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Abstract
The aim of this research is to investigate the quantum geometric properties and chemical 
reactivity of atropine, a pharmaceutically active tropane alkaloid. Using density functional 
theory (DFT) computations with the B3LYP/SVP functional theory basis set, the most sta-
ble geometry of atropine was determined. Additionally, a variety of energetic molecular 
parameters were calculated, such as the optimized energy, atomic charges, dipole moment, 
frontier molecular orbital energies, HOMO–LUMO energy gap, molecular electrostatic 
potential, chemical reactivity descriptors, and molecular polarizability. To determine 
atropine’s inhibitory potential, molecular docking was used to analyze ligand interactions 
within the active pockets of aldo–keto reductase (AKR1B1 and AKR1B10). The results 
of these studies showed that atropine has greater inhibitory action against AKR1B1 than 
AKR1B10, which was further validated through molecular dynamic simulations by analyz-
ing root mean square deviation (RMSD) and root mean square fluctuations (RMSF). The 
results of the molecular docking simulation were supplemented with simulation data, and 
the ADMET characteristics were also determined to predict the drug likeness of a potential 
compound. In conclusion, the research suggests that atropine has potential as an inhibitor 
of AKR1B1 and could be used as a parent compound for the synthesis of more potent leads 
for the treatment of colon cancer associated with the sudden expression of AKR1B1.

Keywords  Tropane alkaloid · Chemical reactivity descriptors · Aldo–keto reductase · 
Molecular docking

Introduction

The third most common cancer in the world causing high proportion of cancer-related 
deaths is colon cancer [1]. Aldo–keto reductases (AKR1B1 and AKR1B10) are a 
group of enzymes which has been found highly upregulated in colon cancer. It has been 
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demonstrated earlier that the elevated expression of AKR1B1 is associated with higher 
mortality, inflammation, aberrant metabolic pathway activation, and poor clinical outcome 
in colon cancer [2]. Another member of AKR family, i.e., AKR1B10, shares 71% structural 
resemblance with AKR1B1 [3, 4]. The enzymes AKR1B1 and AKR1B10 use NADPH as 
a cofactor to reduce a variety of aromatic and aliphatic aldehydes, dicarbonyl compounds, 
and certain drug ketones [4–6]. Hence, by targeting the AKR1B1, colon cancer and its 
associated malignancies can be treated.

Plant alkaloids, which are considered one of the largest groups of secondary metab-
olites, contain an almost 12000 natural chemical compounds plant [7]. These are well 
known for their immense biological properties playing a vital role in human life [8]. They 
have a great deal of medicinal significance and are used to treat a variety of lethal condi-
tions, including cancer. These secondary metabolites have a wide range of biological prop-
erties including muscle relaxant, antioxidant, anticancer, anti-inflammatory, antibacterial, 
and amoebicidal activity, among others [9, 10].

Among the various secondary metabolites, tropane alkaloids are among the world’s 
earliest compounds known in medicine. These are the active constituents obtained from 
various poisonous plants and are alkaline in nature, with atropine identified from Atropa 
belladonna L. Atropine is an enantiomeric mixture of d-hyoscyamine and l-hyoscyamine, 
and most of the physiological activities are due to l-hyoscyamine. The major pharmaco-
logical action of tropane alkaloids is significant pupil dilation (mydriasis), followed by lens 
accommodation impairment (cycloplegia). A common tropane alkaloid and preferred drug 
for ophthalmologic applications due to its significant anticholinergic properties is atropine 
[11]. Atropine is associated with lesser side effects on the central nervous system than its 
comparative drug hyoscyamine with more stability and easy standardization. Additionally, 
it suppresses respiratory tract secretions and bronchodilator and also induces bradycar-
dia at low doses while tachycardia is the result of high dose [12]. The side effect of atro-
pine includes decreased gastric secretions and hyperthermia associated with no sweating. 
Atropine is also used as a standard antidote in poisoning caused by organic phosphorus 
compounds (insecticides). Already reported tropanes have anti-proliferative activity, i.e., 
6β,7β-dihydroxy-3α-(phenylacetoxy)tropane [5] and 3α-(3,4,5-trimethoxycinnamoyloxy)-
6β-(3,4,5-trimethoxybenzoyloxy)-tropane [6], and their structures are shown in Fig. 1. The 
l-enantiomer of atropine is believed to have more activity in terms of its pharmacological 
effects as compared to the d-enantiomer [13]. This is because the l-enantiomer is able to 

Fig. 1   Illustration of already reported anticancer tropane alkaloids [14]
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bind to and effectively block the activity of the muscarinic acetylcholine receptors in the 
body, which are responsible for mediating many of the physiological effects of atropine. In 
contrast, the d-enantiomer does not bind as effectively to these receptors and thus has less 
activity.

Targeting AKR1B1 and AKR1B10 with atropine is a novel approach in the field of drug 
development. AKR1B1 and AKR1B10 are enzymes that are involved in the metabolism of 
various compounds and have been linked to various diseases including cancer. The over-
expression of these enzymes has been associated with poor prognosis and resistance to 
chemotherapy. Traditional approaches to target these enzymes have focused on the devel-
opment of specific inhibitors; however, atropine, a tropane alkaloid, has been found to have 
a strong binding affinity and inhibition potential towards AKR1B1 and AKR1B10. The 
use of atropine as an inhibitor of these enzymes has the potential to offer a new avenue for 
the treatment of diseases associated with their overexpression. Additionally, atropine has a 
lower toxicity level compared to other compounds and it is also used as a standard antidote 
in poisoning caused by organic phosphorus compounds (insecticides). This makes atropine 
as a promising candidate for the development of new drugs for the treatment of conditions 
associated with the overexpression of AKR1B1 and AKR1B10.

This study aims to identify the aldo–keto reductase inhibitory potential of atropine 
(l-enantiomer) using various computation tools, i.e., density functional theory, molecular 
docking, and molecular dynamic simulations. DFT calculations are standardized method 
for obtaining information about the structure optimization and electronic characteristics of 
molecules. B3LYP is a well-known hybrid functional theory that is used to investigate elec-
tronic structure, atomic spectra, and various quantum characteristics of molecules. DFT 
study is an efficient method as compared to other quantum chemistry approaches due to its 
reliable precision, low processing cost, and high predictability [15]. Quantum chemistry 
calculations are primarily concerned with determining the most stable molecular geometry 
with lowest energy, which is then utilized to collect molecular spectra and various other 
energy parameters to confirm the compound’s structure. The study also includes various 
quantum chemical descriptors in addition to HOMO and LUMO energies, molecule polar-
izability, and reactivity prediction based on LUMO/HOMO energy transitions [16]. The 
binding energy of atropine in the active pocket of AKR1B1 and AKR1B10 was determined 
using molecular docking. Molecular docking is most commonly used computation method 
in current drug discovery because of reliable prediction of the ligand bonding. Using MD 
simulations, in-depth understanding of stability and viability of binding mechanisms of the 
compounds can be analyzed. ADMET characteristics were also calculated to determine the 
compound’s drug likeness properties [15, 17].

Methodology

Density Functional Theory Studies

Following the geometric optimization, the stereo-structural forms of the chosen molecule 
were calculated using density functional theory (DFT) with the Gaussian 09w software 
[18]. To ensure high precision, the SVP basis set was utilized in this work [19]. The best 
exchange–correlation function chosen was the B3LYP hybrid functional [20]. To view 
and check the files, GuassView 06 was used [21]. The molecular geometry was optimized 
by minimizing the electronic energy of the molecule using the DFT method until the 
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convergence criteria were met (maximum force acting on each atom was less than 0.0001 
Hartree/bohr and the maximum change in energy was less than 0.0001 Hartree) [22]. Once 
the geometry was optimized, the harmonic vibrational frequencies were calculated to con-
firm that the optimized structure corresponds to a minimum on the potential energy sur-
face. The thermal correction for the zero-point energy (ZPE) was added to the optimized 
electronic energy, and the Gibbs free energy was calculated at different temperatures using 
the harmonic vibrational frequency analysis. The thermodynamic properties like enthalpy, 
entropy, and heat capacity, were calculated from the Gibbs free energy values at different 
temperatures [23].

Preparation of Ligand

Prior to docking, the ligand molecule was orientated and adjusted for energy minimization 
in Chem 3D Pro 12.0 [24] and then imported in the required SDF format [25].

Preparation of Protein

The aldo–keto reductases AKR1B1 and AKR1B10 were selected as enzyme targets for this 
investigation, and their crystal structures in PDB formats were obtained from the Protein 
Data Bank (www.​rcsb.​com assessed on 1–8-2022) [26] with the PDB IDs 6F7R and 4GQG 
for AKR1B1 and AKR1B10, respectively. The 6F7R was selected for AKR1B1 due to its 
high resolution of 0.92 Å. In addition, 4GQG was used to retrieve AKR1B10 due to its res-
olution of 1.92 Å which is quite good. Furthermore, complexion with substrate molecule 
and improved experimental screen shot was the reason for choosing the specified structure. 
Initially, water molecules and heteroatoms were eliminated from the protein using MGL 
tools [27]. After that, polar hydrogen atoms were integrated into the protein. The protein 
was also incorporated with gasteiger charges and any missing residues were fixed.

Docking Protocol

Docking simulations were carried out using AutoDock Vina software [28]. The grid box 
dimensions of the co-crystal ligand were used for the docking process. For AKR1B1, the 
grid box dimensions were x =  + 3.845357, y =  − 8.840679, and z =  + 10.758179, with 
center size of 40, 40, and 40 in x, y, and z dimensions. Similarly, for AKR1B10, the grid 
box dimensions were x =  − 2.559852, y =  + 25.087000, and z =  − 5.933593, with center 
size of 40, 40, and 40 in x, y, and z dimensions respectively [29]. An exhaustiveness value 
of 10 was used for the docking process to ensure a thorough search for the best-docked 
conformation. Epalrestat was used as a standard inhibitor and docked alongside the co-
crystal ligand and atropine to validate the docking process. This method was used to pre-
dict the binding mode and binding energy of the compounds in the active site of AKR1B1 
and AKR1B10 [30].

The docking process was initiated by carefully configuring the grid box in AutoDock. 
The size of the selected grid box was set to 40, 40, and 40 and a grid point spacing of 
0.375 Å was used in the x, y, and z dimensions. A GPF (grid parameter file) was created 
to assist AutoGrid in retrieving the map files. A population size of 150 and a limit of 100 
GA (genetic algorithm) runs were used. The Lamarckian genetic algorithm (LGA) [31] 
was employed to determine the sampling power. The default scoring function was used to 

http://www.rcsb.com
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determine the pose of the ligand in the binding site of the receptor. In addition, exhaustive-
ness was set to the default value of 8 which had provided efficient results. The use of these 
parameters and methods ensured a thorough and accurate search for the best-docked con-
formation and the best-binding energy of the compounds in the active site of AKR1B1 and 
AKR1B10 [32].

Visualization

The generated poses from AutoDock Vina were analyzed using the Discovery Studio Visu-
alizer software. This software allows for the visualization of the docked poses in 3D, and 
provides various tools for the analysis and interpretation of the results. The generated poses 
were analyzed for their binding modes and binding energies, as well as their interactions 
with the active site residues of AKR1B1 and AKR1B10. This analysis was done in order 
to understand the mechanism of inhibition and the key interactions that contribute to the 
binding of atropine to the enzymes [33].

Validation

The docking protocol was validated through redocking of co-crystal ligand at active site; 
the RMSD value of less than 2 Å between native pose and regenerated pose was considered 
validated molecular docking approach [34].

Molecular Dynamic Simulation

The molecular dynamic simulations were carried out according to the procedure detailed 
in our previous article [35]. Desmond, a software package from Schrödinger LLC [36], 
was utilized to simulate molecular dynamics for 100 ns. [37] Detailed protocols for protein 
preparation and NPT equilibration [38] can be found in the supplementary file.

ADMET Properties

To anticipate a compound’s drug likeness, ADMET properties such as absorption, distribu-
tion, metabolism, excretion, and toxicity are evaluated. All of the above-mentioned features 
were examined in the way described in our earlier article [39]. These variables were com-
puted using the open-source web server ADMET lab 2.0. [40]. The supplementary data 
contains comprehensive analysis about the ADMET properties.

Result and Discussion

Density Functional Theory Calculations

The present study aimed to investigate the properties of a specific molecule using a com-
bination of computational methods. The ground state structures were optimized using 
the B3LYP/SVP level of theory as implemented in the Gaussian 09W software, which is 
known for its high precision. Further calculations were performed on the optimized struc-
tures to determine key geometric parameters, electronic properties, and excited states. The 
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results of the frequency calculations confirmed that the optimized structures corresponded 
to true minima. Additionally, the optimized structures were obtained at − 941.447687 har-
tree in gas phase and − 941.458041 hartree in solvent phase, which can be seen in Fig. 2.

In order to understand the electronic properties of compounds, the B3LYP/SVP level of 
theory was utilized in the Gaussian 09W program to calculate the highest occupied molec-
ular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), and the energy 
gap between them. These values are important indicators of a molecule’s chemical activity, 
with the HOMO representing its ability to donate electrons and the LUMO representing its 
ability to accept electrons. A narrower energy gap between the HOMO and LUMO indi-
cates a molecule that is more easily excited, while a wider gap indicates a molecule that 
is more stable. The DFT calculations for atropine revealed that it maintains a consistent 
energy gap in both gas and solvent phase, providing further insight into its unique proper-
ties as compared to other compounds. The results of these calculations can be found in 
Table 2.

The ability of a chemical compound to give or accept electrons is determined by its 
ionization potential (I) and electron affinity (A). These properties can be calculated 
by analyzing the energy difference between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO). A small value for “I” 
indicates that a compound is a strong electron donor, whereas a large value for “A” 
indicates that a compound is a strong electron acceptor. In general, the energy dif-
ference between the HOMO and LUMO of soft molecules is relatively small. While 
the HOMO and LUMO energies do not directly correspond to the actual I and A val-
ues, there is a strong correlation between the HOMO energy and estimated I and the 
negative of the LUMO energy and measured A. As a result, the estimated HOMO and 
LUMO energies can be used to make semi-quantitative predictions of the ionization 
potential and electron affinity of a chemical compound.

In summary, the analysis of atropine’s chemical properties using density functional 
theory (DFT) revealed that it has a low ionization potential in the gas phase, making it a 
strong electron donor. However, in the solvent phase, atropine has a greater electron affin-
ity, indicating that it acts as a strong electron acceptor. Theoretical calculations were used 
to understand the potential anticancer activity of atropine by analyzing various properties 
such as electronegativity, chemical potential, hardness, softness, and electrophilicity index. 

Fig. 2   Optimized tropane alkaloid (atropine) structures in both the gas phase and the solvent phase
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The electrophilicity index of atropine in the solvent phase was found to be high, suggesting 
that it behaves as a strong electrophile. All of these properties are listed in Tables 1 and 2, 
and it is important to note that chemical reactivity can vary depending on the structure of 
the molecule.

The molecular electrostatic potential (MEP) is a powerful tool for understanding 
the distribution of charge within a molecule and its chemical reactivity. By visual-
izing the relative polarity of a molecule, the MEP can provide insight into the size, 
shape, charge density, and chemical reactivity sites of the molecule. In this study, the 
MEP was calculated using DFT and the SVP basis set, as shown in Fig. 3 The three-
dimensional charge distribution patterns were represented by an electron density iso-
surface mapped with an electrostatic potential surface. Different colors in Fig. 4 depict 
different electrostatic potential attributes, with red indicating the most electronegative 
regions, blue indicating the most positive regions, and green indicating regions with no 
electrostatic potential. An increase in ordered primary colors, from blue to red, indi-
cates a stronger attraction or aversion to charge. Typically, negative potential zones are 
associated with electronegative lone pairs of atoms.

As illustrated in Fig.  3, the regions with a negative electrostatic potential are located 
around the TTF core and sulfur atom of the N-methylthiocarbamoyl group, whereas the 
regions with a positive electrostatic potential are located near the hydrogen atoms of alkyl 
and cycled groups.

Molecular Docking

Molecular docking is a computational technique that is widely used to predict the 
interaction between two molecules by creating a binding model. This technique is 
based on the molecular mechanics and molecular dynamics principles, which simulate 
the interactions between the small molecule (ligand) and the macromolecule (recep-
tor). In current study, AKRB1 and AKRB10 were retrieved from protein data bank and 
subjected to evaluation against atropine via molecular docking approach. In this study, 
epalrestat was used as the standard drug and Nap was employed as a co-crystal ligand. 
The amino acid residues of active site for AKR1B1 and AKR1B10 were as follows: 
LEU 301, PHE 116, LEU 302, TRP 112, ASN 161, HIS 111, TRP 21, VAL 48, LEU 
302, and TYR 210 for AKR1B10 whereas LEU 301, TRP 219, TRP 20, PHE 122, TRP 
111, HIS 110, LEU 300, HIS 110, SER 302, and ALA 299 for AKR1B1 respectively. 
Notably, atropine exhibited stronger molecular interactions compared to the standard 
inhibitor. The binding energy of atropine against AKR1B1 and AKR1B10 was found 
to be − 9.5 and − 9.3  kcal/mol, respectively. This is in comparison to the binding 

Table 1   Energetic parameters of tropane alkaloid (atropine)

Compound EHOMO (eV) ELUMO (eV) ∆Egap (eV) Potential ionization, 
I (eV)

Affinity, A (eV)

Gas phase
  Atropine  − 0.217  − 0.016 0.201 0.217 0.016

Solvent phase (water)
  Atropine  − 0.219  − 0.018 0.201 0.219 0.018
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Fig. 3   HOMO–LUMO structures of tropane alkaloid (atropine) in gas phase as well as in solvent phase

Fig. 4   Showing MEP structures of tropane alkaloid (atropine) in gas phase as well as in solvent phase
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energy of the standard inhibitor epalrestat against AKR1B1 and AKR1B10, which was 
determined to be − 9.0 and − 8.7 kcal/mol, respectively. These results suggest that atro-
pine may have a greater potential as an inhibitor of AKR1B1 and AKR1B10 compared 
to the standard drug epalrestat. Table 3 is exhibiting the binding energies of selected 
compound against both proteins.

The study revealed that the molecular interactions of atropine against AKR1B1 were 
significant. Notably, atropine was found to produce two hydrogen bonds and one carbon-
hydrogen bond with key amino acid residues in the active site of AKR1B1. In addition, 
several hydrophobic interactions were also observed to stabilize the protein–ligand com-
plex. The amino acid residues of the active site of AKR1B1 involved in forming hydro-
gen bonds with atropine included LEU 300 and SER 302. A pi-donor hydrogen bond was 
formed by LEU 301. The amino acid residues involved in alkyl and pi-alkyl interactions 
included TRP 20, HIS 110, TRP 111, ALA 299, and the cofactor NAP 401. The binding 
energy of atropine against AKR1B1 was − 9.5 kcal/mol. These results suggest that atropine 
has a strong binding affinity for the active site of AKR1B1, potentially making it a more 
effective inhibitor of the enzyme compared to other compounds.

In terms of standard drug, it was notable that epalrestat was engaging TRP111, HIS110, 
TRP20, and NAP401 in hydrogen bonding. In addition, multiple cationic interactions 
were also stabilizing the complex. The binding energy of standard drug against AKR1B1 
was − 9.0 kcal/mol. Figure 5 is illustrating presumed 2D and 3D interactions of atropine, 
NAP, and standard against AKR1B1.

The docked conformation of atropine against AKR1B10 revealed substantial interac-
tions; however, these interactions were found to be less significant when compared to the 
interactions observed with AKR1B1. Notably, the amino acid residue of the active site of 
AKR1B10 that was involved in forming hydrogen bonds with atropine included TYR 110. 
Pi-Sigma interactions were observed with the amino acids TRP 20 and LEU 302, while 
Pi-Pi stacking was shown by TRP 112. Additionally, alkyl interactions were formed by the 
cofactor NAP 401. The binding energy of docked conformation was − 9.3 kcal/mol. These 
findings suggest that while atropine does have some binding potential with AKR1B10, it 
has a stronger binding affinity and inhibition potential towards AKR1B1.

The standard drug was also found to exhibit potential interactions with AKR1B10; how-
ever, these interactions were found to be inferior in number as only a single hydrogen bond 
was observed between the NH of HIS 111 and the electronegative oxygen atom of atropine. 
Additionally, several hydrophobic interactions were also observed to stabilize the complex. 
The docking score of the standard drug against AKR1B10 was determined to be − 8.7 kcal/
mol. Figure 6 illustrates the proposed 2D and 3D interactions of atropine, NAP, and the 
standard drug against AKR1B10, respectively. These results suggest that while the stand-
ard drug does have some binding potential with AKR1B10, atropine has a stronger binding 
affinity and inhibition potential towards AKR1B10.

Table 3   Binding energies of 
atropine with target proteins, i.e., 
AKR1B1 and AKR1B10 (kcal/
mol)

Compound AKR1B1 (kcal/mol) AKR1B10 
(kcal/mol)

Atropine  − 9.5  − 9.3
Co-crystal (NAP)  − 10.4  − 10.1
Epalrestat inhibitor  − 9.0  − 8.7
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The results of the docking analysis and comparison of binding energies have 
confirmed that atropine has a greater potential for inhibiting both AKR1B1 and 
AKR1B10 compared to the standard inhibitor. Furthermore, it was observed that 
the inhibition potential of atropine towards AKR1B1 is relatively stronger when 
compared to AKR1B10. These findings suggest that atropine may be a promising 

Fig. 5   Showing 3D and 2D interactions of tropane alkaloid (atropine), co-crystal ligand, and standard 
inhibitor with active site of AKR1B1
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candidate for the development of new drugs for the treatment of conditions associated 
with the overexpression of AKR1B1 and AKR1B10.

Molecular Dynamic Simulations

Molecular dynamics (MD) simulations were used to evaluate the stability and interactions 
of the protein–ligand complex. The RMSD, RMSF, and other parameters were analyzed 

Fig. 6   Showing 2D and 3D interactions of tropane alkaloid (atropine), co-crystal ligand, and standard 
inhibitor with active site of AKR1B10
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during the simulation to gain a deeper understanding of the structural changes within the 
protein. The RMSD, which is calculated by comparing the protein structure at each point 
in the simulation to a reference frame, can be used to assess the overall stability of the 
protein over time. Additionally, this analysis can be used to determine if the final structure 
of the simulation is close to a thermal average structure. It is important to note that for 
small and globular proteins, RMSD values of 1–3 are considered to be within an accept-
able range [35].

The stability of the protein–ligand complexes of atropine with AKR1B1 and AKR1B10 
was analyzed using the root mean square deviation (RMSD) method. The RMSD values 
were calculated by aligning the protein–ligand complex on the reference protein backbone, 
as shown in Fig. 7. The results showed that the RMSD values for the atropine-protein com-
plexes were within the acceptable range, indicating that the ligand remained in its binding 
site throughout the simulation. The RMSD values were also compared to the RMSD values 
of the standard drug, epalrestat, in complex with AKR1B1 and AKR1B10, to determine 
the stability of the atropine complexes in relation to the standard drug.

The stability of the protein–ligand complex was evaluated using the root mean square 
deviation (RMSD) of the C-alpha atoms of the apoprotein. Figure 7 illustrates the evolu-
tion of the RMSD over time. The RMSD plot of the AKR1B1-atropine complex indicates 
that stability is achieved after 45 ns, while the AKR1B10-atropine complex indicates that 
stability is achieved after 35 ns. The RMSD fluctuations for the complex remained near 
2.0 Å throughout the simulation, which is considered acceptable. After equilibration, the 
RMSD values between the ligands and proteins fluctuated within 1.5 Å. Between 25 and 
40 ns, the RMSD values were slightly larger for the AKR1B1-atropine complex. The simu-
lation results indicate that the ligands were tightly bound to the receptor’s binding site and 
that the complexes were stable over the course of the simulation. This suggests that atro-
pine has a strong binding affinity towards AKR1B1 and AKR1B10 and is able to form 
stable complexes with these enzymes.

The RMSD pattern of standard epalrestat with both proteins demonstrated significant 
stability. The protein–ligand complex achieved stability immediately after the initiation 
of the MD simulations. However, initially slight fluctuations were observed which indi-
cate the rearrangements of epalrestat inside the active pocket of the protein. The RMSD of 
epalrestat-AKR1B1 complexes ranges from 2 to 3.6 Å, which indicate the potential inhibi-
tory mechanism of the standard drug. Additionally, the RMSD of epalrestat-AKR1B10 was 

Fig. 7   RMSD of the AKR1B1-atropine and AKR1B10 atropine complex with time. The protein RMSD’s 
variation is displayed on the left Y-axis. The ligand RMSD’s variation is displayed on the right Y-axis
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equilibrated around 3.5 Å. These findings indicate that the stability of the atropine com-
plex with targeted proteins was comparable to that of the standard inhibitor epalrestat. In 
conclusion, it can be inferred that atropine has a similar inhibitory potential as that of the 
standard drug epalrestat. Figure  8 illustrates the RMSD pattern of the standard drug in 
complex with both proteins.

The stability and conformation of the protein–ligand complex were analyzed using sec-
ondary structural elements (SSE) such as beta strands and alpha helices throughout the 
simulation, as illustrated in Fig. 9. The distribution of SSE by residue index throughout 
the protein structure is depicted in the graph, where the bottom plot shows the SSE assign-
ment for each residue over time, and the top image illustrates the SSE composition for 
each frame of the simulation. These findings provide a deeper understanding of how the 
binding of the ligand affects the structure of the protein and how it preserves the protein’s 
native conformation. The SSE analysis confirms the stability of the protein–ligand com-
plex, giving insights into the structural basis of the inhibition of AKR1B1 and AKR1B10 
by atropine.

Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) analysis was per-
formed for all four complexes. It is an efficient approach to take into account all the electro-
static interactions, Coulomb interactions, and polar and nonpolar energies existed between 
the protein–ligand complex. In the current study, a comparative analysis of the standard 
epalrestat and atropine was performed. Both drugs exhibited comparable binding energies. 
However, atropine’s binding free energies were better than the standard drug epalrestat. 
This suggests that atropine has a stronger binding affinity towards AKR1B1 and AKR1B10 
than epalrestat, making it a more potent inhibitor of these enzymes. These findings provide 
a deeper understanding of the binding mechanism of atropine and the potential it holds for 
the treatment of colon cancer associated with the overexpression of AKR1B1. The follow-
ing equation was used to integrate MMPBSA analysis:

Fig. 8   Evolution of RMSD for epalrestat-AKR1B1 complex (blue colored trajectory) and epalrestat-
AKR1B10 complex (orange colored trajectory)
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Table 4 is indicating the MMPBSA free binding energies for all four complexes.

ADMET Properties and Toxicity Profile

The solubility and absorption of a compound can be determined by analyzing its LogP 
and LogS values. Atropine is lipophilic, which means it has a higher LogP value, 

G = Ebind + Eel + EvdW + Gpol + Gnp − TS.

Fig. 9   In the entire protein structure, AKR1B1 and AKR1B10 were bound with the atropine second-
ary structure element distribution by residue index. Alpha helices are denoted in red, and beta strands are 
denoted in blue

Table 4   MMPBSA binding free energy analysis

Complex Binding free ener-
gies (kcal/mol)

Eelectrostatic (kcal/mol) ΔEvdW (kcal/mol) ENpolar (kcal/mol)

Atropine-AKR1B1  − 69.43  − 24.3  − 40.6  − 19.2
Atropine-AKR1B10  − 60.44  − 25.11  − 30.5  − 23.2
Epalrestat-AKR1B1  − 58.32  − 19.5  − 44.9  − 11.9
Epalrestat-AKR1B10  − 50.98  − 33.2  − 25.2  − 17.5
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indicating that it is not very hydrophilic. The LogS value, which measures solubility, 
should be low for optimal absorption. For drugs that target the central nervous system, 
the ideal lipophilicity for crossing the blood–brain barrier is a LogD of 2 or less. A 
LogD value above 4 is typically not suitable for CNS drugs. The topological polar sur-
face area (TPSA) can also be calculated to predict oral absorption. A lower TPSA value 
is preferred as it indicates better membrane permeability. A compound is considered to 
have good bioavailability if it has a TPSA of 70 or less. The number of hydrogen bond 
donors (nHD) and acceptors (nHA) can also be used to assess the compound’s suitabil-
ity for drug development. Optimal ranges for nHD and nHA are between 0 and 12 and 0 
and 7 respectively (Table 5).

In terms of its ability to be absorbed and distributed in the body, atropine was found 
to have a high HIA value, indicating that it will be readily absorbed from the gastroin-
testinal tract. This results in an increased blood plasma concentration of the compound. 
Additionally, the calculated BBB value indicated that atropine is able to easily pass 
across the blood–brain barrier due to its natural lipophilicity. It was also found to have 
moderate binding to plasma proteins, and its volume of distribution was within the opti-
mal range of 0.04–20 L/kg. In vitro testing using the Caco-2 cell monolayer model also 
revealed that atropine has a high level of intestinal permeability, with a value greater 
than − 5.15 log units (Table 6).

The permeability of atropine was studied using MDCK cells, which are commonly 
used to investigate drug efflux and active transport mechanisms, such as P-glycopro-
tein efflux. The results showed that atropine has a low to moderate permeability in 
these cells. A low permeability is considered to be less than 2, medium permeability is 
between 2 and 20, and high permeability is greater than 20. Additionally, the clearance 
rate of atropine was also evaluated and found to be good, which is categorized as high 
(> 15), moderate (5–15), or low (less than 5). Overall, the results suggest that atropine 
has a favorable drug efflux and active transport profile (Table 7).

The potential mutagenicity of atropine was evaluated using the AMES toxicity test, 
and the results indicated that it is not carcinogenic. Additionally, the ease of synthesis 
for atropine was determined using the synthetic accessibility score (SAscore), which 
revealed that it is relatively simple to produce. Furthermore, a toxicity profile assess-
ment was conducted and it was found that the compound has a low toxicity risk and 
does not pose significant risk for corrosion or eye irritation. It also has a low potential 
for carcinogenic and respiratory toxicity (Table 8).

The androgen receptor (AR) and estrogen receptor (ER) activity of atropine was ana-
lyzed using NR-AR and NR-ER tests, respectively. The results showed that atropine 
acted as an activator for both receptors. In addition, the antioxidant response element 
(ARE) activity of atropine was also analyzed using SR-ARE test, which revealed that 
atropine acted as an activator (Table  9). These findings suggest that atropine has the 
potential to activate certain receptors in the body.

Table 5   Physicochemical properties of tropane alkaloid (atropine)

Physicochemical properties

Molecular weight Density nHA nHD TPSA LogS LogP LogD

Atropine 289.17 0.952 4 1 49.77 -2.033 1.877 1.315



5152	 Applied Biochemistry and Biotechnology (2023) 195:5136–5157

1 3

Ta
bl

e 
6  

A
bs

or
pt

io
n 

an
d 

di
str

ib
ut

io
n 

pr
op

er
tie

s o
f t

he
 tr

op
an

e 
al

ka
lo

id
 (a

tro
pi

ne
)

A
bs

or
pt

io
n 

an
d 

di
str

ib
ut

io
n 

pr
op

er
tie

s

C
od

es
Vo

lu
m

e 
of

 d
ist

rib
ut

io
n

H
um

an
 in

te
sti

na
l 

ab
so

rp
tio

n
C

ac
o-

2 
pe

rm
ea

bi
lit

y
B

lo
od

–b
ra

in
 b

ar
rie

r 
an

d 
bl

oo
d-

pl
ac

en
ta

 
ba

rr
ie

r

Pl
as

m
a 

pr
ot

ei
n 

bi
nd

in
g

Pg
p 

in
hi

bi
to

r
P-

gl
yc

op
ro

te
in

 
su

bs
tra

te
M

D
CK

 p
er

m
ea

bi
lit

y

A
tro

pi
ne

2.
46

1
0.

03
 −

 4.
88

5
0.

26
3

29
.6

8%
0.

00
1

0.
06

4
5e

-0
5



5153Applied Biochemistry and Biotechnology (2023) 195:5136–5157	

1 3

Ta
bl

e 
7  

M
et

ab
ol

is
m

 a
nd

 e
xc

re
tio

n 
va

lu
es

 o
f t

ro
pa

ne
 a

lk
al

oi
d 

(a
tro

pi
ne

)

M
et

ab
ol

is
m

Ex
cr

et
io

n

C
Y

P1
A

2 
in

hi
bi

to
r

C
Y

P2
C

19
 in

hi
bi

to
r

C
Y

P2
C

9 
in

hi
bi

to
r

C
Y

P2
D

6 
in

hi
bi

to
r

C
Y

P3
A

4 
in

hi
bi

to
r

C
le

ar
an

ce
T1

/2

A
tro

pi
ne

0.
02

4
0.

02
7

0.
01

2
0.

83
4

0.
04

10
.3

0.
21

5



5154	 Applied Biochemistry and Biotechnology (2023) 195:5136–5157

1 3

Ta
bl

e 
8  

M
ed

ic
in

al
 p

ro
pe

rti
es

 a
nd

 to
xi

ci
ty

 p
ro

fil
e 

of
 tr

op
an

e 
al

ka
lo

id
 (a

tro
pi

ne
)

M
ed

ic
in

al
 p

ro
pe

rti
es

To
xi

ci
ty

C
od

es
Sy

nt
he

tic
 a

cc
es

si
bi

lit
y 

sc
or

e
Li

pi
ns

ki
 ru

le
A

M
ES

 to
xi

ci
ty

C
ar

ci
no

ge
ni

ci
ty

Ey
e 

co
rr

os
io

n
Ey

e 
irr

ita
tio

n
Re

sp
ira

to
ry

 to
xi

ci
ty

A
tro

pi
ne

3.
93

7
A

cc
ep

te
d

0.
03

7
0.

08
6

0.
00

3
0.

01
0.

74



5155Applied Biochemistry and Biotechnology (2023) 195:5136–5157	

1 3

Conclusion

In conclusion, the present study has identified atropine as a promising inhibitor of AKR1B1, an 
enzyme known to play a key role in the development of colon cancer and related malignancies. 
Through the use of advanced computational techniques such as DFT calculations, molecular dock-
ing, and molecular dynamics simulations, it was found that atropine selectively targets AKR1B1 
over AKR1B10, and has a greater inhibition potential towards AKR1B1 than the standard inhibi-
tor epalrestat. These findings provide a deeper understanding of the binding mechanism of atro-
pine and the potential it holds for the treatment of colon cancer associated with the overexpression 
of AKR1B1. Furthermore, the results of the ADMET analysis and toxicity profile suggest that 
further derivatization of atropine may lead to the development of more potent and effective anti-
cancer compounds. The potential of atropine as a repurposed drug for cancer therapy is a promis-
ing avenue for future research. As atropine is already an FDA-approved drug, this repurposing will 
open new doors of research to tackle the challenge of a wide variety of carcinomas.
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