloroform extraction.

GC-MS Analysis: The GC-MS profiling of chloroform and
ethanol extracts of B. diffusa unveiled distinct yet
complementary phytochemical profiles. Chloroform extract
analysis (Table 1, Figure la) yielded 26 metabolites,
prominently oleic acid (45.32% area) and n-hexadecanoic
acid (20.89% area). The ethanol extract (Table 2, Figure 1b)
contained 14 metabolites, notably eicosatrienoic acid
(20.97%), phytol (16.77%) and hexadecanoic acid ethyl
ester (10.48%).
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Table 1
GCMS compounds identified Boerhavia diffusa Chloroform Extract (BDCE)

Peak Retention Ligands Molecular Molecular Weight Area %
Time Formula g/mol
1 8.07 1-Dodecanol C12H260 186.33 0.29
2 13.9 1-Tetradecanol C14H300 214.39 0.01
3 17.061 2,4-Di-tert-butylphenol C14H220 206.32 8.87
4 19.182 1-Nonadecene CioHazs 266.5 1.62
5 19.36 Heptadecane Ci7H36 240.5 0.15
6 21.309 Dodecylacrylate C1s5H250> 240.38 0.5
7 23.305 1-Nonadecene CioH3g 266.5 1.94
8 23.439 Heptadecane Ci7Hss 240.5 0.15
9 25.261 7,8-Di-tert-butyl-1-oxaspiro(48)deca- C17H2403 276.37
6,9-diene-2,8-dione 0.29
10 25.639 Hexadecanoicacid, C17H2402 270.45 0.28
methyl ester
11 26.337 n-Hexadecanoic acid C16H320; 256.42 20.89
12 26.735 1,4-benzenediol,2,5-bis(1,1- C16H2602 250.38 0.29
dimethylpropyl)-
13 26.817 1-Nonadecene CigHss 266.5 1.9
14 28.48 9-octadecenoicacid(z)-, methyl ester C19H3602 296.49 0.6
15 28.721 4H-1-Benopyran-6-Carboxaldehy C10H6O3 174.15 0.35
16 29.16 Oleic Acid Ci1gH340; 282.5 45.32
17 29.46 Octadecanoic acid C18H360; 284.5 4.98
18 29.69 Hexadecanamide C16H33sNO 255.44 1.71
19 29.95 1-Hexacosanol Ca6Hs40 382.7 1.91
20 30.14 1-Docosanol,acetate C24H180- 368.6 0.46
21 30.14 3,3,5,5'-Tetra-tert-butylbiphenyl-2,2- Ca2sH420: 410.6 2.09
diol
22 32.271 9-Octadecenamide, (Z)- Ci1sH3sNO 281.5 2.64
23 32.803 1-Hexacosanol Co6Hs40 382.7 0.58
24 34.295 Hexadecanoic Acid, 2-Hydroxy-1- C19H3804 330.5 0.3
(Hydroxymethyl)Ethyl Ester
25 38.306 1H-Isoindole-1,3(2H)-dione, 2,2'- C17H10N204 306.27 0.62
methylenebis-
26 38.41 Squalene CaoHso 410.7 0.25

Pharmacokinetics Analysis: GC-MS profiling and
pharmacokinetic analysis effectively identified diverse
bioactive metabolites capable of interfering with these
critical pathways. Pharmacokinetic screening refined the
identified metabolites, isolating 20 candidates (10 from each
extract) that satisfied critical drug-likeness criteria such as
Lipinski's Rule of Five, Ghose, Veber, Egan and Muegge
parameters (Table 3). Notably, most selected compounds
elicited minimal or no Pan-Assay Interference Compound
(PAINS) alerts, affirming their reliability as therapeutic
leads. Specifically, compounds such as DHP, HMPFP,
BTDMP, Methylenebis and Flavone demonstrated excellent
pharmacokinetic profiles including favorable absorption,
distribution, metabolism and excretion characteristics,
essential for bioavailability and minimal side effects.

Network Pharmacology: Network pharmacology analysis

identified AKT1(alpha serine/threonine-protein Kkinase),
AMPK (AMP-activated protein kinase), BCL2(B-cell

https://doi.org/10.25303/211rjbt1770189

lymphoma 2), CASP3(Cysteine-aspartic acid protease 3),
NLRP3(NOD-like receptor family, pyrin domain) and OCT2
(Organic Cation Transporter 2) as pivotal hub proteins
implicated in cisplatin-induced nephrotoxicity (Figure 2).
AKT1, BCL2 and CASP3 are central regulators of apoptosis,
significantly influencing renal cell survival and death during
cisplatin treatment. AMPK and NLRP3 represent critical
nodes in metabolic stress and inflammasome-mediated
inflammatory pathways. OCT2 prominently mediates
cisplatin renal uptake, significantly contributing to
nephrotoxicity” 161731,

The protein—protein interaction network generated from
STRING and Cytoscape, highlighted significant enrichment
of pathways involving apoptosis, oxidative stress response,
inflammasome activation and organic ion transport. GO and
KEGG pathway analyses notably identified apoptosis and
platinum drug resistance pathways among the significantly
enriched pathways (Figure 2c).
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Table 2
GCMS compounds identified Boerhavia diffusa Ethanol Extract (BDEE)
Peak Retention Ligands Molecular Molecular Weight | Area %
Time Formula (g/mol)
1 12.2 2H-1-Benopyran,3,5,8,8a- C14H2,0 206.32 1.05
tetrahydro_2,5,5,8a-tetramethyl-
2 13.15 a-Ylangene CisH24 204.35 1.68
3 13.72 1H-Imidazole,4,5-dihydro-2-(1,2,3,4- C13H17CIN2 236.74 2.05
tetrahydro-1-naphthalenyl)-
4 15.03 Flavone C15H1002 222.24 2.52
5 16 11-Tetradecyn-1-ol acetate C16H2802 252.39 12.58
6 16.37 17H-Cyclopenta(a)phenanthren-17- C19H2002 280.36 8.39
one,11,12,13,16-tetrahydro-3-methoxy-
13_methyl-,(S)-
7 17.35 Hexadecanoicacid,ethyl ester C18H3602 284.5 10.48
8 18.58 Phytol C20Ha40O 296.5 16.77
9 18.85 B,11,14 Eicosatrienoic acid(Z,Z,2)- C20H3402 306.28 20.97
10 19.05 Octadecanoic acid,3-0xo-,methyl ester C19H3603 312.5 14.68
11 20.43 15-Isopropenyl-3- C19H3602Si 338.6 4.19
(trimethylsilyl)oxacyclopentadecan-2-one
12 22.07 1H-Pyrrolo[2,3-b]quinoxaline_2- C24H23N3 340.44 3.14
imine,2,3,3%4,9,9%-hexahydro-1,N-
diphenyl-
13 23.65 {5-(3-Hyroxy-3-methyl-but-1-ynyl}-furan- Cas5H28N204 398.48 2.1
2-yl]-[4-{4-methoxy-phenyl}-piperazin-1-
yl]-methanone
14 25.62 Phenol,2,6,bis(1,1-dimethylethyl)-4-[{4- C23H3:0; 340.5 1.17
hydroxy-3,5-dimethylphenyl}methyl]-
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(a) Cisplatin Nephrotoxic gene interaction network represented as two clusters obtained from the STRING database
based on target cluster. (b) Top 25 rank protein - protein interaction from Cytoscape (c) Gene Ontology studies
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Table 3
Pharmacokinetic Analysis — Short listed Compounds from Chloroform and Ethanol Extract

S.N. | Ligand Name Common Druglikeness evaluation — Pains
Name/Short name No. of violation for each rule alerts
Lipinski | Ghose | Veber] Egan | Muegge
Boerhavia diffusa Chloroform Extract (BDCE)
1 1-Dodecanol Dodecanol 0 0 0 0 2 0
2 1-Tetradecanol Tetradecanol 0 0 1 0 2 0
3 2,4-Di-tert-butylphenol DTBP 0 0 1 0 2 0
4 Hexadecanoicacid,methyl ester | Methyl Palmitate 1 0 1 0 1 0
5 1,4-Benzenediol,2,5-Bis(1,1- Butylated 0 0 0 0 1 0
Dimethylpropyl)- Hydroxyanisole BHA
6 9,0ctadecenoicacid(z)-, methyl | Methyl Oleate 0 0 1 0 2 0
ester
7 Hexadecanamide Palmitamide 0 0 1 0 1 1
8 9-Octadecenamide, (Z)- Oleamide 1 0 1 0 1 0
9 1H-Isoindole-1,3(2H)-dione, Methylenebis 0 0 0 0 0 0
2,2'-methylenebis-
10 | Squalene Squalene 0 0 0 0 0 0
Boerhavia diffusa Ethanol Extract (BEEE)
11 | Octadecanoic acid,3-0xo-, Octadecanoic acid 0 0 1 0 2 0
methyl ester
12 | a-Ylangene a-Ylangene 1 0 0 0 1 0
13 | 1H-Imidazole,4,5-dihydro-2- TNI - (Tetralinyl) 0 0 0 0 0 0
(1,2,3,4-tetrahydro-1- imidazoline
naphthalenyl)-
14 | 17H-Cyclopenta(a)phenanthren- | MMTHCP - Methoxy 0 0 0 0 0 0
17-one,11,12,13,16-tetrahydro- | methyl tetra Hydro
3-methoxy-13_methyl-,(S)- Cyclopenta
Phenanthren
15 | Phenol,2,6,bis(1,1- BTDMP - Bis-tert- 0 0 0 0 0 0
dimethylethyl)-4-[{4-hydroxy- | butyl-
3,5-dimethylphenyl}methyl]- dimethylpheylmethylp
henol
1H-Pyrrolo[2,3- DHP - Diphenyl- 0 0 0 0 0 0
16 | b]quinoxaline_2- Hexahydro-
imine,2,3,3%4,9,9%-hexahydro- Pyrroloquinoxaline.
1,N-diphenyl-
17 | {5-(3-Hyroxy-3-methyl-but-1- HMPFP - Hydroxy 0 0 0 0 0 1
ynyl}-furan-2-yl]-[4-{4- Methyl Phenyl Furan
methoxy-phenyl}-piperazin-1- Piperazine
yl]-methanone
18 | 2H-1-Benopyran,3,5,8,8a- TMBP —Tetramethyl- 0 1 0 0 2 0
tetrahydro_2,5,5,8a-tetramethyl- | tetrahydrobenzopyrn
19 | Flavone Flavone 0 0 0 0 0 0
20 | Acetamide, 2-(diethylamino)-n- | Lidocaine 0 0 0 0 0 0
(2,6-dimethylphenyl)-

Thus, the network data provided molecular insight into the

critical pathways disrupted by cisplatin, serving as robust
biological targets for Boerhavia diffusa metabolites. The
identified hub proteins: AKT1, AMPK, BCL2, CASP3,
NLRP3 and OCT2, orchestrate an interconnected pathway
crucial for the initiation and progression of cisplatin-induced
kidney injury. It is understood that AKT1 and BCL2
inhibition exacerbates tubular apoptosis, whereas caspase-3
activation directly mediates cellular death?’-324, AMPK,

https://doi.org/10.25303/211rjbt1770189

although protective in moderate activation, becomes
deleterious when excessively stimulated by cisplatin, driving
apoptosis via p53 activation'**8. Concurrently, NLRP3
inflammasome activation by oxidative stress signals triggers
inflammatory cytokine release, further amplifying renal
injury?®3!. The cisplatin uptake is transporter-mediated,
primarily via OCT2, accentuates intracellular platinum
accumulation, intensifying nephrotoxic outcomes® !4,
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Docking Studies: Molecular docking was performed for
Boerhavia diffusa-derived ligands to validate and extend the
network findings with the six key protein targets. Figure 3
summarizes the binding affinity results as heatmaps for
compounds from the chloroform extract (Figure 3a) and
ethanol extract (Figure 3b). Five ligands: DHP, HMPFP,
BTDMP, Methylenebis and Flavone, exhibited robust
affinity toward multiple targets, indicative of their multi-
modal nephroprotective potential (Figure 3 and table 4). The
docking poses of the top three ligands (categorized based on
the binding affinity score) with the target proteins are
represented in figures 4 and 5.

AKT is a crucial enzyme involved in cell signalling
pathways leading to apoptosis. Upon docking with AKT
(Figure 4a), the top docked ligands bind deeply within the
ATP-binding cleft of AKT. Notably, the phyto ligand
BTDMP forms two hydrogen bonds with the hinge backbone
of the AKT1 receptor at GIn79 and Thr82, mimicking the
adenine ring of ATP. A salt-bridge/hydrogen-bond
interaction is observed with Asp292 of the conserved DFG
motif (activation loop), as shown by the orange dashed line.
Hydrophobic  contacts surround the ligand: for
example, Trp80 (in the glycine-rich loop) packs against the
ligand’s aromatic ring system and Val270/
271 and Tyr272 (in the kinase substrate pocket) provide a
hydrophobic enclosure.

Recent research reported by Biswas et al', has demonstrated

that the ligands withaferin A and garcinol when docked with
AKT1 and BCL2 showed higher binding affinity of -11

Heatmap of Binding Affinity between ligands from Chloroform and the Target Proteins
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kcal/Mol and -13kcal/Mol respectively, contributing to
cellular protection, which aligns with our findings where the
top three ligands exhibited the binding affinity to AKT1 at a
range of -10.8 kcal/Mol to -9.5 kcal/Mol. Overall, the
docking poses for AKT1 indicate that all three compounds
can effectively mimic ATP or known kinase inhibitors by
engaging the hinge via hydrogen bonding and filling the
hydrophobic adenine-binding pocket.

In the present study, a similar interaction profile was
observed for the AMP-activated protein kinase (AMPK)
(Figure 4b). It is observed from the virtual studies that
AMPK’s catalytic a-subunit shares a homologous kinase
domain to AKT1. Here the pyto ligands DHP and HMPFP
again target the ATP-binding site.

On the other hand, Methylenebis, in particular, shows a
strong electrostatic interaction with an active-site residue
Arg which likely corresponds to the conserved Arg of the
HRD motif in kinases. This salt bridge, together with
hydrophobic contacts such as Val/lle in the pocket binding
to AMPK by the above phyto ligands, halts their action.
More over the ligands such as DHP and HMPFP also form
H-bonds with residues (Arg298) on AMPK’s
hinge/activation loop region. Methylenebis also engages
Ser241 and Arg268, giving it three polar anchors, while
burying hydrophobic rings against Val296, 11239, Leu276,
Phe272. The shared Arg 298 in HMPFP retains the Arg 298
contact but depends otherwise on hydrophobic enclosure by
VAL296 and Leu276.

Heatmap of Binding Affinity between ligands from Ethanol and the Target Proteins

é}} 8 ‘&Q"’ 6'&

Target Proteins

B

Figure 3: Binding affinity heatmap for B. diffusa-derived ligands from Chloroform and Ethanol Extract Docked
against six nephrotoxicity-associated protein targets (AKT1, AMPK, BCL2, CASP3, NLRP3 and OCT).
Lighter colors (green/yellow) indicate more negative binding energies (stronger affinities) whereas darker colors
(blue) indicate weaker binding (scale bar in kcal/mol).
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DHP restores an extensive hydrophobic network with
11e239, Val296, Leu276, Val275. In our study,1 H-Isoindole-
1,3(2H)-dione, 2,2'-methylenebis-(Methlenebis) exhibited
the highest binding affinity to AMPK with binding affinity
of -9.8Kcal/Mol, indicating strong interaction potential.
Supporting this, recent research had reported that isoindolne-
1,3-dione derivatives with specific functional modifications
effectively activate AMPK?.

BCL2 family proteins are key anti - apoptotic proteins that
function either as inhibitors (BCL2) or activator (Bax).
BCL2 preserves mitochondrial membrane integrity by
locking cytochrome c release and caspase activation, thereby
regulating apoptosis®3. From figure 4 (c), it could be
observed that the ligands interact with the elongated BH3-
binding groove of the anti-apoptotic protein. This groove is
lined by hydrophobic residues and a few polar hotspots. The
docking results in the present study show DHP fits snugly
into this groove, spanning the hydrophobic pocket formed
by Tyr9, Trp195, 11e189 and GIn190 with w-stacking with
Tyr9 and Trp195, while also forming key polar contacts.

HMPFP also forms hydrophobic m-stack interaction with
TYR9 and THR7, while maintaining hydrogen bonds with

VAL
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common amino acid residues in the binding site. BTDMP
adds a m-contact to His186 and keeps the Tyr9 / Trp195
interactions, marginally increasing surface contact. It is
reported by Sharma et al®*, that baicalin, a bioactive
compound, has strong and stable binding to BCI2 receptors
(-9 kcal/Mol), supported by molecular docking and dynamic
stimulations, that orient with our current findings, where the
phyto ligands such as DHP, HMPFP and BTDMP
demonstrated comparable binding affinities in the range of -
8 to -7.8kcal/mol, thereby reinforcing their potential, a
promising anti-apoptotic agent through similar molecular
interactions?*,

When docked with Caspase-3 (Figure 5a), the compounds
target the enzyme’s substrate-binding cleft and catalytic site.
Caspase-3 is a cysteine protease with a catalytic dyad.
Strikingly, the docking poses show ligands situated near this
active-site cleft: for example, BTDMP foregoes ionic
contacts, forges two hydrogen bonds to Thr140 and Tyr195
BTDMP (green) while its ring system spans Lys137 and
Pro201. HMPFP inserts into the cleft and interacts directly
with the catalytic histidine (Arg164) via hydrogen bond or
n—cation interaction (orange highlight).
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Figure 4: Molecular interactions of target proteins 4 (a) AKT, 4(b) AMPK and 4(c) BCL2 with
top three interacting ligands
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Various types of interactions involved in ligand-target molecular docking analysis.

S.N. | Target | Ligand Binding | Hydrogen -bond Hydrophobic interaction
protein Affinity
(Kcal/Mol)
1. AKT1 | BTDMP -10.2 Leu264, Val271, GIn79, Gly294, Val270, Asp292, Tyr272, 1le84
Lys179, Thr82, Asp274
HMPFP -10.1 GIn79, Asp292, Leu210, Tyr272 Val270, Trp80, Lys268, Leu264
DHP Ser205, Thr211, Asp292, Tyr272, Val271, Leu210, Trp80, Val270, Leu264
-9.5 Lys268
2. AMPK | Methylenebis -9.8 Arg298, Arg268, Phe272, Ser241, Val275| Val296, 11e239, Leu276
DHP -9.2 Arg298, Arg268, Phe272, Ser241, Val296, 11239, Leu276
Val275
HMPPF Arg298, Phe272, Val275, Ser241, Gly274,) Val296, Leu276
-8.6 Arg69, His297, Lys169, Phe243, 11239
3. BCL2 | DHP Gly194, 11e189, Thr7, His3, Gly5, Ala4, | Tyr9, Trp195
-8 GIn190
HMPFP Gly8, Gly194, 11189, Asnll, His186, TyR9, Thr7
-7.9 Trpl95, AsP196
BTDMP Gly8, Gly194, 11e189, Thr7, Gly8, Arg6, | Tyr9, TrP195, His186
-7.8 GIn190
4, Casp3 | BTDMP -8.1 Gly125, Tyr197, Leul36, Thrl140, Lys137, Pro201
Tyrl95
HMPFP -8.1 Gly125, Lys137, Argl64, Gly202 Lys137, Pro201, Tyrl197, Val266,
Argl64
Methylenebis -1.5 Glul24 Argl164, Pro201, Tyr197,
Val 266
5. NLRP3 | DHP -10.5 Thr233, 11e521, Lys232, Gly231, Gly229 | 1le234, His522, TrP416, Leu413
Methylenebis Thr439, Arg578, Phe575, Ala227, lle411
-9.6 Ala228, Gly229, Thr524, LeU413,
Tyrd43, ValL 414, Met661, Met408
BTDMP Trp416, Gly231, Thrl69, Tyrl68, Leu413, Pro412, Leul71,
-9.2 Argl67 1le234, Phe373
6. OCT | Flavone Phe238, Ser239, Asp385, Gly442, His242, Lys389, Cys32, Phe445,
-10.3 Val441, Phe356 Phe360
Methylenebis Gly209, Ala206, Trpl75, GInl79, Alal59, Cys160, Alal63,
-8.5 Serl76, Phe205 Vall72
DHP -8.3 Alal63,Gly156,Ala206,Ser176,GIn179 Val172,Cys160,Phe205,Alal59

Hydrogen-bonding to an adjacent Lys137 and Argl64 is
making hydrophobic contacts with surrounding residues. All
ligands nestle between the two catalytic chains and converge
on the dual Arg164 residues that normally secure a substrate
Asp. Methylenebis recreates a dual salt-bridge with
ARG164 from both chains and adds n-stacking to Tyr197.

BTDMP, generated the tightest polar—hydrophobic clamp
observed. Such a binding mode could competitively inhibit
caspase-3 by occupying the active site and blocking access
to the protein substrate. By stabilizing the catalytic pocket in
a ligand-bound state, these compounds might prevent
caspase-3 from cleaving its targets, thereby reducing
apoptosis. This aligns with the goal of nephroprotection:
caspase inhibition has been shown to attenuate cisplatin-
induced tubular cell apoptosis*’°. Among the docked
ligands, BTDMP and HMPFP showed the highest binding
energies to caspase-3 (both in the —-8.5 to —9.0 kcal/mol

https://doi.org/10.25303/211rjbt1770189

range), correlating with the extensive hydrogen bonding and
aromatic stacking they achieve in the active site. Still, this
binding may be enough to impede caspase-3 activity
partially.

NLRP3 inflammasome activation by oxidative stress signals
triggers inflammatory cytokine release, further amplifying
renal injury'>4°, Fig. 5b, shows the interaction between the
ligands and NLRP3 inflammasomes. Here the compounds
were docked against NLRP3 NACHT domain (the
nucleotide-binding domain responsible for oligomerization)
especially the ATP-binding pocket of the NACHT domain.
DHP forms multiple hydrogen bonds with key residues to
the P-loop Lysine or sensor loop arginine that bind ATP. It
also has hydrophobic contacts to His522, 1le234, Trp416,
Leu413, showing only a weak edge-to-face interaction with
Thr233. This combination of polar and non-polar
interactions yields a very tight binding (—10.5 kcal/mol).
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Figure 5: Molecular interactions of target proteins 5(a) Casp3, 5(b) NLRP and 5(c) OCT2 with
top three interacting ligands

Methylenebis uniquely delivers dual H-bonds to Thr439 and
Arg578, supplemented by hydrophobic packing against
lle411 and Phe575 in this protein. The dual polar latch plus
hydrophobic filling in Methylenebis most closely parallels
known NACHT-locking inhibitors, implying superior
potential to immobilise the ATP-binding clutch and curb
inflammasome assembly. BTDMP spreads over both
hydrophobic (Leul7l, Phe373, 1le234) and aromatic
(Tyr381) side chains, but lacks direct polar anchors. These
docking results suggest that ligands could suppress NLRP3
activation, reducing IL-1p-mediated inflammation. In our
current study, the ligands DHP, Methylenebis and BTDMP
demonstrated strong biding affinities ranging from -10.5 to -
9.5 kcal/mol to the NLRP3 protein, suggesting their potential
to inhibit its activation by binding to the active site.

Dehydroisohispanolone (DIH) binds covalently to the ATP
binding site of NLRP3, effectively inhibiting the
inflammasome®.  Together, these findings provide
compelling evidence that the identified plant ligands may
serve as potent NLRP3 inhibitors with anti-inflammatory
potential. The organic cation transporter-2 (OCT2) is a trans
membrane transporter and the docking was performed in a

https://doi.org/10.25303/211rjbt1770189

homology model of its central cavity (substrate translocation
pore). The cisplatin uptake is transporter-mediated,
primarily via OCT2, accentuates intracellular platinum
accumulation, intensifying nephrotoxic outcomes®'*. Fig. 5
(c) indicates that the ligands bind within the aqueous cavity,
interacting with both polar and hydrophobic residues lining
the channel.

The central aqueous cavity presents an inner ring of
hydrophobes made by the amino acid residues Phe205,
Vall72, Alal59/163, Cys160 and bracketed by polar
gatekeepers GInl179 and Serl76. Flavone exploits mixed
binding: n-stacking with Phe238 and Phe445, hydrophobic
anchoring to Phe360; Phe356 and electrostatic links to
His242, Lys389, Cys32 that orient the polycyclic core
toward the pore axis. Methylenebis by its hydrophobic
nature clamps the Vall72, Alal59/163, producing the
sparsest contact array. Any of the three could sterically
hinder cisplatin passage. DHP keeps the hydrophobic triad
(Phe205, Cys160, Val172) and introduces a single hydrogen
bond to GIn 179, positioning its ring plane across the
conduit. The key point is that these compounds could occupy
the transporter’s substrate site, potentially blocking cisplatin
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uptake. We observed that flavone emerged as a promising
compound in our study exhibiting a strong binding affinity
of -10.3 kcal/mol toward OCT2, indicating its potential as an
effective inhibitor. A group of flavonoids significantly
reduced cisplatin-induced cyto-toxicity and improved renal
function by lowering urea and creatinine levels. Their
pharmacophore model emphasized the importance of
aromatic rings and hydrogen bonding in OCT2 inhibition®.
Collectively, these highlight flavonoids, as potential agents
to mitigate OCT2-mediated cisplatin nephrotoxicity by
curbing its entry into the renal cells.

Thus, the combined therapeutic strategy represented by these
bioactive compounds from Boerhavia diffusa not only offers
a rational basis for nephroprotective therapy but also
addresses the complexity of cisplatin nephrotoxicity more
comprehensively than conventional monotherapies. The
identified ligands' binding affinity and specificity must be
substantiated by targeted in vitro cell culture models,
followed by in vivo animal studies to ascertain their
pharmacokinetic behavior, therapeutic efficacy and overall
safety. Despite these limitations, the implications of the
current findings are significant.

By pinpointing bioactive metabolites of B. diffusa and their
molecular targets, this research provides a scientifically
robust rationale for developing plant-based therapies to
combat drug-induced nephrotoxicity. The multi-target mode
of action revealed herein may lead to superior
nephroprotective strategies compared to current single-
target approaches, offering comprehensive renal protection
in patients undergoing nephrotoxic drug therapies.
Ultimately, the outcomes of this study serve as a vital
preliminary foundation, guiding future experimental
investigations toward innovative, safer and more effective
renal protective therapeutics derived from natural sources.

Conclusion
This study provides a mechanistic framework for the
nephroprotective  reputation of  Boerhavia diffusa.

Chloroform and ethanol extracts furnished chemically
diverse metabolites that after ADME prioritisation, were
shown by network pharmacology to converge on six high-
value cisplatin-toxicity nodes. Docking results spotlight
three scaffolds with sub-micromolar, multi-target affinities:
DHP — dual AKT1/NLRP3 blocker predicted to relieve
mTOR-inhibited autophagy while dampening IL-1p/IL-18-
mediated inflammation. HMPFP — potent AKT1 is hinge
binder that simultaneously antagonises NLRP3 and OCT
suggesting combined autophagic, anti-pyroptotic and
uricosuric benefits. BTDMP— bisphenolic is bridge locking
AKT1 in an inactive conformation, forestalling
inflammasome assembly and occluding renal transport
pores.

All three satisfy contemporary drug-likeness rules, lack

PAINS alerts and display homogeneous strong docking
across AKT1, NLRP3 and OCT, aligning with the systems-
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biology effective view. While in silico predictions require
biochemical and in vivo corroboration, the present multi-
omics workflow (GC-MS—ADME—PPI/GO—docking)
offers a scalable template for mining other ethno medicines.
These findings provide a mechanistic rationale for the
empirically observed Reno protective effects of Boerhavia
diffusa in cisplatin therapy and pave the way for further
validation in vitro and in vivo.
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