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A B S T R A C T   

The present study examined the potential neuroprotective effects of aloe-emodin (AE) nano-
particles on the cerebral stroke-associated target protein myeloperoxidase (MPO). We investi-
gated the binding interactions between AE and MPO through molecular docking and molecular 
dynamics simulations. Molecular docking results indicated that AE exhibited a binding energy of 
− 6.9 kcal/mol, whereas it was − 7.7 kcal/mol for 2-{[3,5-bis(trifluoromethyl)benzyl]amino}-n- 
hydroxy-6-oxo-1,6-dihydropyrimidine-5-carboxamide (CCl). Furthermore, molecular dynamics 
studies demonstrated that AE possesses a stronger binding affinity (− 57.137 ± 13.198 kJ/mol) 
than does CCl (− 22.793 ± 30.727 kJ/mol), suggesting that AE has a more substantial inhibitory 
effect on MPO than does CCl. Despite the therapeutic potential of AE for neurodegenerative 
disorders, its bioavailability is limited within the body. A proposed hypothesis to enhance the 
bioavailability of AE is its conversion into aloe-emodin nanoparticles (AENP). The AENPs syn-
thesized through a fabrication method were spherical with a consistent diameter of 104.4 ± 7.9 
nm and a polydispersity index ranging from 0.525 to 0.586. In rats experiencing cerebral stroke, 
there was a notable increase in cerebral infarction size; abnormalities in electrocardiogram (ECG) 
and electroencephalogram (EEG) patterns; a decrease in brain and cardiac antioxidant activities; 
and an increase in myeloperoxidase levels compared to those in normal rats. Compared with AE 
treatment, AENP treatment significantly ameliorated cerebral infarction, normalized ECG and 
EEG patterns, enhanced brain and cardiac antioxidant activities, and reduced MPO levels in 
stroke rats. Histopathological evaluations revealed pronounced alterations in the rat hippocam-
pus, with pyknotic nuclei, disarray and loosely packed cells, deterioration of cardiac muscle 
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fibers, and extensive damage to cardiac myocytes, in contrast to those in normal rats. AENP 
treatment mitigated these pathological changes more effectively than AE treatment in both brain 
and cardiac cells. These findings support that AENP provides considerable protection against 
stroke-associated myocardial infarction.   

1. Introduction 

Oxidative stress is a predominant pathophysiological contributor to cerebral stroke, exacerbating neurological damage and inciting 
systemic complications, including myocardial injury. The abrupt suspension and subsequent reestablishment of blood flow during 
cerebral ischemic events give rise to the generation of reactive oxygen species (ROS). Excessive ROS production during cerebral I/R 
injury causes cellular and molecular oxidative injury, exacerbating both cardiac and cerebral tissue damage [1]. ROS play a pivotal 
role in coordinating several deleterious processes that contribute to lipid peroxidation, DNA fragmentation and protein oxidation and 
preferentially damage highly oxygenated cells [2,3]. Oxidative events observed in myocardial tissues after stroke have been associated 
with arrhythmogenesis, depressed contractility and myocardial remodeling, highlighting the profound effect that cerebral events have 
on cardiac function and vice versa [4,5]. Similarly, oxidative stress markers such as malondialdehyde (MDA) and myeloperoxidase 
(MPO) are commonly increased after stroke, paralleling the severity of cardiac involvement, possibly reflecting an inflammatory 
response to both cardiac and cerebral injury [6,7]. Antioxidant defense systems such as those involving innate enzymes, including 
superoxide dismutase (SOD) and glutathione peroxidase, are also impaired during cerebral I/R, resulting in a systemic oxidative stress 
response [8]. In summary, the available data emphasize the central role of oxidative stress in the development of myocardial injury 
after stroke, identifying a therapeutic target to alleviate exacerbated complications after stroke. 

MPO is recognized as a pivotal enzyme in the pathology of cerebral stroke-associated myocardial injury and serves as a critical link 
between inflammatory pathways and oxidative tissue damage [9]. There is a well-documented increase in the expression and activity 
of MPO within the ischemic myocardium, indicating its role in intensifying poststroke cardiac complications. The role of the enzyme in 
generating reactive oxygen species and activating inflammatory cascades highlights the destructive interaction between cerebral 
incidents and secondary organ damage [10]. Initial studies lent empirical support to the involvement of MPO in myocardial harm, 
wherein the therapeutic inhibition of MPO resulted in reduced oxidative stress markers and decreased cardiac injury after ischemic 
stroke [11]. Subsequent molecular research has reinforced the significance of MPO as a therapeutic target, demonstrating that a 
decrease in MPO activity correlates with a diminished degree of damage in cardiac tissue in preclinical stroke models. 

Aloe-emodin (AE), a naturally occurring anthraquinone derived from the Aloe species, has garnered attention in pharmacological 
research due to its broad spectrum of therapeutic properties. It has been reported to possess potential pharmacological activities, 
including cardioprotective [12], antifungal [13], anticancer [14], antiviral [14], anti-liver fibrosis [15], immunosuppressive [16], 
cerebroprotective [17], hepatoprotective [18], antiplasmodial [16], and anti-atherosclerotic [19] effects. Unfortunately, because of its 
remarkable neuroprotective potential, the clinical application of AE is hindered by several pharmacological challenges, notably, its 
low water solubility, poor absorption and extremely low systemic bioavailability, which restrains its bioavailability in the bloodstream 
and target organs. As demonstrated in several therapeutic studies, the poor bioavailability of AE can be ascribed to its fast metabolism 
and excretion, as well as to its poor membrane permeability [20,21]. In an attempt to overcome such limitations, recent advances in 
nanoscience and nanotechnology have led to the emergence of innovative drug delivery systems [22,23]. The use of 
nanotechnology-aided formulations of AEs as nanoparticles (AENPs) has gained momentum and been considered by many research 
groups [24]. Due to their unique features, which include enhanced solubility and stability, enhanced permeability across biological 
barriers and improved retention in systemic circulation, AENPs have the potential to amplify the cerebroprotective and car-
dioprotective effects of AE. Thus, it can be suggested that this drug formulation can significantly improve the delivery of AE to the 
brain and myocardial tissues and thereby dramatically enhance its therapeutic efficacy. MPO is a crucial enzyme involved in 
inflammation and a target for therapeutic intervention. It has a role in both oxidative stress and neuroinflammation during the 
development of cerebral ischemia‒reperfusion injury [25]. Current inhibitors of MPO that have been explored for the treatment of 
cerebral stroke and myocardial infarction include compounds such as 4-aminobenzoic acid hydrazide and thioxanthines, which have 
demonstrated efficacy in reducing MPO activity and related tissue damage [26–28]. Park MY et al. [29] reported that AE reduces the 
expression of COX2 and INOS during inflammation. However, there is currently no scientific evidence supporting the idea that aloe 
emodin inhibits inflammation and oxidative stress by inhibiting MPO. Therefore, the current study focused on integrating experi-
mental findings with computational models to improve our understanding of the molecular dynamics that facilitate the beneficial 
effects of AE and its interplay with pivotal inflammatory mediators such as MPO and to evaluate MPO expression in the brain and heart 
tissue of stroke rats. 

2. Materials and methods 

2.1. Materials 

Aloe-emodin (AVRA Synthesis Pvt. In addition, Hyderabad, CAS Number: 481-72-1), DTNB (5,5-dithiol-bis-(2-nitrobenzoic acid) 
(Kemphasol, Mumbai, Maharashtra; CAS Number: 69-78-3), 2,3,5-triphenyl tetrazolium chloride (TTC) (Suvidhinath Laboratories, 
Vadodara, Gujarat; CAS Number: 298-96-4), phenazine methosulfate (TCI Pvt. Ltd., CAS Number 299-11-6), nitro blue tetrazolium 
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chloride (SRL Pvt. Ltd., India, CAS Number 298-83-9), β-nicotinamide adenine dinucleotide disodium salt (SRL Pvt. Ltd. India, CAS 
Number 606-68-8) 

2.2. In silico studies 

2.2.1. Protein preparation 
The 3D structure of MPO in complex with the reversible inhibitor HX1 (PDB ID: 4C1M) [30] was downloaded from the Protein Data 

Bank (PDB). All nonprotein molecules were excluded from 4C1M. All docking calculations were performed using AutoDock 4.0 [31]. 
MPO was modified by endowing it with polar hydrogen and performing rigid-body docking in AutoDock. In contrast, all torsional 
bonds of the ligands were set free using AutoDock Tools. 

2.2.2. Ligand preparation 
The 2D structures of the ligands AE (https://pubchem.ncbi.nlm.nih.gov/compound/10207) and CCl (2-{[3,5-bis(trifluoromethyl) 

benzyl]amino}-n-hydroxy-6-oxo-1,6-dihydropyrimidine-5-carboxamide) were obtained from PubChem. The ligands were then docked 
with the force field MMFF94 and converted into a 3D structure [32]. 

2.2.3. Molecular docking 
A docking study was performed using AutoDock Vina [31]. The input files needed to run this program were prepared using 

AutoDock software. The AutoDock files were prepared by adding polar hydrogen atoms and Gasteiger charges. For X, Y, and Z, the grid 
box size in AutoDock Vina was maintained at 12, and the binding center was located at x = 17.942000, y = − 19.690519 and z =
− 2.558926. However, the default setting maintained the energy range at eight. AutoDock Vina developers have provided a shell script 
for implementing Vina [33]. Ligand-binding affinity was expressed as a negative score, with kcal/mol as a unit. Each ligand input 
generated nine ligand poses with different binding energies, similar to the AutoDock Vina script. The pose with the highest binding 
affinity was extracted from the docked complex using an in-house Perl script. 

2.2.4. Molecular dynamics 
Myeloperoxidase was selected as the target molecule for studies with the reversible inhibitor HX1 (PDB ID: 4C1M). Both AE and CCl 

{2-{[3,5-bis(trifluoromethyl)benzyl]amino}-N-hydroxy-6-oxo-1,6-dihydropyrimidine-5-carboxamide} were chosen for molecular 
dynamics (MD) simulations. The ligand topology was generated using the ATB server [34]. The GROMACS tool pdb2gmx was utilized 
to add hydrogen atoms to the heavy atoms of the ligands. Initially, the energy of the prepared systems was minimized under vacuum by 
employing 1500 steepest descent steps. Following energy minimization, the systems were solvated in a cubic periodic box using the 
simple point charge extended (SPCE) water model. To ensure charge neutrality and mimic physiological conditions, 0.15 M Na+ and 
Cl-counterions were added. System preparation protocols were guided by a previously published methodology [35]. After NPT 
equilibration, the resulting structure was subjected to a 200 ns production run in an NPT ensemble. The simulation trajectory was 
analyzed using an array of tools provided by the GROMACS software, such as protein root mean square deviation (RMSD), 
root-mean-square fluctuation (RMSF), radius of gyration (RG), solvent-accessible surface area (SASA), and hydrogen bonding [36]. 
Additionally, the binding free energy associated with AE was calculated throughout the simulation time using the MM-PBSA method 
and the GROMACS utility g_mmpbsa [37]. 

2.2.5. Animals 
Healthy adult albino Wistar strains (220–250 g) of both sexes aged 8–10 weeks were obtained from Vyas Lab, Hyderabad. The rats 

were housed under standard husbandry conditions (25 ± 5 ◦C, 12 h light/dark cycle) with standard rat feed and water available ad 
libitum. The experimental protocol was approved by the IAEC of the Santhiram College of Pharmacy (1519/PO/Re/S/l1/CPCSEA/ 
2022/005). 

2.2.6. Preparation of AENP 
The nanosuspension was formed by dissolving aloe-emodin in 1-butanol to obtain a 15 mg/mL solution, which was combined with 

an antisolvent (hexane) to produce a nanosuspension. The solvent and antisolvent must be miscible for the successful formation of 
nanosuspensions. A 1:10 ratio of 1-butanol to n-hexane is acceptable. The nanosuspension was then transferred to a round-bottomed 
flask and connected to a rotary evaporator. The flask was placed in a bath at 40 ◦C with a rotation speed of 90 rpm and pressure of 300 
mbar. The solid was dried by evaporation to obtain nanoparticles. The prepared nanoparticles were characterized using a HORIBA 
particle size analyzer (SZ100), which indicated their particle size. The stability of the prepared formulation was characterized using the 
polydispersity index (PDI) [38]. 

2.2.7. Experimental procedure for the induction of cerebral ischemia in rats via the BCCAO/R model 
Under anesthesia with ketamine (60 mg/kg) and xylazine (10 mg/kg), common carotid arteries were exposed and isolated from 

surrounding tissues and vagus nerves. The sections were then blocked for 10 min and then reopened for 10 min. This constituted one 
cycle, and the experiment was repeated three times. After three cycles, pupil dilation, corneal reflexes, limb reflexes, and rectal 
temperature were monitored. A heating lamp was used to maintain body temperature and prevent hypothermia [39]. 
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2.2.8. Experimental design 
The experimental animals were randomly divided into five groups (n = 6) and pretreated for 14 days according to the treatment 

schedule. Cerebral ischemia was induced using the BCCAO/R model [40]. Based on a previous study [17,41], in this study, a sub-
maximum dose of 25 mg/kg AE was selected, and its efficacy was compared with that of 25 mg/kg AENP. 

Group I Normal control 
Group II Sham control group 
Group III Disease Control (BCCAO/R) 
Group IV AE (25 mg/kg, p.o.) rats were pretreated for 14 days, and then BCCAO/R was performed. 
Group V AENP (25 mg/kg, p.o.) was pretreated for 14 days, and then BCCAO/R 

2.2.9. Electrocardiogram (ECG) and electroencephalogram (EEG) monitoring 
At the end of reperfusion, the rats were subjected to electrocardiogram (ECG) and electroencephalogram (EEG) monitoring under 

ketamine (60 mg/kg) and xylazine (9 mg/kg) using Polyrite D (Polygraph Digital, RMS, India). Subcutaneous attachment of the ECG 
electrodes was performed on the paws and chest of the rats in the supine position. ECG parameters, such as RR, PR, QRS intervals, heart 
rate, and QTc amplitude, were analyzed for cardiac activity [42]. For EEG monitoring, electrodes were placed on the top and lateral 
sides of the rat head with a dental ceramic cream. The electrodes were connected to a preamplifier. The rats were placed in a recording 
chamber or cage with minimal restraint to allow normal behavior. EEG signals were recorded using a data acquisition system. 

2.2.10. Tissue biochemical parameters 
After conducting the ECG and EEG tests, the rats were euthanized, and their brains and hearts were removed and washed with cold 

0.9 % saline. Researchers have subsequently used the TTC staining method to determine the size of cerebral infarction [43]. The brain 
and heart tissues were homogenized at a concentration of 10 % (w/v) in cold phosphate buffer (0.05 M, pH 7.4), and the resulting 
homogenates were centrifuged at 1000×g for 10 min at 4 ◦C. The supernatant was used to measure glutathione (GSH) [44], superoxide 
dismutase (SOD) [45], malondialdehyde (MDA) [46], and myeloperoxidase activity [47]. 

2.2.11. Histological studies 
The sagittal portion of the brain was cut and fixed in 10 % neutral buffered formalin, and the heart was fixed in the same solution. 

The brain and heart were embedded in paraffin to prepare paraffin sections, and 4-μm-thick sections were cut and stained with he-
matoxylin and eosin (H&E) for histopathological examination [48]. 

2.2.12. Statistical methods 
The mean ± standard error of the mean (SEM) was calculated for all datasets where a significant difference between the means was 

observed, and this was determined using one-way analysis of variance (ANOVA) followed by a Dunnett comparison test. Statistical 
significance was set at p < 0.05. 

3. Results 

3.1. Molecular docking 

To confirm the accuracy of the docking method, a redocking study preceded the ligand binding to the MPO active site. Crystal-
lographic analysis identified the compound CCl (2-([3,5-bis(trifluoromethyl)benzyl]amino)-N-hydroxy-6-oxo-1,6- 

Fig. 1. RMSD values and superimposition of the native cocrystallized (blue) and docked (pink) poses of MPO.  
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dihydropyrimidinecarboxamide) within the MPO binding pocket. A root mean square deviation (RMSD) of 0.935893 Å between the 
redocked position and the position observed in the crystal structure (PDB ID: 4c1m) confirmed the reliability and effectiveness of the 
docking protocol, as depicted in Fig. 1. 

Table 1 displays the binding affinity, denoted as ΔG (kcal/mol), of ligands to the target protein, along with the essential amino acids 
involved in the interaction. Binding affinity quantifies a ligand’s propensity to bind a protein; a closer proximity among amino acids 
involved in binding correlates with a stronger interaction. 

The binding energies and interactions between AE and CCl with myeloperoxidase are shown in Table 2. The ligands AE and CCl 
demonstrated binding affinities of − 6.9 and − 7.7 ΔG (kcal/mol), respectively. The detailed interactions include various amino acids at 
specified distances (Å), indicative of hydrogen bonding, as well as hydrophobic and electrostatic interactions. Hydrogen bonding 
involves GLU A:102 (5.32) and ARG A:424 (4.82), while hydrophobic interactions are mediated by PHE C:407 (8.11) and LEU C:417 
(6.42). ARG C333 (6.58, 7.34) engages in electrostatic interactions. In contrast, the interactions for CCl comprised hydrogen bonds 
with GLN A:91 (5.35), GLU A:242 (4.85) and HIS C:336 (4.46); hydrophobic interactions with ARG C:239 (4.30), VAL C:410 (5.13), 
PHE A:407 (5.44), MET C:411 (5.87), PRO A:220 (5.13, 7.38) and PHE C:366 (6.21, 6.18); and one electrostatic interaction involving 
GLU A:242 (4.63) Fig. 2. 

3.2. Molecular dynamic studies 

All-atom MD simulations can be used to effectively analyze protein structural dynamics and interactions with ligands, revolu-
tionizing the field of computer-aided drug design and discovery. This technique facilitates the examination of molecular systems at the 
atomic scale. In our study, we utilized MD simulations to capture the dynamic changes in the target protein upon binding to ligands. 
We calculated several parameters, such as the root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), radius of 
gyration (Rg), solvent accessible surface area (SASA), and intermolecular hydrogen bonding, for both protein‒ligand complexes. 

We assessed the stability of the protein‒ligand complex by analyzing the RMSD trends over time (Fig. 3A) (see Fig. 2). The results 
revealed that equilibrium was attained within 10 ns, with stable distributions over the course of the simulation. The RMSD values 
confirmed that the stability exceeded 100 ns for both the standard (CCL) and the ligand ALO. This indicated that these complexes 
remained consistent and stable throughout the simulation, with average RMSD values of 0.25 and 0.02 nm for CCL and 0.30 and 0.03 
nm for AE, respectively, signifying minimal variation. 

The RMSF was used to assess individual residue fluctuations and identify flexible regions within the protein, providing insights into 
ligand-binding effects. Higher RMSF values correspond to loosely ordered loops, while more compact structures such as beta-sheets 
and alpha-helices exhibit lower RMSFs. The quantified RMSF values for all residues in the CCL and AE complexes (Fig. 3B) had av-
erages of 0.12 and 0.08 nm for CCL and 0.11 and 0.06 nm for AE, respectively, suggesting a negligible influence on the overall RMSF 
distribution of the complexes. 

Using the Rg values tracked over time (Fig. 3C), we examined the dynamic stability and compactness of the CCL and its AE complex. 
The average Rg values for CCL and AE were 2.37 ± 0.007 nm and 2.35 ± 0.007 nm, respectively, indicating almost identical compact 
structures within both systems. 

SASA analytically determines protein molecule accessibility in a solvent. Therefore, by computing SASA values (Fig. 3D), we 
determined the impact of AE binding on the target’s solvent exposure. The average SASA values for CCL and AE were 248.33 ± 3.9 nm2 

and 255.74 ± 4.3 nm2, respectively, showing a consistent pattern and the absence of significant fluctuations during the simulation. 
Finally, hydrogen bond formation plays a vital role in stabilizing protein‒ligand interactions. Time-dependent analysis of hydrogen 

bonding with AE (Fig. 3E) showed that the docked complex remained stable, supported by two to nine hydrogen bonds with AE 
throughout the simulation. The average SASA values for CCl and AE were thus found to be 248.33 ± 3.9 nm and 255.74 ± 4.3 nm, 
respectively. In the simulation, the SASA values maintained fair equilibration and did not exhibit large fluctuations. 

The formation of hydrogen bonds is critical for evaluating the stability of protein‒ligand interactions. In this study, we investigated 
the time-dependent behavior of the hydrogen bonds in AE (Fig. 3E). According to our analysis, the docked complex is stable throughout 
the simulation. It is held in place by two to nine hydrogen bonds with ALO. 

3.2.1. MM - PBSA 
To ascertain the binding affinity between CCl and AE, we measured the strength of their relative binding to a high-energy protein. 

Comparison of the CCL and AE binding strengths of the MM-PBSA inhibitors. Over a stable simulation trajectory, we calculated the 
residue-level contributions to interaction energy, as presented in Table 2. 

Table 1 
Binding energies and interaction details of AE and CCl with myeloperoxidase.  

Ligands Protein Binding 
affinity, 
ΔG (Kcal/ 
mol) 

Amino acids involved and distance (Å) 

Hydrogen-Bond Interactions Hydrophobic Interactions Electrostatic 
Interactions 

AE MPO (PDB: 
4C1M) 

− 6.9 GLU A:102 (5.32), ARG A:424 
(4.82) 

PHE C:407 (8.11), LEU C:417 (6.42) ARG C:333 (6.58, 
7.34) 

CCl − 7.7 GLN A:91 (5.35), GLU A:242 
(4.85), HIS C:336 (4.46) 

ARG C:239 (4.30), VAL C:410 (5.13), PHE A:407 (5.44), MET 
C:411 (5.87), PRO A:220 (5.13, 7.38), PHE C:366 (6.21, 6.18) 

GLU DA:242 
(4.63)  
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The molecular interaction energies revealed exciting insights into the different behaviors of CCl and AE. With CCl presenting an 
elevated van der Waals energy of − 112.771 ± 23.244 kJ/mol, over the van der Waals energy of AE of − 83.974 ± 14.054 kJ/mol, the 
former can form stronger dispersion forces, representing relatively stronger intermolecular attraction, compared to the AE. On the 
other hand, an increasingly higher electrostatic energy of − 225.617 ± 10.423 kJ/mol is shown by AE, which suggests that there are 
more pronounced dipole‒dipole or ion-dipole interactions than in CCl. The polar solvation energies for CCl and AE were consistently 
highly positive at 253.003 ± 70.776 kJ/mol and 267.778 ± 23.634 kJ/mol, respectively, indicating that the molecules had sizeable 

Fig. 2. 2D interactions of selected ligands with MPO. (A) AE (B) CCl (2-{[3,5-bis(trifluoromethyl)benzyl]amino}-n-hydroxy-6-oxo-1,6-dihy-
dropyrimidine-5-carboxamide). 

Fig. 3. Molecular simulation plots of AE and CCl with 4C1M. A) RMSD plot; B) RMSF plot; C) Rg plot; D) SASA plot; and E) number of hydrogen 
bonds over the simulation time. 
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affinities for solvent molecules, with AE showing the highest and most polar solvation affinity. The binding energies also showed 
negative values for both systems, revealing the binding of both CCl and AE to the 4C1M surface. Compared with AE, CCl has more vital 
binding interactions with the 4C1M surface (− 22.793 ± 30.727 kJ/mol compared to − 57.137 ± 13.198 kJ/mol). These molecular 
results concisely illustrate the molecular behavior of CCl and AE with 4C1M, particularly the intermolecular interactions. 

3.3. AENP characterization 

We successfully developed AENPs; shows homogeneous diameter of 104.4 ± 7.9 nm and a polydispersity index of 0.525–0.586. The 
prepared nanoparticles exhibited a zeta potential of − 53.5 mV, indicating the stability of the prepared nanoparticles [Fig. 4 (A, B)] 

Fig. 4. AENP characterization: A) Particle zeta potential and B) particle size.  

Table 2 
Binding free energies from MM-PBSA calculations of CCl and AE.  

System van der Waal energy Electrostatic energy Polar solvation energy Binding energy 

CCl − 112.771 ± 23.244 kJ/mol − 146.272 ± 27.497 kJ/mol 253.003 ± 70.776 kJ/mol − 22.793 ± 30.727 kJ/mol 
AE − 83.974 ± 14.054 kJ/mol − 225.617 ± 10.423 kJ/mol 267.778 ± 23.634 kJ/mol − 57.137 ± 13.198 kJ/mol  
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3.4. Effect of cerebral infarction on BCCAO/R rats 

The current study showed a remarkable increase (52.21 %, p < 0.001***) in the percentage of cerebral infarction in BCCAO/R rats 
compared to that in normal control rats. The percentage of cerebral infarction area decreased in the AENP (13.96 %; p < 0.001***)- 
treated rats compared to that in the AE (26.65 %; p < 0.01**)-treated rats [Fig. 5 (A-E), 8A]. 

3.5. Effect of AENP on EEG 

Compared with those in the normal and sham groups, rats subjected to BCCAO/R exhibited high-amplitude unsynchronized poly- 
spikes. A previous study reported that stroke rat EEG showed polyspikes and unsynchronized waves; similar results were observed in 
stroke rats [49]. EEG revealed fewer multiple unsynchronized polyspikes and greater amplitudes in AENP-treated BCCAO/R rats than 
in AE- and BCCAO/R-treated rats [Fig. 6 (A-E)] (see Fig. 7a). 

3.6. Effect of AENP on ECG 

Compared with the normal group, the BCCAO/R group displayed a significant increase in RR intervals (0.27 ± 0.006; p < 0.001 
***), a decrease in PR intervals (0.06 ± 0.006; p < 0.05*), a decrease in QRS intervals (0.05 ± 0.012; p < 0.001 ***), a decrease in QTc 
amplitude (0.02 ± 0.011; p < 0.001 ***), and a decrease in heart rate (218.21 ± 0.22; p < 0.001 ***). In contrast, compared with those 
in the BCCAO/R and AE treatment groups, the rats that were pretreated with 25 mg/kg AENP exhibited a significant decrease in the RR 
interval (0.27 ± 0.004; p < 0.01*) [Fig. 7b. (A)], an increase in the PR interval (0.1 ± 0.018; p < 0.05*) [Fig. 7b. (B)], an increase in 
the QRS interval (0.12 ± 0.003; p < 0.001 ***) [Fig. 7b. (C)], an increase in the QTc amplitude (0.05 ± 0.011; p < 0.05*) [Fig. 7b. 
(D)], and an increase in the heart rate (249 ± 0.096; p < 0.01**) [Fig. 7b. (E)]. 

3.7. Effect of AENP on brain biochemical parameters in BCCAO/R rats 

Brain GSH levels were significantly decreased to 0.79 ± 0.456 (p < 0.001 ****) in rats with BCCAO/R-induced brain damage 
compared to those in normal rats (2.11 ± 0.751) and sham rats (2.13 ± 0.756). AENP-treated rats showed significantly greater brain 
GSH levels (1.68 ± 0.671; p < 0.001 ****) than did AE-treated rats (1.55 ± 0.643; p < 0.01 **) (Fig. 8B. Brain CAT levels were 
significantly decreased to 2.06 ± 0.748 (p < 0.001 ****) in BCCAO/R-induced rats compared to those in normal rats (9.98 ± 1.625) 
and sham rats (9.58 ± 1.601) (Fig. 8C). AENP-treated rats showed significantly greater brain CAT levels (5.93 ± 1.26; p < 0.001 ****) 
than did AE-treated rats (4.62 ± 1.15; p < 0.001 ***). Brain SOD levels were significantly decreased to 0.7 ± 0.433 (p < 0.001 ****) in 
BCCAO/R-induced rats compared to those in normal rats (3.63 ± 0.989) and sham rats (3.63 ± 0.989). AENP-treated rats showed 
significantly greater brain SOD levels (2.49 ± 0.817; p < 0.001 ****) than did AE-treated rats (2.03 ± 0.736; p < 0.01 **) (Fig. 8D). 
Brain MDA levels were significantly greater at 0.7 ± 0.433 (p < 0.001 ****) in BCCAO/R-induced rats than in normal rats (3.63 ±
0.989) and sham rats (3.63 ± 0.989). Compared with AE-treated rats, AENP-treated rats had significantly greater brain MDA levels 
(2.49 ± 0.817; p < 0.01 **) (2.03 ± 0.736; p < 0.01) (Fig. 8E). Brain MPO levels were significantly increased to 0.15 ± 0.15 (p < 0.001 
****) in BCCAO/R-induced rats compared to those in normal rats (0.02 ± 0.055) and sham rats (0.02 ± 0.055). AENP-treated rats 
showed significantly lower brain MPO levels (0.09 ± 0.12; p < 0.01 **) than did AE-treated rats (0.14 ± 0.157; p < 0.05 *) (Fig. 8F). 

3.8. Effect of AENP on heart biochemical parameters in BCCAO/R rats 

Heart GSH levels were significantly lower in BCCAO/R-induced rats than in both normal and sham rats, with values of 23.8 ± 2.008 
and 42.40 ± 2.65, respectively (p < 0.001***). Compared with those in the brains of the AENP-treated rats, the GSH levels in the brains 
of the AE-treated rats were 40 ± 2.5 and 29.6 ± 2.2, respectively (p < 0.01**) (Fig. 9A). Heart CAT levels were also significantly lower 
in BCCAO/R-induced rats than in normal and sham rats, with values of 22.40 ± 1.9 and 43 ± 2.65, respectively (p < 0.001***). AENP- 
treated rats showed increased CAT levels in the rat brain compared to those in AE-treated rats, with values of 37.8 ± 2.5 and 30.4 ±
2.2, respectively (p < 0.001***) (Fig. 9B). Heart SOD levels were significantly lower in BCCAO/R-induced rats than in normal and 
sham rats, with values of 12.52 ± 1.448 and 24 ± 2.01, respectively (p < 0.001***). AENP-treated rats showed increased SOD levels in 

Fig. 5. Effect of AENP on cerebral infarction. A) Normal rats, B) Sham control rats, C) BCCAO/R rats, D) AE treatment + BCCAO/R rats, E) AENP 
treatment + BCCAO/R rats. 

P.K. Pasala et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e33154

9

the rat brain compared to those in AE-treated rats, with values of 24.52 ± 2.03 and 21.24 ± 1.8, respectively (p < 0.001***) (Fig. 9C). 
Heart MDA levels were significantly greater in BCCAO/R-induced rats than in normal and sham rats, with values of 7.14 ± 1.09 and 
1.52 ± 0.5, respectively (p < 0.001***). Compared with those in the brains of the AENP-treated rats, the MDA levels in the brains of the 
AE-treated rats were 3.18 ± 0.73 and 5.49 ± 0.96, respectively (p < 0.01**) (Fig. 9D). Heart MPO levels were significantly greater in 
BCCAO/R-induced rats than in normal and sham rats, with values of 8.53 ± 1.196 and 1.3 ± 0.5, respectively (p < 0.001***). 
Compared with those in the brains of the AE-treated rats, the MPO levels in the brains of the nano-AENP-treated rats were decreased, 
with values of 5.1 ± 0.93 and 6.84 ± 1.09, respectively (p < 0.01**) (Fig. 9E) 

3.9. Histological studies 

3.9.1. Brain histology 
Histological analysis indicated that, unlike sham control rats, rats subjected to I/R exhibited shrinkage and atrophy of neurons in 

the CA1 region of the hippocampus, as well as neuronal necrosis. This finding is consistent with those reported by Vamshi et al. [50]. 
Compared to BCCAO/R rats, AENP-treated rats exhibited a decrease in the number of scattered neuronal cells, an increase in the 
number of cells in contact, and a thickening of the pyramidal cell layer in the hippocampal region. Furthermore, compared with AE 
treatment, AENP treatment resulted in a reduced number of apoptotic neurons and dystrophic changes, as evidenced by the shrinking 
and irregular shapes of the cells [Fig. 10 (A-E)]. 

3.9.2. Heart histology 
The normal and sham groups displayed a typical appearance of heart tissue without any signs of degeneration or damage. In 

contrast, the IR group showed an abnormal appearance with wavy myofibers and extensive damage to cardiac muscle fibers and 
myocytes (yellow arrow), consistent with previous studies [51]. However, AENP administration significantly reduced the extent of 
histopathological changes induced by IR, resulting in a significant reduction in heart damage. The myocardial fibers in the AENP group 
were uniformly arranged, and minimal damage to the cardiomyocytes was observed [Fig. 11 (A-E)]. 

Fig. 6. Effect of AENP on EEG (n = 6; compared with the disease group (Group II), *p < 0.05, **p < 0.01, ***p < 0.001). A) Normal rats B) Sham 
control C) BCCAO/R rats D) AE treatment + BCCAO/R rats E) AENP treatment + BCCAO/R rats. 

Fig. 7a. Effect of AENP on ECG (n = 6; compared with the disease group (Group II), *p < 0.05, **p < 0.01, ***p < 0.001). A) Normal rats B) Sham 
Rats C) BCCAO/R Rats D) AE treatment + BCCAO/R Rats D) AENP treatment + BCCAO/R Rats. 
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Fig. 7b. Effect on ECG parameters (n = 6; compared with the disease group (Group II), *p < 0.05, **p < 0.01, ***p < 0.001). A) RR intervals. B) PR 
intervals. C) QRS intervals. D) QTc intervals. E) Heart rate. 
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Fig. 8. Effect of AENP on brain biochemical parameters in BCCAO/R rats (n = 6; compared with the disease group (Group II), *p < 0.05, **p <
0.01, ***p < 0.001). A) % infarction size. B) Brain GSH activity. C) Brain CAT activity. D) Brain SOD activity. E) Brain MDA activity. F) Brain 
MPO activity. 

P.K. Pasala et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e33154

12

Fig. 9. Effect of AENP on heart biochemical parameters in BCCAO/R rats (n = 6; compared with the disease group (Group II), *p < 0.05, **p < 0.01, 
***p < 0.001). A) Heart GSH activity. B) Heart catalase activity. C) Heart SOD activity. D) Heart MDA activity. E) Heart MPO activity. 
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4. Discussion 

Cerebral stroke can lead to secondary myocardial injury, exacerbating outcomes, and increasing mortality. MPO is a pathological 
factor involved in stroke-associated myocardial injury [52]. AE, a natural anthraquinone compound, exhibits antioxidant and 
anti-inflammatory effects and can mitigate stroke-induced myocardial damage by inhibiting MPO [12,53]. The therapeutic potential of 
AE is limited due to its low bioavailability. Using nanotechnology-based delivery systems can circumvent this limitation and enhance 
the bioavailability of emodin. Using molecular dynamics simulations and in vivo analyses, we showed that aloe-emodin nanoparticles 
can potentially prevent cerebral stroke-associated myocardial injury by targeting myeloperoxidase. Understanding the protective 
ability of aloe-emodin nanoparticles could lead to the development of novel therapeutics to mitigate myocardial injury following 
ischemic stroke. 

Molecular docking and MD simulations are indispensable computational modeling techniques in drug discovery pipelines [54]. The 
former determines how a prospective drug molecule is likely to dock in the binding site of the protein target, predicts the binding 
affinities, and compares the intermolecular characteristics of the drug-bioactive and bioactive-bioactive sites. The latter methodologies 
are used to monitor the motion of an atomic and molecular system over time and provide a complete atomic-level understanding of the 
binding/unbinding and inhibition mechanisms of protein‒ligand complexes. Thus, molecular docking and MD simulations can pro-
vide accurate structural data on a drug-protein complex’s binding energy, stability patterns, and dynamics over time, enabling the 
delineation of lead optimization and structure-activity relationship (SAR) studies. By harnessing the potential of high-throughput in 
silico screening coupled with computational techniques that can eliminate atomic-level hints, these methods have led us to succeed in 
hit identification, lead compound development, and corroboration of the proposed mechanism in a very cost-efficient manner; that is, 
avoiding the financial and temporal expense of wet laboratory iterations will make it possible to facilitate a swift drug discovery 
process. 

The present study showed a significant binding affinity between AE and CCl: the molecular docking results predicted a binding 
affinity of − 6.9 kcal/mol for AE and − 7.7 kcal/mol for CCl. A comparison of these results with those of previous studies was presented 
to provide more context for the results. Van Antwerpen et al. and Aldib et al. described [55] the design and synthesis of novel 
bisarylalkyl amine derivatives as potent myeloperoxidase inhibitors that interact with Glu102, Arg424, Gln91, and Arg239. In this 
study, AE interacted with Glu102 and Arg424 through hydrogen bonds, CCl interacted with Gln91 through hydrogen bonds, and 
Arg239 interacted via hydrophobic interactions. Matos et al. [56] described the molecular docking of ligands obtained from the zinc 
database with myeloperoxidase. They reported that ZINC660255 interacts with Glu102 through hydrogen bonding, with Gln91 

Fig. 10. Displays the histopathological examination results of the CA1 region of the brain hippocampus (compared with the disease group (Group 
II)). In normal rats, the cell bodies of pyramidal neurons are tightly packed and arranged in 2–3 rows, with small, vesicular nuclei, prominent 
nucleoli, and minimal cytoplasm (A). The cell body morphology of the sham control group was similar to that of the normal group (B). In contrast, 
the BCCAO/R rats displayed disarranged and loosely packed cell bodies that appeared dark and elongated and exhibited pyknotic nuclei (C). The 
AE-treated rats showed well-defined granule cell bodies with some pyknotic nuclei (D). Compared with the AE and BCCAO/R rats, the AENP-treated 
rats displayed packed, prominent cell bodies with nuclei arranged in 3–4 rows (E). All results are presented in American English, adhering to their 
spelling, specific terms, and phrases, without making any changes to the citation, reference, or in-line citations or by modifying the numbers in 
the text. 
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through d π-stacking interactions, and that ZINC4471880 interacts with Gln91 through hydrogen bonding. This finding suggested that 
AE is a potent MPO inhibitor owing to these interactions, which are essential for MPO inhibition. 

MD simulations were performed to determine the dynamic stability of the ligand‒protein complexes for all complexes according to 
standard protocols. Trajectory analysis revealed that the RMSD of the protein backbone atoms stabilized at 3 Å over 20 ns, indicating 
that the protein structure was stable [57]. The RMSF showed that the loop regions had some fluctuations, and the loop sites were 
unshaken (rigid). The compaction of the complex is shown in the radius of gyration (Rg) plot. The minimal SASA indicated that no 
solvent exposure would lead to instability throughout the MD simulation study. Hydrogen bond analysis revealed that the ligands 
unfolded to the native conformation, as there was a critical intermolecular hydrogen bond, and the binding interactions remained 
similar to those in the initial conformation. The Molecular Mechanics/Poisson-Boltzmann Surface Area (MM-PBSA) simulation method 
was applied to predict the binding’s molecular target protein-free energies, the presence of correct complexes, and the validation of 
binding tutorial results. It was concluded that alloconazole and isocladosporin showed stable conformations throughout the 100 ns 
simulations and RMSD, RMSF, RG, and SASA [58]. 

Table 2 displays the binding affinities of the molecular dynamics methods for the CCl and AE systems. The van der Waals inter-
action energy, which is responsible for nonbonded interactions, is negative for both ligand molecules, but CCl displays stronger hy-
drophobicity than does AE. In addition, the electrostatic energy is negative, implying favorable electrostatic interactions between the 
ligands’ charged groups and the active site’s respective residues. Overall, by comparing the binding energies of AE and CCl determined 
using the MM-PBSA method, it can be inferred that AE is stronger than CCl, with values of − 57.137 ± 13.198 and − 22.793 ± 30.727 
kJ/mol, respectively. This finding validates the docking data, confirming that AE has better binding ability. MD analysis was used to 
elucidate the molecular mechanisms involved in the interactions between ligands and receptors. 

Multiple organ dysfunction syndrome occurs in approximately 11.5 % of patients diagnosed with acute cerebrovascular disorders, 
accounting for 40.3 % of deaths [59]. Ischemic stroke leads to oxidative harm to tissues, which is exacerbated by reperfusion, an 
essential process for sustaining ischemic tissues and producing ischemia–reperfusion (I/R) damage. The occurrence of cardiac 
oxidative stress resulting from cerebral I/R shows that damage to the heart can impact the brain, and vice versa. Empirical and medical 
research indicates that oxidative stress could impact the correlation between brain impairment and heart dysfunction [60]. This study 
highlighted the significant impact of oxidative stress on the disruption of brain-cardiac control, which might result in long-term health 
complications as well as mortality following stroke. Cardiac problems rank as the second most prevalent cause of mortality following 
stroke. Acute ischemic stroke has been shown to produce both acute and persistent decreases in heart function in people without 
previous cardiac disease [59]. Our findings suggest that oxidative stress may serve as a pathway for harmful brain-heart connections 

Fig. 11. Histological examination results of the hearts of the rats in the experimental groups (compared with those in the disease group) (group II). 
A) shows the normal group, which has a standard histological architecture of cardiac myocytes with prominent nuclei. B) represents the sham group, 
which has a histological architecture of cardiac myocytes similar to that of the normal group. C) shows the BCCAO/R group, which exhibited 
marked degeneration of cardiac muscle fibers, extensive damage to cardiac myocytes (indicated by the yellow arrow), and wavy myofibers. D) 
shows the AE treatment group, which exhibited damage to cardiac myocytes and a few cardiac myocytes with prominent nuclei. E) shows the AENP 
treatment group, which exhibited compact, uniformly arranged myocardial fibers with uniformly and prominently placed nuclei (indicated by the 
blue arrow). 
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following stroke. Antioxidants have shown potential in stroke treatment by counteracting free radicals and safeguarding essential 
organs from I/R damage [61]. The potential use of medicinal plants for the treatment of nonneurological dysfunction caused by ce-
rebral I/R injury has not been well researched. However, peripheral organ failure may contribute to systemic nonneurological 
problems following stroke in clinical settings [59]. There is a lack of information regarding the impact of cerebral ischemia-induced 
oxidative stress on nonneurological organs. AE has not been evaluated for its capacity to protect distant organs from oxidative damage 
caused by ischemic stroke, despite its purported antioxidant and neuroprotective properties. The BCCAO/R paradigm was used to 
induce cerebral ischemia in rats, and its effect on oxidative stress in nonneurologically distant organs, specifically the heart, was 
examined. The study revealed that BCCAO/R leads to an elevation in oxidative stress levels in the heart. The limited bioavailability of 
AE restricts its therapeutic use [24,62]. The limited bioavailability of AE restricts its therapeutic use [24,62]. Zeta potential, a measure 
of electrostatic charge, is often the most important factor controlling the behavior of suspended particles. For example, a negative zeta 
potential means that the surfaces of the particles tend to be covered by negatively charged groups, most often due to the ionization of 
acidic groups or the adsorption of anions. A negative charge typically causes repulsion between particles and, at least partially, 
prevents them from sticking together [63]. This makes them easier to suspend and more stable. Normally, particles with a zeta po-
tential greater than − 30 mV are considered to be very stable. For example, when developing drug delivery systems, such as nano-
particles, we often want the particles to interact in a specific way with the biological membranes and cells in our body. Therefore, a 
negative zeta potential might result in different interactions with biological membranes and cells because of this charge. This, in turn, 
might affect the drug’s cellular uptake, where the drug is released in the body, and its overall efficacy. The zeta potential also 
modulates the release profile of drugs from the particles. A negative zeta potential can increase the stability of the particle surface in 
normal biological fluid and make it easier for the drug to be detected by the immune system. Therefore, in the present study, we 
synthesized AENP and tested their therapeutic potential by comparing their efficacy with that of AE against BCCAO/R-induced 
oxidative stress in the heart. 

GSH and CAT are essential low-molecular-weight antioxidants produced by cells, among which GSH is the most prevalent and 
important (Forman et al., 2009). The depletion of GSH, CAT, and SOD implies the accumulation of peroxides in the heart, as reported 
previously [64,65]. The marked reduction in GSH, SOD, and CAT activities in the heart and brain and their reversal by AENP in the 
present study confirmed BCCAO/R-induced oxidative stress in the heart and the antioxidant properties of AE [66]. The end product of 
lipid peroxidation, MDA, generates high levels of ROS that are capable of damaging cells, as observed in neurological diseases. The 
increase in lipid peroxidation in the hearts of rats after BCCAO/R found in this study agrees with earlier reports demonstrating elevated 
lipid peroxidation in the brain following BCCAO/R [64]. A significant decrease in lipid peroxidation following BCCAO/R was observed 
in the organs studied, which may be indicative of the defensive effect of AENP against lipid peroxidation and oxidative insult in the 
heart induced by cerebral ischemia/reperfusion (I/R), which is known to possess potent antioxidant and protective properties. 

MPO allows the progression of inflammatory conditions by promoting tissue damage. It accelerates the oxidation of hydrogen 
peroxide (H2O2), leading to the generation of reactive chlorinating substances such as hypochlorous acid (HOCl). These substances 
can then react with electron-rich components in various biomolecules [67]. This study revealed that BCCAO/R increased MPO activity 
in heart. This finding aligns with previous findings of elevated MPO levels in the brain as a result of BCCAO/R [64]. The ability of 
AENPs to reduce elevated MPO activity in organs indicates their potential for protection against cardiac oxidative damage. MPO causes 
neuroinflammation that involves various biological mediators and signalling cascades. In ischemic brain damage, the PI3K/AKT 
signaling pathway is involved in the cellular signaling process that occurs during MPO-mediated inflammation. The current study 
focused on estimating the expression of MPO in brain and heart tissue. Our future research will focus on investigating the PI3K/AKT 
signalling pathway in stroke and stroke-associated cardiac PI3K/AKT signalling pathways. 

5. Conclusion 

According to our computational analysis, AE clearly inhibited MPO more strongly than CCl. Cerebral ischemia/reperfusion resulted 
in notable oxidative damage, whereas AENPs demonstrated strong posttreatment defense against oxidative stress caused by BCCAO/R. 
The present study provides initial evidence of the capacity of AENP to mitigate poststroke oxidative stress in the heart. These findings 
indicate that AENP has potential as a phytomedicinal agent for mitigating postischemic heart dysfunction and reducing mortality rates. 
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[51] N.B. Türkmen, H. Yüce, A. Taşlıdere, Y. Şahin, İ. Ayhan, S. Unüvar, O. Çiftçi, 18β-glycyrrhetinic acid attenuates global cerebral ischemia/reperfusion-induced 
cardiac damage in C57BL/J6 mice, Brazilian Journal of Pharmaceutical Sciences 58 (2023). 

[52] H. Kamel, J.S. Healey, Cardioembolic stroke, Circ. Res. 120 (3) (2017) 514–526, https://doi.org/10.1161/CIRCRESAHA.116.308407. 
[53] M.Y. Park, H.J. Kwon, M.K. Sung, Dietary aloin, aloesin, or aloe-gel exerts anti-inflammatory activity in a rat colitis model, Life Sci. 88 (11–12) (2011) 486–492, 

https://doi.org/10.1016/j.lfs.2011.01.010. 
[54] O.M. Salo-Ahen, I. Alanko, R. Bhadane, A.M. Bonvin, R.V. Honorato, S. Hossain, A.H. Juffer, A. Kabedev, M. Lahtela-Kakkonen, A.S. Larsen, Molecular dynamics 

simulations in drug discovery and pharmaceutical development, Processes 9 (1) (2020) 71. 
[55] I. Aldib, M. Gelbcke, J. Soubhye, M. Prévost, P.G. Furtmüller, C. Obinger, B. Elfving, I.C. Alard, G. Roos, C. Delporte, G. Berger, D. Dufour, K. Zouaoui Boudjeltia, 

J. Nève, F. Dufrasne, P. Van Antwerpen, Novel bis-arylalkylamines as myeloperoxidase inhibitors: design, synthesis, and structure-activity relationship study, 
Eur. J. Med. Chem. 123 (2016) 746–762, https://doi.org/10.1016/j.ejmech.2016.07.053. 

[56] I.d.A. Matos, N.B. da Costa Júnior, F.C. Meotti, Integration of an inhibitor-like rule and structure-based virtual screening for the discovery of novel 
myeloperoxidase inhibitors, J. Chem. Inf. Model. 60 (12) (2020) 6408–6418, https://doi.org/10.1021/acs.jcim.0c00813. 

[57] S. Khan, U. Farooq, M. Kurnikova, Protein stability and dynamics influenced by ligands in extremophilic complexes–a molecular dynamics investigation, Mol. 
Biosyst. 13 (9) (2017) 1874–1887. 

[58] P. K, D.S.N.B.K. Prasanth, M.K.R. Shadakshara, S.F. Ahmad, R. Seemaladinne, M. Rudrapal, P.K. Pasala, Citronellal as a promising candidate for alzheimer’s 
disease treatment: a comprehensive study on in silico and in vivo anti-acetylcholine esterase activity, Metabolites 13 (11) (2023) 1133. 

[59] C. Robba, D. Battaglini, C.S. Samary, P.L. Silva, L. Ball, P.R.M. Rocco, P. Pelosi, Ischaemic stroke-induced distal organ damage: pathophysiology and new 
therapeutic strategies, Intensive Care Med Exp. 8 (Suppl 1) (2020) 23, https://doi.org/10.1186/s40635-020-00305-3. 
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