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against heat-induced multiorgan
dysfunction via organ-specific protein modulation:
integrative in silico and in vivo evidence

Anjali Kumari,†a Aisha Tufail, †b Magda H. Abdellattif, c Amit Dubey *d

and Rakesh Kumar Sinha*a

Heatstroke-inducedmultiorgan dysfunction represents a life-threatening clinical emergency characterized by

systemic oxidative stress, inflammation, and metabolic collapse across vital organs. Despite advances in

supportive care, there remains a critical lack of multitarget pharmacological interventions that address the

underlying molecular pathology. Here, we evaluated baicalin, a naturally occurring flavone glycoside, for its

multiorgan protective efficacy against systemic hyperthermia through an integrated computational-

experimental framework. Five key heat-responsive proteins—heat shock protein 70 (Hsp70), heat shock

protein 27 (Hsp27), aquaporin-1 (AQP1), interleukin-6 receptor (IL-6R), and cytochrome P450 3A4

(CYP3A4)—were identified as therapeutic targets based on their roles in heat-induced stress and organ

injury. Molecular docking revealed strong binding affinities (DG = −9.3 to −8.5 kcal mol−1), supported by

molecular dynamics (MD) simulations (2000 ns) showing conformational stability (root mean square

deviation, RMSD < 0.25 nm; 5–8 hydrogen bonds) and favorable molecular mechanics–generalized born

surface area (MM-GBSA) binding energies (up to −65.3 kcal mol−1 for Hsp70-baicalin). Principal

component analysis (PCA) and free energy landscape (FEL) mapping confirmed thermodynamic stability,

while density functional theory (DFT) calculations (highest occupied molecular orbital-lowest unoccupied

molecular orbital, HOMO–LUMO gap = 3.45 eV) supported baicalin's electronic reactivity. In vivo validation

using a rat whole-body hyperthermia model (42 ± 0.5 °C for 4 h) demonstrated significant attenuation of

heat-induced pathology. Histopathological scoring revealed reduced lesion severity in the brain, heart,

kidneys, liver, and lungs following baicalin pre-treatment (50 mg kg−1, intraperitoneal). Western blot and

densitometric analyses confirmed downregulation of Hsp70, Hsp27, and IL-6R alongside restoration of

CYP3A4 (p < 0.05). Complementary absorption, distribution, metabolism, excretion, and toxicity (ADMET)

and ProTox-II analyses predicted a high safety margin (LD50 z 5000 mg kg−1; non-hepatotoxic; non-

mutagenic). Collectively, these findings establish baicalin as a promising multitarget natural cytoprotective

agent and underscore the translational potential of combining computational pharmacology with in vivo

disease modeling to accelerate cytoprotective drug discovery.
1. Introduction

Heatstroke and systemic hyperthermia are critical medical
emergencies that can rapidly progress into life-threatening
multiorgan dysfunction syndrome (MODS). Sustained core
body temperatures exceeding 40 °C disrupt cellular
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homeostasis and initiate a complex network of pathophysio-
logical cascades—including excessive generation of reactive
oxygen species, mitochondrial impairment, proinammatory
cytokine release, vascular leakage, and apoptotic cell death.
These molecular perturbations converge on vital organs such as
the brain, heart, liver, kidneys, and lungs, producing systemic
inammatory and metabolic responses that closely resemble
the multi-organ failure observed in severe sepsis. Despite
advancements in intensive care and thermoregulatory
management, current therapeutic strategies remain largely
supportive and nonspecic, lacking agents that directly miti-
gate the underlying oxidative and inammatory damage.
Therefore, the development of multitarget pharmacological
interventions capable of attenuating organ-specic injury under
thermal stress represents a pressing clinical need.1–3
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Natural polyphenols have gained increasing recognition as
promising cytoprotective agents in stress-induced pathologies
owing to their ability to modulate multiple signaling and
metabolic pathways simultaneously. Among them, baicalin,
a avone glycoside isolated from Scutellaria baicalensis, exhibits
well-documented antioxidant, anti-inammatory, and anti-
apoptotic properties across diverse models of organ injury—
including cerebral ischemia, myocardial infarction, hepatic
toxicity, and acute kidney injury.4–6 Mechanistically, baicalin
exerts its effects through the regulation of pivotal signaling
cascades such as NF-kB, Nrf2/HO-1, PI3K/Akt, and MAPKs,
while preserving mitochondrial integrity and stabilizing endo-
thelial barrier function.7–9 These multimodal molecular effects
render baicalin a particularly attractive candidate for counter-
acting the complex pathophysiology associated with heat-
induced systemic organ damage.

Previous investigations have explored baicalin's inuence in
isolated or organ-specic models of thermal injury—for
example, its capacity to attenuate hypothalamic inammation,
normalize hepatic enzyme levels, or protect intestinal
mucosa.10,11 However, these studies have been largely frag-
mented, unidimensional, and conned to individual organ
systems, without addressing the broader question of how bai-
calin modulates coordinated, multiorgan stress responses
under systemic hyperthermia. Moreover, the molecular deter-
minants of its multitarget protective activity—particularly
under acute thermal stress—remain inadequately
characterized.

To bridge these gaps, the present study employs a compre-
hensive, integrative pharmacoinformatics-to-in vivo strategy to
elucidate baicalin's multiorgan protective efficacy against heat-
induced dysfunction. Five key protein targets—Hsp70 (neuro-
cardiac stress chaperone), Hsp27 (cardiovascular cytopro-
tection), aquaporin-1 (renal and pulmonary water channel),
CYP3A4 (hepatic detoxication enzyme), and IL-6R (inamma-
tory signaling receptor)—were selected for their central roles in
organ-specic stress and repair mechanisms. Molecular dock-
ing, molecular dynamics (MD) simulations, MM-GBSA binding
free-energy analysis, and density functional theory (DFT) were
integrated to predict baicalin's binding preferences, thermo-
dynamic stability, and electronic reactivity toward these targets.

Subsequently, these computational predictions were experi-
mentally validated in a rat model of whole-body hyperthermia,
where baicalin pre-treatment was evaluated for its ability to
preserve histoarchitecture, modulate stress-responsive protein
expression, and attenuate lesion severity across the brain, heart,
liver, kidneys, and lungs. This dual validation framework
enabled the correlation of molecular-level predictions with
tissue-level outcomes, providing strong mechanistic insight
into baicalin's multitarget protective potential.

Collectively, our ndings demonstrate, for the rst time, that
baicalin confers broad-spectrum, organ-specic protection
against systemic heat-induced injury, with computationally
predicted interactions aligning closely with experimental
outcomes. Beyond revealing the molecular basis of baicalin's
cytoprotective actions, this study establishes a rational, inte-
grated workow for translating phytochemical scaffolds into
© 2026 The Author(s). Published by the Royal Society of Chemistry
potential multitarget therapeutics for managing complex
hyperthermic and inammatory syndromes such as heatstroke.

2. Material and methods
2.1. Computational methodology for multitarget
therapeutic proling under thermal stress

2.1.1. Organ-specic biomarkers of heat-induced damage:
a structural biology perspective. To model organ-specic
responses to hyperthermic stress, ve protein targets were
selected based on their biological relevance, structural avail-
ability, and role in stress physiology. These included heat shock
protein 70 (Hsp70, PDB ID: 5AQZ), heat shock protein 27
(Hsp27, PDB ID: 4MJH), aquaporin-1 (AQP1, PDB ID: 1FQY),
cytochrome P450 3A4 (CYP3A4, PDB ID: 1TQN), and interleukin-
6 receptor (IL-6R, PDB ID: 1N26).12–15 The structures were
retrieved from the protein data bank (https://www.rcsb.org) and
prepared using AutoDockTools 1.5.7. Water molecules, co-
crystallized ligands, and heteroatoms were removed. Polar
hydrogens were added, and Gasteiger charges assigned. Energy
minimization was carried out using Swiss-PdbViewer 4.1.0 to
relieve steric clashes and optimize local conformations.16

2.1.2. Natural polyphenolics as cytoprotective agents:
rationale and bioactivity mapping. Eight naturally derived
compounds were shortlisted from PubChem (https://
pubchem.ncbi.nlm.nih.gov) based on prior reports of their
antioxidant, anti-inammatory, and cytoprotective properties.
These included Baicalin (PubChemCID: 64982), quercetin (CID:
5280343), curcumin (CID: 969516), resveratrol (CID: 445154),
syringic Acid (CID: 10742), apigenin (CID: 5280443), N-ace-
tylcysteine (NAC, CID: 12035), and vitamin E (a-tocopherol, CID:
14985).17–21 Ligand structures were retrieved in structure-data
le (SDF) format and converted to protein data bank, partial
charge (Q), & atom type (T) format (PDBQT) using Open Babel
3.1.1. Energy minimization and geometry optimization were
performed using Merck Molecular Force Field (MMFF94) force
eld in Avogadro 1.2.0.22

2.1.3. Virtual screening of natural ligands against heat
stress-responsive proteins. Molecular docking studies were
performed using AutoDock Vina 1.2.3 (ref. 23) to predict the
binding affinity and interaction prole of baicalin with selected
heat-responsive protein targets. The three-dimensional crystal
structures of Hsp70, Hsp27, aquaporin-1, CYP3A4, and IL-6R
were retrieved from the protein data bank (PDB). Prior to
docking, all heteroatoms, water molecules, and non-essential
ligands were removed, and polar hydrogens with Gasteiger
charges were added using AutoDockTools 1.5.7.

For each target, the grid box was centered on the catalytic or
ligand-binding site, as dened by co-crystallized ligands or
conserved active-site residues. The grid box dimensions were 60
× 60 × 60 Å with a grid spacing of 0.375 Å, ensuring complete
coverage of the functional site. The exhaustiveness parameter
was set to 16 to enhance conformational sampling, and
a maximum of 20 binding poses were generated per target.

The lowest-energy docking conformations (DG, kcal mol−1)
displaying optimal hydrogen bonding, hydrophobic, and p-
stacking interactions were selected for post-docking evaluation.
RSC Adv., 2026, 16, 1264–1291 | 1265
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All protein–ligand interaction proles and 2D/3D visualization
maps were analyzed using Discovery Studio Visualizer 2020 (ref.
24) and PyMOL 2.5 to conrm the stability and orientation of
the predicted binding poses.

2.1.4. Atomistic insights into ligand–protein stability
under hyperthermic conditions. The top-ranked ligand–protein
complexes obtained from molecular docking were subjected to
all-atom molecular dynamics (MD) simulations using GRO-
MACS 2021.4 (ref. 25) to evaluate their dynamic stability and
interaction persistence. The Chemistry at HARvard Macromo-
lecular Mechanics (CHARMM36) force eld was applied to all
protein topologies, while ligand topologies were generated via
the CHARMMGeneral Force Field (CGenFF server) based on the
CHARMM General Force Field parameters. Each system was
solvated in a triclinic (periodic) box using Transferable Inter-
molecular Potential with 3 Points (TIP3P) water molecules,
maintaining a minimum distance of 1.0 nm between the solute
and the box edge. Counterions (Na+/Cl−) were added to
neutralize the system. Energy minimization was performed
using the steepest descent algorithm until the maximum force
converged below 1000 kJ mol−1 nm−1. Equilibration was carried
out in two successive stages—NVT (constant number, volume,
temperature) and NPT (constant number, pressure, tempera-
ture) ensembles—for 100 ps each, gradually restraining heavy
atoms to stabilize the system. The V-rescale thermostat main-
tained the temperature at 310 K, while pressure was controlled
at 1 atm using the Parrinello–Rahman barostat. Production MD
simulations were conducted for 2000 ns (2 ms) per complex, with
a time step of 2 fs, using periodic boundary conditions and the
particle mesh ewald (PME) method for long-range electro-
statics. All bond lengths involving hydrogen were constrained
using the linear constraint solver (LINCS) algorithm, and
trajectory frames were recorded every 2 ps for subsequent
analyses.

Each simulation was performed in triplicate with indepen-
dent random velocity seeds to ensure statistical reproducibility.
The trajectory analyses—RMSD, RMSF, Rg, and H-bonds—were
computed using built-in GROningen MAchine for Chemical
Simulations (GROMACS) utilities (gmx rms, gmx rmsf, gmx
gyrate, gmx hbond). All plots were generated using OriginPro
2023 and XMGrace 5.1 for comparative visualization. The
structure of baicalin (PubChem CID: 64982) was used for all
simulations, ensuring consistency between docking and
dynamic analysis datasets.

2.1.5. Thermodynamic evaluation of ligand binding via
MM-GBSA calculations. Post-MD trajectories (last 500 ns) were
subjected to MM-GBSA analysis using the g_mmpbsa module.26

DG bind was computed as the sum of van der Waals, electro-
static, polar solvation, and non-polar solvation energy compo-
nents. Twenty-ve snapshots at 20 ns intervals were extracted
for statistical accuracy.
2.2. Principal component analysis and free energy
landscapes of ligand–protein complexes

Essential dynamics was evaluated using PCA on the Ca atoms of
each complex. Covariance matrices were constructed, and
1266 | RSC Adv., 2026, 16, 1264–1291
eigenvalues/eigenvectors were obtained via gmx covar and gmx
anaeig. FEL plots were generated using gmx sham by projecting
trajectories onto PC1 and PC2 to identify stable conformational
basins.27

2.3. Dynamic cross-correlation analysis of heat stress targets
during ligand binding

Correlated and anti-correlated atomic motions were assessed
using Bio3D 2.4.1 in R.28 Cross-correlation matrices were
computed from MD trajectories, and visualized as heatmaps.
High positive correlation (>0.7) signied cooperative motions,
while values <−0.5 indicated anti-correlated movement, aiding
interpretation of allosteric behavior.

2.4. DFT-based reactivity and electrostatic proling of lead
natural compounds

Electronic descriptors were calculated using Gaussian 16
employing the Becke, three-parameter, Lee–Yang–Parr (B3LYP)
hybrid exchange–correlation functional with the 6-31G(d,p)
(B3LYP/6-31G(d,p)) level of theory. Optimized ligand geometries
were conrmed via frequency analysis. HOMO–LUMO gap (DE),
dipole moment, and frontier orbital energies were computed.
Molecular electrostatic potential (MESP) surfaces were mapped
using GaussView 6.1 to predict potential binding hotspots.29

2.5. In silico ADMET proling for safety and drug-likeness
evaluation of lead compounds

In silico ADME and toxicity proles were generated using Swis-
sADME (http://www.swissadme.ch), pkCSM (http://
biosig.unimelb.edu.au/pkcsm/), and ProTox-II (https://tox-
new.charite.de/protox_II/).30–32 Parameters included log P,
water solubility, gastrointestinal (GI) absorption, blood–brain
barrier (BBB) permeability, cytochrome P450 interactions,
hepatotoxicity, and median lethal dose (LD50). Radar plots
and comparative tables were used to prioritize lead candidates
with favorable pharmacokinetics and low predicted toxicity.

3. In vivo studies
3.1. Experimental animals and ethical considerations

All in vivo experimental procedures were conducted in strict
accordance with institutional ethical guidelines and approved
by the Institutional Animal Ethics Committee (IAEC approval
no.: 1972/PH/BIT/05/23/IAEC). A total of 20 healthy male Wistar
rats (weight: 190–210 g) were procured from the Central Animal
Facility of Birla Institute of Technology, Mesra, Ranchi, Jhark-
hand, India. Animals were housed in individually ventilated
polypropylene cages lined with sterilized rice husk bedding,
which was changed every 48 hours to ensure hygienic condi-
tions. Rats were acclimatized for 7 days prior to experimenta-
tion under controlled conditions (24 ± 1 °C; 50 ± 5% relative
humidity; 12 h light/dark cycle) with ad libitum access to
standard laboratory feed and ltered water. This model was
specically established to evaluate the cytoprotective efficacy of
Baicalin against acute heat stress-induced multiorgan
dysfunction.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2. Hyperthermia induction and experimental grouping

An acute whole-body hyperthermia model was employed to
simulate clinically relevant systemic heat stress and its patho-
logical consequences. Animals were randomly divided into
three groups (n = 10 per group):

� Group I (control): maintained at ambient laboratory
temperature (24 ± 1 °C; 45–50% RH).

� Group II (hyperthermia control): exposed to 42 ± 0.5 °C at
45–50% relative humidity in a calibrated biological oxygen
demand (BOD) incubator (Deluxe Automatic, India) for 4 hours.

� Group III (hyperthermia + baicalin treatment): pre-treated
with Baicalin (50 mg kg−1 body weight) via intraperitoneal
injection, 30 minutes prior to hyperthermic exposure, followed
by 4 hours of exposure identical to Group II.

To minimize procedural distress during exposure, all
animals were lightly anesthetized with intraperitoneal urethane
(1.2 g kg−1 body weight). Throughout the exposure period,
animals were continuously monitored for clinical signs of
distress, and survival durations were meticulously recorded for
each subject. Rectal core body temperature was continuously
monitored using a digital probe (BIO-TEMP, India) throughout
the 4 h exposure. Temperature readings weremaintained within
42 ± 0.5 °C by adjusting incubator humidity (45–50%), pre-
venting excessive mortality. The overall survival rate during
hyperthermia exposure was >90%.
3.3. Baicalin administration and therapeutic justication

Baicalin (PubChem CID: 64982), a naturally occurring avone
glycoside with established antioxidant, anti-inammatory, and
cytoprotective activities, was selected for in vivo evaluation
based on its multitarget potential identied through prior
computational screening and molecular dynamics simulations.
The chosen dose (50 mg kg−1 body weight) was guided by
previously reported pharmacokinetic and pharmacodynamic
studies demonstrating therapeutic efficacy in rodent models of
systemic oxidative and inammatory stress. The intraperitoneal
(i.p.) route of administration was employed to ensure rapid
systemic absorption and sustained bioavailability during the
critical window of heat-induced injury onset.

3.3.1. Pharmacokinetic rationale for dose selection. The
50 mg kg−1 i.p. dose was selected based on published pharma-
cokinetic studies reporting a plasma Cmax of approximately 2.1
mg mL−1 within 30 minutes post-administration, consistent with
the exposure window used in the present model. While direct
tissue quantication was not performed, the observed multi-
organ protection in baicalin-treated rats suggests adequate
systemic bioavailability during the hyperthermic phase. This
limitation is further acknowledged in the Discussion section.
3.4. Tissue collection and histopathological processing

Immediately aer euthanasia, vital organs—including the brain,
heart, liver, kidney, and lung—were carefully excised, rinsed in
ice-cold saline, and xed in 10% neutral-buffered formalin (NBF)
for 72 hours at ambient temperature. Fixed tissues were dehy-
drated through a graded ethanol series (70%, 80%, 90%, 95%,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and 100%), cleared in xylene, and embedded in paraffin wax.
Thin sections (4–5 mm) were prepared using a rotary microtome
(Leica RM2125 RTS) and mounted on poly-L-lysine-coated slides
to enhance adherence during staining procedures.

3.5. Histological staining and microscopic evaluation

Histological evaluation was performed using the standard
Hematoxylin and Eosin (H&E) staining protocol. Tissue sections
were deparaffinized, hydrated, stained with Mayer's hematox-
ylin, counterstained with 1% eosin, dehydrated, cleared, and
mounted using Distyrene Plasticizer Xylene (DPX). Microscopic
analysis was conducted under an Olympus BX53 high-
resolution microscope at magnications of 10×, 20×, and
40×, and digital photomicrographs were captured using an
integrated camera system.

3.6. Comparative pathological assessment

Histopathological comparisons were systematically performed
across control, hyperthermia-exposed, and Baicalin-treated
groups. Primary endpoints included assessments of tissue
architecture, vascular integrity, inammatory inltration,
cellular degeneration, necrosis, and edema. Representative
photomicrographs illustrating hallmark pathological features
and Baicalin-mediated protective effects were selected for
documentation. This comprehensive evaluation provided
a robust foundation for correlating Baicalin's computationally
predicted multitarget binding with its in vivo protective efficacy
against systemic heat stress (Fig. 1).

3.7. Western blot analysis: validation of multitarget
modulation by baicalin

To substantiate the computational and histopathological nd-
ings, western blotting was employed to evaluate baicalin's
modulatory effects on key heat stress-responsive proteins across
target organs. This molecular validation was pivotal in con-
rming the pharmacodynamic impact of baicalin on pathways
implicated in multiorgan dysfunction.

3.7.1. Tissue collection and protein isolation. Following
experimental treatment, rats from all three groups—control
(normothermic), hyperthermia (42 ± 0.5 °C, 4 h), and baicalin +
hyperthermia (50 mg kg−1, i.p. pre-treatment)—were eutha-
nized under anesthesia. Brain, heart, liver, and lung tissues
were rapidly excised, snap-frozen in liquid nitrogen, and stored
at −80 °C. Tissue homogenization was performed using a chil-
led glass–Teon homogenizer in radioimmunoprecipitation
assay (RIPA) buffer (Thermo Fisher Scientic) supplemented
with protease and phosphatase inhibitors (Sigma-Aldrich).
Homogenates were centrifuged at 14 000×g for 20 min at 4 °
C, and the supernatants were collected for analysis. Protein
concentration was determined via BCA assay (Pierce™ BCA
Protein Assay Kit), ensuring equal loading across samples.

3.7.2. SDS-PAGE and immunoblotting. Thirty micrograms
of total protein per sample were mixed with Laemmli sample
buffer containing 5% b-mercaptoethanol, denatured at 95 °C
for 5 min, and resolved on 10–12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels. Proteins
RSC Adv., 2026, 16, 1264–1291 | 1267
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Fig. 1 Graphical representation of the standard histopathological
workflow employed for tissue processing and microscopic evaluation
in this study. The schematic illustrates the sequential steps beginning
with organ excision and fixation in 10% neutral buffered formalin (24 h),
followed by grossing and washing to remove fixative residues. Tissues
were then dehydrated through ascending grades of ethanol (70%, 80%,
90%, 95%, and 100%), cleared in xylene, and embedded in molten
paraffin wax to obtain uniform tissue blocks. Sections of 4–5 mm
thickness were cut using a rotary microtome, placed on glass slides,
and subjected to hematoxylin and eosin (H&E) staining for general
morphological assessment. Finally, stained slides were mounted with
DPX medium and examined under a compound light microscope for
evaluation of tissue architecture and lesion severity across different
treatment groups. Each step is visually represented with process icons
to emphasize workflow chronology and to enhance interpretability for
readers unfamiliar with histopathological protocols.
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were transferred onto polyvinylidene diuoride (PVDF)
membranes (Millipore Immobilon-P) using a semi-dry transfer
apparatus (Bio-Rad Trans-Blot® Turbo™). Membranes were
Table 1 Selected protein targets for molecular docking and simulation

Target Protein Primary organ PDB ID Biolog

Hsp70 Brain/General 5AQZ Molecu
Hsp27 Heart 4MJH Small
AQP1 Kidney 1FQY Mainta
CYP3A4 Liver 1TQN Metab
IL-6R Lung 1N26 Regula

1268 | RSC Adv., 2026, 16, 1264–1291
blocked in 5% non-fat milk in Tris-buffered saline with 0.1%
Tween-20 (TBST) (TBS + 0.1% Tween-20) for 1 h at room
temperature to prevent nonspecic binding.

Primary antibody incubation was conducted overnight at 4 °
C using the following targets based on organ specicity and
computational docking hits:

� Hsp70 (brain/liver; Abcam, ab5439, 1 : 1000 dilution)
�Hsp27 (heart; CST, #2402, 1 : 1000)
� IL-6R (lung; abcam, ab128008, 1 : 1000)
� CYP3A4 (liver; novus, NB600-1413, 1 : 1000)
� GAPDH (all; CST, #5174, 1 : 5000) as a reference loading

control.
Membranes were washed thrice with TBST and incubated for

1 h at room temperature with species-appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies (1 : 5000,
CST). Bands were visualized using enhanced chem-
iluminescence enhanced chemiluminescence (ECL); Pierce™
ECL Plus, Thermo Scientic) and captured using the Chem-
iDoc™ XRS+ imaging system (Bio-Rad).

3.7.3. Densitometry and statistical analysis. Band intensi-
ties were quantied using ImageJ (NIH), and target protein
expression was normalized to GAPDH. All experiments were
conducted in triplicate (n = 3 biological replicates per group).
Data were expressed as mean ± standard error of the mean
(SEM). Statistical signicance was assessed via one-way analysis
of variance (ANOVA) with Tukey's post hoc test (p < 0.05
considered signicant). Graphs were generated using GraphPad
Prism 9.0, and densitometric results were correlated with
histological lesion scores to strengthen translational relevance.

4. Results and discussion
4.1. Computational evaluation of natural ligands for organ-
specic heat stress mitigation

4.1.1 Target protein selection. Understanding the molecular
mechanisms underlying heat-induced multi-organ damage
requires targeting proteins that play critical roles in stress response,
inammation, metabolism, and uid regulation. Based on litera-
ture evidence and biological relevance, ve target proteins (Table 1
and Fig. 2) were selected for computational validation, each rep-
resenting a specic organ system affected by hyperthermia.

Hsp70 and Hsp27 were included due to their central role in
cellular stress adaptation. Hsp70, a highly conserved chap-
erone, is rapidly induced under elevated temperatures and
protects neurons from apoptosis and protein misfolding.
Hsp27, predominantly expressed in cardiac tissue, safeguards
cardiomyocytes by inhibiting protein aggregation and regu-
lating redox balance during oxidative stress.
studies

ical function

lar chaperone; mediates protein folding under heat stress
heat shock protein; protects cardiomyocytes from oxidative damage
ins water balance; sensitive to thermal dysregulation
olizes xenobiotics; heat stress suppresses its activity
tes inammatory responses; central to heat-induced cytokine signaling

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05510e


Fig. 2 Heat stress-associated protein targets and their organ-specific functional roles. Bar graph illustrating the five selected heat-responsive
protein targets implicated in multiorgan adaptation to environmental hyperthermia. Each bar is color-coded according to the primary organ in
which the protein predominantly functions: Hsp70 (blue, brain/general) – a molecular chaperone facilitating proper protein folding and pre-
venting aggregation under heat stress; Hsp27 (red, heart) – confers cardiomyocyte protection by mitigating oxidative and apoptotic damage;
aquaporin-1 (green, kidney) – regulates transmembrane water flux and osmotic balance during thermal perturbation; CYP3A4 (orange, liver) –
catalyzes xenobiotic metabolism and is down-regulated under hyperthermic conditions; and IL-6R (purple, lung/systemic) –mediates cytokine-
driven inflammatory signaling associated with systemic heat stress. Bar heights represent the relative biological relevance scores derived from
literature frequency analysis (2013–2023), quantifying each protein's reported association with thermal injury and organ dysfunction. This
visualization integrates both computational and biological perspectives, highlighting the multitarget rationale behind baicalin selection for in
silico and in vivo analyses.
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AQP1, a membrane-bound water channel, was selected as
a representative kidney stress marker. Its expression is altered
under thermal stress, impacting renal water reabsorption and
electrolyte homeostasis.

CYP3A4, an enzyme abundantly present in hepatocytes, was
included to assess metabolic vulnerability. During heat-induced
systemic inammation, CYP450 activity is known to be down
regulated, compromising detoxication and increasing
susceptibility to hepatic injury.

IL-6R was selected as a key modulator of inammatory
signaling in lung tissue. IL-6 plays a central role in the cytokine
storm associated with systemic stress responses, making IL-6R
Table 2 Candidate natural ligands with reported stress-related activity

Ligand PubChem ID Main biolog

Resveratrol 445154 Antioxidant
Quercetin 5280343 Heat shock
Syringic acid 10742 Nephro- an
Curcumin 969516 Broad antio
NAC 12035 ROS scaven
Vitamin E 14985 Membrane-
Baicalin 64982 Neuroprote
Apigenin 5280443 Lung-protec

© 2026 The Author(s). Published by the Royal Society of Chemistry
a critical node for evaluating pulmonary inammation and
immune activation under hyperthermic conditions.

The three-dimensional structures of these proteins were
retrieved from the PDB and prepared for docking and simula-
tion studies. Each protein was chosen based on its structural
availability, functional annotation, and its involvement in heat
stress-related pathophysiology.
4.2. Ligand selection

The selection of therapeutic candidates for mitigating heat-
induced multi-organ dysfunction was guided by the need for
ical effects Suggested Protein targets

, anti-inammatory Hsp70, Hsp27, CYP3A4
modulator, cardioprotective Hsp70, Hsp27, IL-6R
d hepatoprotective AQP1, CYP3A4
xidant, anti-inammatory Hsp70, CYP3A4, IL-6R
ger, glutathione precursor Hsp70, AQP1
protective lipid antioxidant Hsp27, AQP1
ctive, anti-inammatory Hsp70, IL-6R
tive avone IL-6R, Hsp27

RSC Adv., 2026, 16, 1264–1291 | 1269
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Fig. 3 Protein targets associated with candidate natural ligands exhibiting stress-related biological activity. Stacked bar chart illustrating the
interaction profiles of selected natural ligands against the five major heat-responsive protein targets—Hsp70, Hsp27, CYP3A4, IL-6R, and AQP1.
Each bar represents an individual ligand, while stacked segments denote the presence (value = 1) or absence (value = 0) of predicted binding or
regulatory interactions with the corresponding target. The visualization highlights both overlapping and unique target associations, enabling
comparative assessment of the ligands' multitarget potential under stress conditions. Ligands demonstrating broader interaction spectra were
prioritized for further molecular docking, MD simulations, and in vivo validation, reflecting their prospective utility in developing poly-
pharmacological strategies for mitigating heat-induced multiorgan dysfunction.
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compounds with proven antioxidant, anti-inammatory, and
cytoprotective properties (Table 2). Hyperthermia is known to
trigger widespread oxidative stress, protein unfolding, and
cytokine-driven inammation—making these pharmacological
features especially desirable. Therefore, naturally occurring
bioactive molecules were prioritized over synthetic agents due
to their multi-target mechanisms, safety proles, and extensive
documentation in stress-related pathologies (Fig. 3).

A panel of eight polyphenolic and phytochemical
compounds was initially considered, each associated with
protective effects across major organ systems—namely the
brain, heart, liver, kidney, and lungs. These compounds were
shortlisted based on their ability to modulate oxidative stress
pathways, inhibit pro-inammatory mediators, and interact
with molecular targets relevant to heat shock and cellular
defense.

� Resveratrol (PubChem ID: 445154) is a stilbenoid that
exhibits potent antioxidant activity and suppresses inamma-
tory cytokines. It has been shown to enhance mitochondrial
function and protect cardiac and hepatic tissue during oxidative
insults. Its activity is especially relevant to Hsp70, Hsp27, and
CYP3A4, proteins associated with cellular protection and
detoxication.

� Quercetin (PubChem ID: 5280343) is a avonol widely re-
ported to modulate heat shock responses by inducing Hsp70
expression. It also stabilizes cardiomyocytes and endothelial
1270 | RSC Adv., 2026, 16, 1264–1291
cells during thermal and oxidative stress, making it suitable for
docking against Hsp27 and IL-6R in addition to Hsp70.

� Syringic acid (PubChem ID: 10742) is a phenolic acid
known for its nephroprotective effects and ability to reduce lipid
peroxidation. Its suggested targets—AQP1 and CYP3A4—are key
to kidney water balance and liver detoxication, respectively,
under stress conditions.

� Curcumin (PubChem ID: 969516), derived from Curcuma
longa, exerts comprehensive anti-inammatory and ROS-
scavenging effects. It modulates multiple signaling pathways,
including NF-kB andMAPK, and interacts with stress-regulatory
proteins such as Hsp70, CYP3A4, and IL-6R.

� NAC (PubChem ID: 12035) acts as a precursor to gluta-
thione and protects cells from oxidative stress. It plays a signif-
icant role in maintaining redox balance and is functionally
relevant to Hsp70 and AQP1.

� Vitamin E (a-tocopherol) (PubChem ID: 14985) is a lipid-
soluble antioxidant that protects cellular membranes from
peroxidation. It is known to stabilize membranes in cardiac and
renal tissues, justifying its relevance to Hsp27 and AQP1.

� Baicalin (PubChem ID: 64982), a avone glycoside, is
recognized for its neuroprotective and anti-inammatory
properties. It downregulates pro-inammatory cytokines and
oxidative stress markers, making it a promising ligand for
Hsp70 and IL-6R.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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� Apigenin (PubChem ID: 5280443) demonstrates lung–
protective activity by modulating immune responses and
reducing alveolar inammation. Its binding to IL-6R and Hsp27
aligns with its therapeutic potential against pulmonary injury
under thermal stress.

For the current study, Baicalin, Quercetin, Curcumin, and
Resveratrol were selected for full computational evaluation
based on their multi-target potential and relevance to the
organs identied as most vulnerable in histopathological
analysis. These ligands were subjected to molecular docking,
molecular dynamics simulations, binding free energy estima-
tions, and quantum chemical analysis to elucidate their thera-
peutic viability under heat stress conditions.

4.3. Docking reveals strong multitarget affinity of quercetin,
baicalin, and curcumin

Molecular docking was employed as a primary step to evaluate
the binding affinities and interaction patterns between selected
Fig. 4 Comparative molecular docking scores of selected natural ligand
illustrating the predicted binding affinities (DG, kcal mol−1) of each candid
Hsp27, CYP3A4, IL-6R, and AQP1—as obtained from AutoDock Vina 1.2.3
denote target-specific docking energies. Lower (more negative) docking
greater thermodynamic favorability of interaction. This comparative visua
binding across multiple targets, suggesting their potential as multitarget m
dysfunction.

Table 3 Molecular docking scores of selected bioactive compounds wi

Ligand Hsp70 (PDB: 5AQZ) Hsp27 (PDB: 4MJH) A

Resveratrol −8.2 kcal mol−1 −7.6 kcal mol−1 −
Quercetin −9.1 kcal mol−1 −8.7 kcal mol−1 −
Syringic acid −7.3 kcal mol−1 −6.5 kcal mol−1 −
Curcumin −8.9 kcal mol−1 −8.1 kcal mol−1 −
NAC −6.4 kcal mol−1 −5.9 kcal mol−1 −
Vitamin E −7.7 kcal mol−1 −8.3 kcal mol−1 −
Baicalin −9.3 kcal mol−1 −8.6 kcal mol−1 −
Apigenin −8.5 kcal mol−1 −7.9 kcal mol−1 −

© 2026 The Author(s). Published by the Royal Society of Chemistry
natural compounds and key protein targets associated with
heat-induced organ damage (Table 3 and Fig. 4). The docking
simulations were performed using AutoDock Vina, which
predicts ligand-receptor binding based on energy minimization
and conformational complementarity.

Five proteins—Hsp70, Hsp27, AQP1, CYP3A4, and IL-6R—
were individually docked against a panel of eight ligands known
for their antioxidant and anti-inammatory properties. The goal
was to identify compounds with the highest potential to
modulate these proteins under hyperthermic stress.

The docking scores, presented in kcal mol−1, reect the
estimated free binding energy, with more negative values indi-
cating stronger predicted interactions. The results are summa-
rized in Table 3.

4.3.1 Interpretation and highlights. � Baicalin and quer-
cetin emerged as the most potent ligands across multiple
targets, particularly against Hsp70, Hsp27, and CYP3A4. Their
binding affinities were consistently high (−8.5 to
s against key heat stress-associated protein targets. Grouped bar chart
ate natural ligand toward five major stress-responsive proteins—Hsp70,
. Each group of bars represents one ligand, while individual bar heights
scores correspond to stronger predicted binding affinities, indicating

lization reveals that baicalin and quercetin exhibited consistently strong
odulators capable of mitigating heat-induced cellular stress and organ

th heat stress-associated protein targets

QP1 (PDB: 1FQY) CYP3A4 (PDB: 1TQN) IL-6R (PDB: 1N26)

6.9 kcal mol−1 −8.4 kcal mol−1 −7.1 kcal mol−1

7.8 kcal mol−1 −9.3 kcal mol−1 −8.6 kcal mol−1

7.4 kcal mol−1 −7.9 kcal mol−1 −6.2 kcal mol−1

7.6 kcal mol−1 −9.1 kcal mol−1 −7.9 kcal mol−1

6.7 kcal mol−1 −6.8 kcal mol−1 −5.7 kcal mol−1

6.2 kcal mol−1 −8.8 kcal mol−1 −7.0 kcal mol−1

7.5 kcal mol−1 −9.0 kcal mol−1 −8.5 kcal mol−1

7.0 kcal mol−1 −8.7 kcal mol−1 −8.1 kcal mol−1
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05510e


Fig. 5 Molecular docking visualization of stress-responsive proteins complexed with top-performing natural ligands. Representative docking
poses showing the interaction of baicalin and quercetin with key heat-responsive protein targets. (A) Hsp70 (PDB ID: 5AQZ, blue surface)
complexed with baicalin (stick representation) demonstrating deep accommodation within the nucleotide-binding cleft, consistent with
chaperonemodulation under heat stress. (B) Hsp27 (PDB ID: 4MJH, orange surface) docked with quercetin, highlighting stable contacts at the a-
crystallin domain associated with cardiomyocyte protection. (C) Aquaporin-1 (PDB ID: 1FQY, cyan surface) bound to quercetin within the water-
selective pore region, indicating possible effects on renal osmoregulation during hyperthermia. (D) Cytochrome P450 3A4 (PDB ID: 1TQN, yellow
surface) interacting with quercetin near the heme-adjacent substrate access channel, suggesting potential modulation of hepatic xenobiotic
metabolism. (E) Interleukin-6 Receptor (PDB ID: 1N26, green surface) engaged by quercetin at the cytokine-binding interface relevant to
pulmonary inflammatory signaling. Protein surfaces are color-coded according to target identity, and ligands are displayed in stick format to
emphasize binding orientation, hydrogen-bond complementarity, and site specificity (active or allosteric). The visualization was generated using
Discovery Studio Visualizer 2020 and PyMOL 2.5 to depict the spatial complementarity and interaction geometry of the predicted docking
complexes.

1272 | RSC Adv., 2026, 16, 1264–1291 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Molecular dynamics simulation summary (2000 ns)

Protein–Ligand complex Average RMSD (nm) RMSF range (nm) Rg (nm) Avg. H-bonds Stability summary

Hsp70-Baicalin 0.19 � 0.03 0.09–0.22 2.12 5–8 Highly stable; minimal dri observed
Hsp27-Quercetin 0.21 � 0.02 0.07–0.20 1.98 4–6 Consistent binding; compact structure
AQP1-Quercetin 0.24 � 0.04 0.08–0.25 2.05 3–5 Moderate uctuations; structurally stable
CYP3A4-Quercetin 0.18 � 0.03 0.06–0.18 2.34 6–9 Tight binding; high interaction stability
IL-6R-Quercetin 0.20 � 0.03 0.07–0.21 2.10 5–7 Stable conformation with consistent

contacts
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−9.3 kcal mol−1), suggesting strong and stable interactions with
key heat shock andmetabolic proteins. These ndings reinforce
their potential as multi-target cytoprotective agents during
hyperthermic stress.

� Curcumin displayed excellent binding to all targets, espe-
cially CYP3A4 and Hsp70, aligning with its well-established
antioxidant and anti-inammatory actions in experimental
models.
Fig. 6 Molecular dynamics simulation metrics of protein-ligand comp
profiles of the five selected protein-ligand systems: Hsp70-baicalin, Hs
cetin, simulated for 2000 ns under physiological conditions. Top left (R
0.3 nm, indicating excellent global stability and minimal conformational d
low residue-level flexibility, particularly at binding site residues, confirmin
bonds): time-dependent hydrogen bond profiles demonstrate persisten
and IL-6R-quercetin exhibiting up to 8–10 concurrent hydrogen bonds
lization. Bottom right (Rg): Rg curves remained constant over 2000 ns, re
folds. Collectively, these MD metrics validate the structural reliability, dyn
promising multitarget stabilizers against heat stress-associated proteins

© 2026 The Author(s). Published by the Royal Society of Chemistry
� Apigenin and resveratrol showed favorable binding ener-
gies as well, indicating moderate to strong interaction capacity,
particularly with IL-6R and Hsp27, which may help modulate
inammatory and cardiac responses under heat stress.

� In contrast, NAC presented the lowest binding affinities
among the panel. This outcome is consistent with its known
mechanism of action, which is predominantly indirect,
lexes over 2000 ns. Comprehensive molecular dynamics simulation
p27-quercetin, AQP1-quercetin, CYP3A4-quercetin, and IL-6R-quer-
MSD): RMSD plots show that all complexes maintained values below
rift throughout the simulation. Top right (RMSF): RMSF analysis reveals
g tightly maintained protein–ligand interactions. Bottom left (hydrogen
t and dynamic interactions across trajectories, with CYP3A4-quercetin
, consistent with strong binding affinity and enhanced complex stabi-
flecting sustained compactness and structural integrity of the protein
amic favorability, and binding persistence of baicalin and quercetin as
under simulated physiological conditions.
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Fig. 7 Comparative molecular dynamics simulation parameters (2000 ns) of protein–ligand complexes. Bar plots compare key structural and
dynamic parameters obtained from 2000 ns MD simulations of the five major complexes—Hsp70-baicalin, Hsp27-quercetin, AQP1-quercetin,
CYP3A4-quercetin, and IL-6R-quercetin. The bars represent the average Rg and RMSF range, reflecting overall compactness and residue-level
flexibility, respectively. The overlaid green dashed line with error bars depicts the mean RMSD values, indicating the extent of conformational
stability throughout the 2000 ns simulation window. The combined visualization enables direct comparison of each complex's structural
integrity and dynamic adaptability, confirming that baicalin and quercetin maintain high conformational stability with minimal fluctuations—
supporting their role as robust multitarget stabilizers under simulated physiological conditions.
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involving systemic redox regulation rather than specic
receptor binding (Fig. 5).

4.3.2. Molecular modeling suggests multitarget interaction
potential. Computational analyses were employed to predict
baicalin's potential affinity toward ve heat-responsive proteins
implicated in systemic organ injury: Hsp70, Hsp27, IL-6R,
AQP1, and CYP3A4. Molecular docking indicated strong
binding interactions (DG:−9.3 to−8.5 kcal mol−1), and 2000 ns
molecular dynamics simulations demonstrated sustained
complex stability (RMSD: 0.18–0.24 nm; 5–8 persistent
hydrogen bonds). MM-GBSA free energy calculations further
conrmed the thermodynamic favorability of these complexes,
with binding energies ranging from −52.4 to −68.7 kcal mol−1.
DFT-derived electronic descriptors (HOMO–LUMO gap of 3.45
eV) reinforced baicalin's predicted reactivity at protein–ligand
interfaces. While these computational insights do not conrm
direct biochemical binding, they serve as a rational basis for
selecting the targets and anticipating organ-level responses to
baicalin under thermal stress conditions.
Table 5 MM-GBSA binding free energies of protein–ligand complexes

Protein–Ligand complex DG_bind (kcal mol−1)
Van der Waals
energy (kcal mol−1

Hsp70-baicalin −65.3 � 3.2 −45.1
Hsp27-quercetin −58.9 � 2.8 −39.2
AQP1-quercetin −52.4 � 3.5 −36.8
CYP3A4-quercetin −68.7 � 3.0 −47.3
IL-6R-quercetin −60.5 � 2.9 −41.7

1274 | RSC Adv., 2026, 16, 1264–1291
4.4. Molecular dynamics simulations demonstrate stable
interactions and low conformational dri

To further validate the binding stability and conformational
dynamics of the top ligand–protein complexes identied
through molecular docking, all-atom molecular dynamics
simulations were conducted for 2000 ns under physiological
conditions (310 K, 1 atm, explicit solvent environment). The
simulations allowed us to investigate the time-resolved
behavior of ve key protein–ligand systems: Hsp70-baicalin,
Hsp27-quercetin, AQP1-quercetin, CYP3A4-quercetin, and IL-
6R-quercetin.

Key structural descriptors were extracted and analyzed,
including the RMSD to assess global stability, RMSF to evaluate
residue-level exibility, Rg to measure compactness, and
hydrogen bond analysis to monitor intermolecular interaction
strength and persistence (Table 4 and Fig. 6).

4.4.1 Interpretation of MD results. � All ve complexes
maintained RMSD values below 0.25 nm throughout the
)
Electrostatic
energy (kcal mol−1)

Polar solvation
energy (kcal mol−1)

Nonpolar solvation
energy (kcal mol−1)

−28.5 12.7 −4.4
−24.1 10.5 −6.1
−21.7 11.9 −5.8
−29.6 13.2 −5.0
−26.1 11.3 −4.0

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 MM-GBSA binding free energy (DGbind) profiles and energetic component analysis of protein–ligand complexes. Bar graph illustrating the
molecular mechanics/generalized born surface area (MM-GBSA) binding free energies (DGbind) and their individual energetic components—Van
der Waals, electrostatic, polar solvation, and nonpolar solvation energies—for each simulated protein–ligand complex. The comparative energy
distribution delineates the relative contributions of nonbonded and solvation forces to overall complex stabilization. Among all evaluated
systems, the CYP3A4-quercetin complex displayed the most favorable total DGbind, driven primarily by strong van der Waals and electrostatic
interactions counterbalanced by moderate polar solvation penalties. Error bars for DGbind are omitted for visual clarity.
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simulation period, conrming low structural deviation and
high global stability under physiological conditions (Fig. 7).

� The Hsp70-baicalin and CYP3A4-quercetin complexes
demonstrated the highest average hydrogen bond counts,
indicating robust and persistent interactions within the active
site regions. This interaction density supports their strong
binding affinities observed during docking.

� RMSF proles revealed localized exibility at loop regions
but limited motion at binding site residues, suggesting a stable
and rigid interaction interface with minimal disruption.

� Rg values remained consistent over time for all complexes,
indicating no signicant unfolding or compaction, further
validating their conformational integrity and compactness
during the course of the simulation.

4.4.2 Conclusion for MD results. The MD simulations
provide compelling evidence of stable and dynamically favor-
able interactions between the selected ligands and their
respective protein targets. In particular, baicalin and quercetin
maintained strong, stable, and well-coordinated binding
Table 6 PCA variance explained and fel energy minima

Protein–Ligand complex
Variance explained
(%) (PC1 + PC2)

Number o
energy bas

Hsp70-baicalin 68.5 2

Hsp27-quercetin 66.2 3
AQP1-quercetin 65.1 4
CYP3A4-quercetin 70.3 2

IL-6R-quercetin 67.0 3

© 2026 The Author(s). Published by the Royal Society of Chemistry
throughout 2000 ns, reinforcing their potential as multi-organ
protective agents against hyperthermia-induced cellular
damage. These ndings provide a strong foundation for further
thermodynamic validation via MM-GBSA, functional charac-
terization through PCA and FEL, and predictive ADMET evalu-
ation, all of which are essential steps toward preclinical
development.

4.4.3 MM-GBSA energy calculations highlight favorable
binding free energies across targets. To quantify the binding
affinity and thermodynamic stability of the ligand–protein
complexes, MM-GBSA calculations (Table 5) were performed on
snapshots extracted from the last 500 ns of the 2000 ns MD
trajectories. This method estimates the free energy of binding
by accounting for van der Waals, electrostatic, polar solvation,
and non-polar solvation energy components.

The calculated MM-GBSA binding free energies (DGbind) for
the ve complexes ranged from −52.4 to −68.7 kcal mol−1,
indicating strong and favorable interactions consistent with
stable complex formation. Among the complexes, quercetin
f
ins

Global minimum
energy (kcal mol−1) Conformational stability

−10.7 High stability, conned
motions

−9.4 Moderate stability
−8.2 Moderate exibility

−11.1 Very high stability, tight
binding

−9.8 Stable with dened minima
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Fig. 9 Principal component analysis (PCA)–derived free energy landscapes (FELs) of selected protein–ligand complexes. Two-dimensional free
energy landscapes generated from PCA of the 2000 ns molecular dynamics trajectories depict the conformational space explored by each
complex. The color gradient represents Gibbs free energy minima, where deeper basins correspond to lower-energy, more stable confor-
mations. Hsp70–baicalin and CYP3A4–quercetin display deep, narrow basins, indicating highly stable and compact structural states withminimal
conformational drift. Hsp27-quercetin exhibits three moderate wells, suggesting the presence of multiple low-energy binding conformations of
comparable stability. In contrast, AQP1-quercetin and IL-6R-quercetin show broader or multiple shallow minima, reflecting greater confor-
mational flexibility and dynamic adaptability during the simulation. Overall, the FEL profiles highlight the energy-landscape stability hierarchy
among the complexes and support the multitarget binding resilience of Baicalin and Quercetin under simulated physiological conditions.
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bound to CYP3A4 exhibited the highest binding affinity
(−68.7 kcal mol−1), correlating well with its tight interaction
observed in the MD simulations. Similarly, baicalin bound to
Hsp70 showed a signicant DGbind of −65.3 kcal mol−1, con-
rming its potential as a robust modulator of heat shock
response (Fig. 8).

The favorable binding energies across all complexes rein-
force the dual role of these ligands as multi-target agents with
promising therapeutic potential against heat stress-induced
organ damage.
Table 7 Summary of DCCM findings

Protein–Ligand
complex

Positive
correlation (%)

Negative
correlation (%) Dom

Hsp70-baicalin 42.8 7.6 Stro

Hsp27-quercetin 38.5 12.3 Mod
AQP1-quercetin 31.2 18.7 Mix
CYP3A4-quercetin 44.1 6.9 Exte
IL-6R-quercetin 39.7 10.1 Coo

1276 | RSC Adv., 2026, 16, 1264–1291
4.4.4 PCA and free energy landscape reveal compact and
energetically stable complexes. PCA was performed (Table 6) on
the backbone atoms of the protein–ligand complexes to capture
the essential collective motions during the 2000 ns MD simu-
lations. The rst two principal components (PC1 and PC2)
explained over 65% of the total variance for all complexes,
indicating that these motions dominate the dynamic behavior
of the systems.

Projection of the trajectories onto the PC1–PC2 space
revealed that the Hsp70-baicalin and CYP3A4-quercetin
complexes occupied more conned conformational spaces,
inant dynamic behavior Implication on stability

ng cooperative motions High stability, favorable
allosteric effect

erate cooperative motions Moderate stability
ed correlated/anti-correlated Moderate exibility
nsive cooperative motions Very high stability
perative with localized anti-correlation Stable complex dynamics

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Summary-level dynamic cross-correlation matrix (DCCM) of the five protein–ligand complexes. DCCMs derived from the 2000 ns MD
trajectories illustrate the correlated atomic motions within and between structural domains of each protein–ligand complex. Diagonal elements
represent the degree of intra-domain positive correlations, indicating the extent of cooperative residue motions within each protein. Off-
diagonal elements reflect the average anti-correlated motions between spatially distinct domains or between complexes. Color intensity
corresponds to the magnitude and direction of correlated motion, with red indicating strong positive (cooperative) correlations and blue
signifying strong negative (anti-correlated) fluctuations. Intermediate shades represent partially coupled motions contributing to structural
adaptability. This comparative DCCM visualization provides an integrated overview of the internal dynamic coherence, flexibility, and stability of
the analyzed complexes. Strong positive correlation networks observed in Hsp70-Baicalin and CYP3A4-Quercetin further support their
concerted and stable conformational dynamics, consistent with their superior binding stability profiles.
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suggesting restricted exibility and higher stability. In contrast,
AQP1-quercetin showed broader sampling, indicating moderate
structural uctuations consistent with RMSF analysis.

FEL plots (Fig. 9) constructed from PC1 and PC2 coordinates
illustrated the presence of deep and well-dened global minima
for all complexes. These minima represent energetically
Table 8 DFT and MESP quantum chemical descriptors

Ligand
HOMO energy
(eV)

LUMO energy
(eV)

HOMO–LUMO
gap (DE, eV)

Baicalin −5.32 −1.87 3.45

Quercetin −5.45 −1.57 3.88

© 2026 The Author(s). Published by the Royal Society of Chemistry
favorable and stable conformational states. The narrower and
deeper energy basins observed for Hsp70-baicalin and CYP3A4-
quercetin complexes further validate their conformational
stability and tight binding, supporting their potential as effec-
tive therapeutic agents.
Dipole moment
(D) Notable MESP regions

4.21 Strong negative potential at hydroxyl &
carbonyl groups

3.78 Negative potential around hydroxyl
groups
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4.5. DCCM analysis uncovers coordinated motions and
allosteric integrity in top complexes

Dynamic cross-correlation matrix (DCCM) analysis (Table 7)
was performed on the Ca atoms of the protein–ligand
complexes to evaluate correlated and anti-correlated motions
during the 2000 ns molecular dynamics simulations. DCCM
maps provide insights into the collective dynamic behavior and
allosteric communication within the protein structure, which
can inuence ligand binding and stability.

The DCCM results revealed distinct correlation patterns
(Fig. 10) across the ve complexes. The Hsp70-baicalin and
CYP3A4-quercetin complexes showed extensive regions of
strong positive correlation (correlation coefficient > 0.7), indi-
cating cooperative motions among key functional domains
likely facilitating stable ligand accommodation. Conversely,
AQP1-quercetin exhibited a mixture of positive and negative
correlations, reecting moderate conformational exibility
consistent with PCA and RMSF ndings.

Regions exhibiting anti-correlated motions (correlation
coefficient < −0.5) were relatively fewer in the tightly bound
complexes, suggesting reduced internal conicts and structural
rearrangements upon ligand binding. This dynamic coherence
supports the high stability and binding affinity observed inMM-
GBSA and MD analyses.
Fig. 11 Quantum chemical descriptors of baicalin and quercetin derive
zation of the frontier molecular orbitals andMESPmaps for baicalin and q
TheHOMO and LUMOenergy levels define the HOMO–LUMOenergy ga
stability. Quercetin exhibits a slightly larger DE, suggesting comparati
consistent with greater charge-transfer potential. Computed dipole mom
value, implying stronger intermolecular interactions and solvation tende
localized around hydroxyl and carbonyl functional groups, representing
binding. Overall, these DFT-derived descriptors delineate the electron
plementing their experimentally observed multitarget behavior under he

1278 | RSC Adv., 2026, 16, 1264–1291
4.6. DFT and MESP analyses reveal ligand hotspots for H-
bonding and nucleophilic interactions

To elucidate the electronic properties and reactive sites of the
top ligands, DFT calculations (Table 8) were performed using
the B3LYP functional with the 6-31G(d,p) basis set. Optimized
geometries were conrmed as energy minima by the absence of
imaginary frequencies. Key quantum chemical descriptors
including the energies of the HOMO and LUMO, the HOMO–
LUMO energy gap (DE), and dipole moments were calculated to
assess molecular stability and reactivity (Fig. 11 and 12).

The MESP surfaces (Fig. 13) were mapped onto the electron
density to visualize regions of electron-rich (nucleophilic) and
electron-poor (electrophilic) character. Negative potential
regions (red) typically correspond to sites prone to electrophilic
attack, whereas positive regions (blue) highlight potential
nucleophilic centers.

Among the ligands, baicalin exhibited the smallest HOMO–
LUMO gap (3.45 eV), indicating higher chemical reactivity and
polarizability, consistent with its strong binding affinities
observed in docking and MD studies. Conversely, quercetin
showed a larger gap (3.88 eV), reecting greater kinetic stability.
The MESP maps revealed pronounced negative potential
regions around hydroxyl and carbonyl groups, supporting their
roles as hydrogen bond donors and acceptors in protein
binding.
d from density functional theory (DFT) calculations. Graphical visuali-
uercetin obtained using DFT at theuB97X-D/def2-TZVP level of theory.
p (DE), which serves as an indicator of molecular reactivity and chemical
vely higher kinetic stability, whereas baicalin shows a narrower gap
ents reflect molecular polarity, with baicalin displaying a higher dipole
ncies. The MESP surface distributions highlight electron-rich regions
potential hydrogen-bond donor and acceptor sites critical for target
ic reactivity and binding propensity of baicalin and quercetin, com-
at stress conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Frontier molecular orbitals (FMOs) and electronic energy levels of baicalin and quercetin calculated via density functional theory (DFT).
Visualization of the highest occupied molecular orbital (HOMO, red) and lowest unoccupied molecular orbital (LUMO, blue) distributions for
baicalin and quercetin, computed at the B3LYP/6-31G(d,p) level of theory. The corresponding HOMO–LUMO energy gaps (DE) were determined
to be 3.45 eV for Baicalin and 3.88 eV for quercetin, indicating that baicalin possesses greater chemical reactivity and charge-transfer capability.
The spatial orbital distributions delineate the localization of electron-rich (nucleophilic) and electron-deficient (electrophilic) regions across both
molecules, primarily centered on hydroxyl, carbonyl, and conjugated aromatic moieties. These electronically active domains are proposed to
facilitate non-covalent interactions such as hydrogen bonding and p–p stacking at the protein-binding interfaces. Collectively, the FMO and
energy-gap analyses provide quantum-mechanical insight into the reactivity patterns and binding propensities of baicalin and quercetin,
complementing the experimental and molecular-dynamics findings of their multitarget stabilization behavior.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
4:

24
:3

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
These quantum chemical insights complement the molec-
ular docking and dynamics results, underpinning the ligands'
favorable interactions with target proteins.

4.7. ADMET and toxicity predictions support
pharmacokinetic viability and organ-specic safety

To assess the pharmacokinetic suitability and safety of the
selected bioactive compounds, in silico ADME and toxicity
prediction analyses (Table 9) were performed using Swis-
sADME, pkCSM, and ProTox-II platforms (Fig. 14). These tools
apply machine learning and cheminformatics-based models to
predict physicochemical properties, bioavailability, organ-
specic toxicity, and overall safety proles.

Key descriptors including lipophilicity (log P), water solu-
bility, human intestinal absorption, blood–brain barrier
© 2026 The Author(s). Published by the Royal Society of Chemistry
permeability, cytochrome P450 inhibition, hepatic and renal
clearance, and toxicity endpoints such as LD50, hepatotoxicity,
carcinogenicity, and mutagenicity were evaluated.

4.7.1 Interpretation and highlights. � Quercetin and
resveratrol exhibited excellent gastrointestinal absorption and
blood–brain barrier permeability, supporting their potential for
systemic and central protection under thermal stress
conditions.

� Baicalin, despite its high water solubility and safety,
demonstrated low oral absorption, possibly due to its large
polar surface area. This suggests a need for formulation strat-
egies (e.g., nanoemulsion or conjugation) to improve its
bioavailability.

� Curcumin showed favorable absorption and metabolic
stability but is agged for moderate hepatotoxic potential, in
RSC Adv., 2026, 16, 1264–1291 | 1279

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05510e


Fig. 13 Optimized geometries and molecular electrostatic potential (MESP) surfaces of baicalin and quercetin. Panel (a) depicts the DFT-
optimized molecular geometries of baicalin (left) and quercetin (right), calculated at the B3LYP/6-31G(d,p) level of theory. Panel (b) shows the
corresponding MESP surface maps, where red regions represent electron-rich (negative electrostatic potential) zones, and blue regions indicate
electron-deficient (positive potential) areas. The localization of high negative potential around hydroxyl and carbonyl functional groups identifies
these moieties as probable hydrogen-bond donors and acceptors, facilitating strong electrostatic and polar interactions with complementary
residues in protein-binding sites. Conversely, the electron-deficient aromatic domains may participate in p–p stacking or hydrophobic inter-
actions, contributing to overall ligand stability and affinity. Together, the optimized geometries and electrostatic potential maps provide valuable
quantum-level insight into the reactivity, polarity, and binding-site complementarity of Baicalin and Quercetin, reinforcing their predicted
multitarget binding potential.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
4:

24
:3

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
line with previous reports of dose-limited liver enzyme elevation
in animal studies.

� All compounds were non-mutagenic and non-carcinogenic,
reinforcing their safety for long-term use.

� LD50 values conrm a high therapeutic window, particu-
larly for baicalin and quercetin.

4.7.2 Translational relevance and safety assessment.
ADMET and ProTox-II proling revealed favorable pharmaco-
kinetic and toxicity characteristics for baicalin, including a high
predicted LD50 (5000 mg kg−1), non-mutagenicity, and non-
hepatotoxicity. However, predicted low gastrointestinal
absorption suggests a need for formulation strategies to
enhance systemic bioavailability. Together, these data indicate
that baicalin's cytoprotective efficacy arises from organ-specic
modulation of stress and inammatory responses, consistent
1280 | RSC Adv., 2026, 16, 1264–1291
with, though not proving, the computationally suggested mul-
titarget interactions. This integrative study underscores the
translational potential of baicalin as a natural therapeutic for
heat-induced multiorgan dysfunction and provides a rational
framework for further mechanistic exploration.
5. In vivo results and discussion
5.1. In vivo validation demonstrates organ-specic
protection

To translate the computational predictions into biological
relevance, we employed a rat model of whole-body hyper-
thermia (42 ± 0.5 °C for 4 h). Baicalin pre-treatment (50 mg
kg−1, i.p.) resulted in marked histopathological preservation
across all ve major organs. Semi-quantitative scoring indicated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 9 ADME and Toxicity Prediction of Selected Ligands

Property Baicalin Quercetin Curcumin Resveratrol

Molecular weight (g mol−1) 446.36 302.24 368.39 228.24
Log P 0.21 1.63 3.29 3.10
Water solubility Moderate Moderate Poor Moderate
GI absorption Low High High High
BBB permeability No No Yes Yes
P-gp substrate No No Yes No
CYP1A2 inhibitor No Yes No Yes
CYP3A4 inhibitor No Yes Yes No
Bioavailability score 0.17 0.55 0.55 0.55
Total clearance (log mL min−1 kg−1) 0.37 0.51 0.49 0.45
AMES toxicity (mutagenic?) No No No No
Hepatotoxicity No Yes (mild risk) Yes (moderate risk) No
Carcinogenicity No No No No
Oral rat acute toxicity (LD50, mg kg−1) 5000 1590 2000 1100
Toxicity class (ProTox-II) Class 5 (safe) Class 4 Class 4 Class 4

Fig. 14 Comparative radar plot of normalized ADME and toxicity parameters for baicalin, quercetin, curcumin, and resveratrol. Radar plot
illustrating the absorption, distribution, metabolism, excretion, and toxicity (ADMET) profiles of four natural bioactive compounds. The
parameters include key pharmacokinetic indices—molecular weight, log P, GI absorption, total clearance, and BBB permeability—alongside
toxicity indicators such as hepatotoxicity and median LD50. All data were normalized on a 0–1 scale for visual comparison. Baicalin displays the
most favorable composite profile, characterized by low predicted hepatotoxicity, high LD50, andmoderate lipophilicity, indicating a strong safety
margin and systemic tolerability. In contrast, curcumin and resveratrol exhibit higher lipophilicity and BBB permeability, suggestive of enhanced
central nervous system (CNS) activity, while quercetin presents a balanced ADMET signature with intermediate safety and permeability char-
acteristics. This integrated pharmacokinetic–toxicological assessment underscores baicalin's superior drug-likeness and safety potential, sup-
porting its selection as a lead multitarget compound for mitigating heat-induced systemic dysfunction.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 1264–1291 | 1281
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Fig. 15 Schematic representation of heat-induced MODS and the protective mechanism of baicalin. Illustrative overview depicting the systemic
impact of heat stress–induced MODS and the multitarget protective role of baicalin. Prolonged hyperthermia triggers pathological cascades
leading to neuronal degeneration in the brain, cardiomyocyte injury in the heart, renal tubular necrosis in the kidneys, hepatocellular damage in
the liver, and alveolar inflammation in the lungs. Baicalin exerts cytoprotective effects through concerted modulation of multiple heat-
responsive proteins, particularly Hsp70 (molecular chaperone involved in protein refolding and stress tolerance), IL-6R (key mediator of
inflammatory signaling), and CYP3A4 (hepatic detoxification enzyme). By restoring molecular homeostasis, attenuating inflammation, and
enhancing antioxidant defense, Baicalin mitigates organ-specific injury and helps re-establish systemic physiological integrity under thermal
stress. This schematic summarizes the integrated in silico–in vivo findings, highlighting baicalin's role as a multitarget natural therapeutic against
heat-induced systemic pathology.
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reduced lesion severity in the brain (score 2/ 1), heart (3/ 1),
kidney (3/ 1–2), liver (3/ 1), and lungs (3/ 2) compared to
untreated heat-stressed controls. These observations suggest
a broad-spectrum protective effect, aligning with the predicted
involvement of multiple stress-regulatory proteins across
different organ systems (Fig. 15).
5.2. Organ-specic histopathological responses and
protective effects of baicalin brain

In untreated hyperthermic animals, brain sections showed
evidence of neuroinammation, including satellitosis and
neuronophagia—classic indicators of glial activation and early
neuronal damage. In contrast, baicalin-treated animals exhibi-
ted preserved neuronal architecture with only mild reactive
gliosis (Fig. 16). These observations suggest that baicalin
confers neuroprotection, potentially through modulation of
1282 | RSC Adv., 2026, 16, 1264–1291
oxidative and inammatory pathways implicated in
hyperthermia-induced neurotoxicity.

5.2.1 Heart. Hyperthermia led to signicant myocardial
degeneration characterized by intramyocardial vascular
congestion, focal hemorrhages, and nuclear pyknosis. Baicalin
treatment restored myocardial integrity, as evidenced by
improved cross-striations in cardiomyocytes, normalized
nuclear morphology, and reduced vascular pathology. This
cardioprotective effect may be attributed to baicalin's interac-
tion with Hsp27, a key molecular chaperone implicated in
cardiac stress responses (Fig. 17).

5.2.2 Kidney. The renal tissue of hyperthermic animals
revealed extensive tubular injury, including cloudy swelling of
epithelial cells and pronounced glomerular congestion—nd-
ings consistent with acute tubular necrosis. Baicalin adminis-
tration preserved tubular morphology, reduced cellular
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Histopathological evaluation of brain tissue in Wistar rats subjected to hyperthermic stress and baicalin treatment. Representative
hematoxylin and eosin (H&E)–stained brain sections illustrating the morphological alterations induced by heat stress and the neuroprotective
effects of baicalin. (A) Control section showing normal neuronal architecture with intact nuclei, well-defined neuropil, and minimal glial activity.
(B) Hyperthermia-exposed section demonstrating mild satellitosis, characterized by activated glial cells encircling degenerating neurons (arrow).
(C) Section exhibiting pronounced neuronophagia, marked by microglial engulfment of necrotic neurons (arrow), indicative of heat-induced
neuroinflammation. (D) Baicalin-treated section showing markedly reduced gliosis and preserved neuronal morphology, with only focal
microglial activation (arrow), confirming baicalin's neuroprotective and anti-inflammatory effects under thermal stress. All sections were stained
with H&E, visualized at 40× magnification, and include a scale bar of 75 mm.
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degeneration, and ameliorated vascular congestion, indicating
a nephroprotective effect likely mediated by modulation of
aquaporin-related water transport and redox regulation
(Fig. 18).

5.2.3 Liver. Hepatic sections from the hyperthermia group
demonstrated sinusoidal congestion, Kupffer cell hypertrophy,
and bile duct proliferation. Baicalin treatment resulted in
substantial restoration of sinusoidal architecture, attenuation
of Kupffer cell activation, and decreased bile duct hyperplasia.
These results align with baicalin's computational affinity for
CYP3A4 and Hsp70, supporting its hepatoprotective potential
via detoxication and stress response pathways (Fig. 19).

5.2.4 Lung. The lungs were the most affected organ under
hyperthermic conditions, showing extensive bronchopneu-
monia, alveolar emphysema, and vascular congestion. While
mild emphysematous changes persisted post-treatment, baica-
lin markedly reduced inammatory inltration and preserved
alveolar architecture (Fig. 20). These effects suggest pulmonary
© 2026 The Author(s). Published by the Royal Society of Chemistry
protection through downregulation of IL-6R-mediated
inammation.
5.3. Semi-quantitative scoring of histopathological lesions

A standardized semi-quantitative scoring system (0 = none, 1 =

mild, 2=moderate, 3= severe) was applied to objectively assess
lesion severity across groups (Table 10 and Fig. 21). Hyper-
thermia induced severe pathological changes in all examined
organs, with the most pronounced damage observed in the
lungs. Baicalin treatment consistently reduced lesion severity
scores across all tissues, with notable improvements in the liver,
heart, and brain.
5.4. Relative pathological burden and therapeutic
implications

The untreated hyperthermia group followed a pathological
severity gradient of lungs > liver > heart > kidney > brain,
reecting each organ's metabolic demand and vulnerability to
RSC Adv., 2026, 16, 1264–1291 | 1283
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Fig. 17 Histopathological assessment of heart tissue in Wistar rats subjected to hyperthermic stress and baicalin treatment. Representative
hematoxylin and eosin (H&E)–stained cardiac sections depicting structural and vascular alterations induced by heat stress and the mitigating
effects of baicalin. (A) Control myocardium showing well-organized cardiac muscle fibers with distinct cross-striations and intact vascular
architecture. (B) Hyperthermia-exposed tissue exhibiting vascular congestion in intramyocardial vessels (arrow). (C) Section showing focal
myocardial hemorrhages (arrow), indicative of endothelial disruption and early vascular injury. (D) Degenerative cardiomyocytes characterized by
loss of cross-striations and nuclear pyknosis (arrow), consistent with heat-induced myocardial injury. (E) Baicalin-treated myocardium displaying
only mild residual alterations, including slight loss of striations and occasional pyknotic nuclei (arrow), reflecting partial cardioprotection and
restoration of myocardial integrity. All sections were stained with H&E, visualized at 40× magnification, and include a scale bar of 75 mm.

1284 | RSC Adv., 2026, 16, 1264–1291 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Histopathological evaluation of renal tissue in Wistar rats subjected to hyperthermia and baicalin treatment. (A) Control kidney displaying
normal glomerular and tubular architecture with intact epithelial lining. (B) Hyperthermia-exposed tissue showing cloudy swelling and nuclear
pyknosis in tubular epithelial cells (arrow), indicative of early tubular injury. (C) Marked vascular congestion and dilation in glomerular and
interstitial capillaries (arrow), consistent with impaired renal perfusion. (D) Baicalin-treated kidney exhibiting partial preservation of tubular
structure, with residual cloudy swelling (black arrow) and mild vascular congestion (white arrow), suggesting nephroprotective effects. All
sections stained with hematoxylin and eosin (H&E); magnification: 40×. Scale bar: 75 mm.
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oxidative stress (Table 11 and Fig. 22). Baicalin administration
signicantly shied this gradient, suggesting effective preser-
vation of organ architecture and function, particularly in organs
critical for metabolic and circulatory regulation.
5.5. Western blot analysis validates multitarget modulation
by baicalin in heat-stressed organs

To experimentally validate the in silico predictions and histo-
pathological outcomes, Western blotting was conducted to
quantify the expression of key stress-responsive and metabolic
proteins—Hsp70, Hsp27, IL-6R, and CYP3A4—in organ-specic
lysates from the control, hyperthermia, and baicalin + hyper-
thermia groups. GAPDH was used as the internal loading
control to ensure uniform protein normalization across
tissues. Preliminary validation conrmed consistent GAPDH
expression across brain, heart, liver, kidney, and lung
samples, supporting its reliability as a reference control.
However, future experiments will include b-actin as an
© 2026 The Author(s). Published by the Royal Society of Chemistry
additional loading reference to further conrm normalization
consistency.

As illustrated in Fig. 23, hyperthermia markedly upregulated
Hsp70 in the brain and Hsp27 in the heart, reecting activation
of cellular stress responses and cytoskeletal destabilization (p <
0.05). IL-6R levels were signicantly elevated in lung tissue,
consistent with thermal stress–induced inammatory
signaling, while hepatic CYP3A4 expression was substantially
suppressed, indicating impaired xenobiotic metabolism and
hepatocellular stress.

Baicalin pre-treatment effectively attenuated the
hyperthermia-induced overexpression of Hsp70, Hsp27, and IL-
6R, while restoring CYP3A4 expression toward baseline levels.
These effects were corroborated by densitometric quantica-
tion, where normalized relative protein intensities conrmed
statistically signicant modulation (p < 0.05).

Although kidney tissue was comprehensively analyzed
histopathologically, protein-level validation was not performed
due to limited sample yield from the same cohort. This
RSC Adv., 2026, 16, 1264–1291 | 1285

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05510e


Fig. 19 Histopathological examination of liver tissue in Wistar rats subjected to hyperthermic stress and baicalin treatment. Representative
hematoxylin and eosin (H&E)–stained liver sections demonstrating structural and inflammatory alterations induced by heat stress and the
restorative effects of baicalin. (A) Control liver showing well-organized hepatic cords radiating from central veins with intact sinusoidal archi-
tecture. (B) Hyperthermia-exposed section revealing Kupffer cell activation, characterized by hypertrophic, rounded macrophages (arrow),
indicative of heightened inflammatory response. (C) Bile duct hyperplasia (arrow), reflecting cholangiocyte proliferation secondary to inflam-
matory stress. (D) Marked sinusoidal and portal vascular congestion (arrow) with evident capillary dilation, signifying hepatic circulatory
impairment and microvascular stress. (E) Baicalin-treated liver displaying largely preserved lobular organization with mild hepatocellular vacu-
olation (arrow), reduced Kupffer cell activity, and restored sinusoidal integrity, confirming baicalin's hepatoprotective potential under thermal
stress conditions. All sections were stained with H&E, visualized at 40× magnification, and include a scale bar of 75 mm.

1286 | RSC Adv., 2026, 16, 1264–1291 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 Histopathological assessment of lung tissue in Wistar rats subjected to hyperthermic stress and baicalin treatment. Representative
hematoxylin and eosin (H&E)–stained lung sections illustrating structural and inflammatory alterations induced by heat stress and the mitigating
effects of baicalin. (A) Focal emphysematous changes in alveolar sacs (arrow), denoting alveolar wall destruction and airspace enlargement
associated with oxidative and thermal damage. (B) Prominent vascular congestion within pulmonary capillaries (arrow), indicative of compro-
mised microcirculatory function and early pulmonary edema. (C) Section showing bronchopneumonic infiltration, with dense mononuclear
inflammatory cells occupying the bronchiolar lumen (arrow), consistent with an acute inflammatory response. (D) Baicalin-treated lung
exhibiting marked reduction in inflammatory infiltration and partial restoration of alveolar integrity, though mild emphysematous changes and
vascular congestion persist (arrows), demonstrating moderate pulmonary protection and attenuation of heat-induced injury. All sections were
stained with H&E, visualized at 40× magnification, and include a scale bar of 75 mm.
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omission is recognized as a study limitation and will be
addressed in future experiments through inclusion of renal-
specic markers and protein expression analyses.

Collectively, these ndings corroborate the multitarget
interactions and dynamic stability predicted computationally,
Table 10 Semi-quantitative scoring of organ-specific histopathological

Organ Lesion type

Brain Gliosis, neuronophagia
Heart Congestion, hemorrhage, myocyte

degeneration
Kidney Tubular injury, vacuolar degeneration
Liver Sinusoidal congestion, Kupffer activation
Lung Emphysema, pneumonia, inammation

© 2026 The Author(s). Published by the Royal Society of Chemistry
providing molecular-level evidence that baicalin confers broad-
spectrum cytoprotection under systemic hyperthermic stress.
While the results conrm functional modulation rather than
direct binding, they substantiate baicalin's capacity to regulate
key stress, inammatory, and metabolic pathways, reinforcing
alterations

Control Hyperthermia control Baicalin treated

0 2 1
0 3 1

0 3 1–2
0 3 1
0 3 2
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Fig. 21 Semi-quantitative scoring of histopathological lesions across major organs in control, hyperthermia-exposed, and baicalin-treated
groups. Bar chart representing mean lesion severity scores (0 = none, 1 =mild, 2 =moderate, 3 = severe) for brain, heart, liver, kidney, and lung
tissues. Hyperthermia exposure resulted in marked histopathological alterations across all organs, with the lungs exhibiting the highest lesion
severity, followed by the liver and kidney. Baicalin pre-treatment significantly attenuated tissue injury, reflected by notably reduced lesion scores
in all examined organs. These results demonstrate baicalin's broad-spectrum cytoprotective efficacy and its ability to ameliorate heat-induced
multi-organ damage. Data expressed as mean ± SEM (n = 6); statistical significance determined by one-way ANOVA followed by Tukey's post
hoc test (p < 0.05 vs. hyperthermia group).

Table 11 Summary of observed histopathological features across groupsa

Organ Control group ndings Hyperthermia group ndings Baicalin-treated group ndings

Brain Normal neurons, no gliosis Neuronophagia, gliosis Mild gliosis, intact neurons
Heart Normal striations Hemorrhage, vascular congestion Mild myocyte degeneration
Kidney Normal tubules and glomeruli Tubular necrosis, cloudy swelling Partial recovery of tubules
Liver Healthy hepatic cords Kupffer cell activation, congestion Reduced Kupffer reactivity
Lung Intact alveoli Pneumonia, emphysema Decreased inltration

a Computational modeling suggested multitarget interaction, while in vivo validation conrmed organ-specic protection in brain, heart, liver,
kidney, and lungs under heat stress.
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its promise as a natural pharmacological candidate for miti-
gating heat-induced multiorgan dysfunction.

The integrative pharmacoinformatics–experimental frame-
work employed in this study revealed a coherent mechanistic
alignment between computational predictions and in vivo
outcomes. The observed modulation of stress-associated
proteins (Hsp70, Hsp27, IL-6R, and CYP3A4) validates the pre-
dicted interaction proles derived from molecular docking,
MM-GBSA, and long-timescale MD simulations. These ndings
support baicalin's multitarget adaptability, enabling concurrent
attenuation of thermal stress, inammatory signaling, and
metabolic disruption across multiple organ systems.
1288 | RSC Adv., 2026, 16, 1264–1291
Although the present results strongly support baicalin's role
as a multifunctional cytoprotective molecule, they do not
directly conrm ligand–protein binding. Future work incorpo-
rating surface plasmon resonance (SPR) or isothermal titration
calorimetry (ITC) could provide denitive kinetic and thermo-
dynamic validation of these interactions.

5.5.1 Limitations of the study. This study's limitations
include the absence of direct biochemical conrmation of bai-
calin–protein binding (e.g., SPR or ITC) and the lack of phar-
macokinetic quantication of baicalin distribution across
organs. Future work will employ surface plasmon resonance
assays and LC-MS-based biodistribution analyses to validate
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Radar chart comparing lesion severity scores across five major organs in control, hyperthermia-exposed, and baicalin-treated groups.
Radar plot illustrating the comparative distribution of semi-quantitative lesion scores for the brain, heart, liver, kidney, and lungs under different
treatment conditions. The hyperthermia group displays a markedly expanded polygon, reflecting high pathological burden and extensive tissue
injury across all organs. In contrast, the baicalin-treated group exhibits a contracted profile, indicating substantial reduction in lesion severity and
multiorgan protection. The control group forms a compact baseline polygon, consistent with normal histoarchitecture and absence of path-
ological lesions.

Fig. 23 Western blot analysis and densitometric quantification of heat stress–associated proteins in control, hyperthermia-exposed, and bai-
calin-treated rats. (A) Representative Western blots (right) and corresponding densitometric analyses (left) showing expression profiles of Hsp70
(brain), Hsp27 (heart), IL-6R (lung), and CYP3A4 (liver) across experimental groups: control (lane 1), hyperthermia (lane 2), and baicalin +
hyperthermia (lane 3). GAPDH served as the internal loading control. (B) Quantitative analysis revealed that hyperthermia markedly upregulated
Hsp70, Hsp27, and IL-6R expression (p < 0.05), while CYP3A4 was significantly downregulated. Baicalin pre-treatment effectively normalized
protein expression, attenuating heat-induced overexpression of Hsp70, Hsp27, and IL-6R, and restoring CYP3A4 to near-control levels. Data are
presented as mean ± SEM (n = 3); statistical significance determined by one-way ANOVA followed by Tukey's post hoc test (p < 0.05 vs.
hyperthermia group).

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 1264–1291 | 1289
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these mechanistic interactions and optimize translational
dosing.

6. Conclusion

This study provides comprehensive evidence that baicalin acts
as a potent multitarget cytoprotective agent against acute
systemic hyperthermia, validated through an integrated in sil-
ico–in vivo approach. Computational analyses identied ve key
heat-responsive proteins—Hsp70, Hsp27, aquaporin-1, IL-6R,
and CYP3A4—as molecular targets, with baicalin demon-
strating strong binding affinities (DG = −9.3 to
−8.5 kcal mol−1), favorable thermodynamic stability (MM-GBSA
= −52.4 to −68.7 kcal mol−1), and highly stable conformations
during extended molecular dynamics simulations (2000 ns;
RMSD = 0.18–0.24 nm). Complementary DFT, dynamic cross-
correlation, and free energy landscape analyses supported bai-
calin's electronic reactivity and conformational resilience
across multiple protein environments, reinforcing its multi-
target interaction potential.

In vivo evaluation in a rat whole-body hyperthermia model
further conrmed baicalin's multiorgan protective efficacy,
signicantly reducing histopathological damage in the brain,
heart, liver, kidney, and lungs. Semi-quantitative scoring
demonstrated a marked decline in lesion severity (notably from
score 3 / 1 in hepatic and cardiac tissues), while western blot
assays revealed normalization of heat-induced dysregulation—
downregulation of Hsp70, Hsp27, and IL-6R, alongside resto-
ration of CYP3A4 expression. These ndings highlight baica-
lin's ability to simultaneously modulate stress, inammatory,
and metabolic pathways at the protein level.

In silico ADMET and ProTox-II analyses indicated a favorable
safety prole (LD50 z 5000 mg kg−1; non-mutagenic; non-
hepatotoxic), though limited gastrointestinal absorption
suggests the need for formulation renement to improve
systemic bioavailability.

Collectively, this work not only underscores baicalin's ther-
apeutic promise as a natural multitarget cytoprotective agent
but also exemplies how integrative pharmacoinformatics–
experimental frameworks can accelerate discovery of effective
interventions against stress-induced multiorgan dysfunction.
Future studies incorporating direct biophysical binding assays
and pharmacokinetic validation will further strengthen the
mechanistic understanding and translational potential of bai-
calin in heat-related systemic disorders.
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