
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Sudhan et al. BMC Pharmacology and Toxicology           (2024) 25:56 
https://doi.org/10.1186/s40360-024-00785-z

BMC Pharmacology 
and Toxicology

*Correspondence:
Shiek S. S. J. Ahmed
shiekssjahmed@gmail.com

Full list of author information is available at the end of the article

Abstract
Background  Direct oral anticoagulants (DOACs) have high potency against their therapeutic target and are widely 
used in the treatment of atrial fibrillation (AF). Most DOACs are often claimed to have adverse effects due to off-target 
inhibition of essential proteins. Human serum paraoxonase 1 (PON1), one of the essential proteins, known for its anti-
inflammatory and antioxidant properties, could be affected by DOACs. Thus, a comparative evaluation of DOACs and 
their effect on PON1 protein will aid in recommending the most effective DOACs for AF treatment. This study aimed 
to assess the impact of DOACs on PON1 through a combination of computational and experimental analyses.

Methods  We focus on apixaban, dabigatran, and rivaroxaban, the most recommended DOACs in AF treatment, 
for their impact on PON1 through molecular docking and molecular dynamics (MD) simulation to elucidate the 
binding affinity and drug-protein structural stability. This investigation revealed the most influential DOACs on the 
PON1 protein. Then experimental validation was performed in DOAC-treated AF participants (n = 42; 19 treated with 
dabigatran and 23 treated with rivaroxaban) compared to a healthy control group (n = 22) through gene expression 
analysis in peripheral blood mononuclear cells (PBMC) and serum enzyme concentration.

Results  Our computational investigation showed rivaroxaban (−4.24 kcal/mol) exhibited a lower affinity against the 
PON1 protein compared to apixaban (−5.97 kcal/mol) and dabigatran (−9.03 kcal/mol) through molecular docking. 
Dabigatran holds complex interactions with PON1 at GLU53, TYR197, SER193, and ASP269 by forming hydrogen 
bonds. Additionally, MD simulation revealed that dabigatran disrupts PON1 stability, which may contribute functional 
changes. Further experimental validation revealed a significant down-regulation (p < 0.05) of PON1 gene expression 
in PBMC and decreased serum PON1 enzyme concentration on DOAC treatment. Rivaroxaban as about 48% has 
inhibitory percentage and dabigatran as about 75% of inhibitory percentage compared to healthy control.
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Background
Coronary artery disease (CAD) is one of the leading 
causes of mortality and morbidity worldwide. The patho-
genesis related to CAD was a sequential event initiated 
by atherosclerosis, myocardial infarction, atrial fibrilla-
tion (AF), and heart failure [1]. AF is one of the critical 
events that cause an irregular and often very rapid heart 
rhythm (arrhythmia) that can lead to blood clots in the 
heart, leading to mortality that accounts for 33  million 
deaths worldwide [2]. AF has a lifetime risk of 1–2% in 
the general population and is linked to consequences 
such as stroke, heart failure, and death [3]. Risk factors 
for AF include age, gender, genetics, diabetes mellitus, 
cholesterol (low-density lipoproteins (LDL) and high 
density lipoproteins (HDL)), hypertension, obstructive 
sleep apnea, metabolic syndrome, and smoking, all of 
which play a critical role in AF pathogenesis [4]. Among 
these, genetic factors were often defined as important 
risk factors for AF [5]. In the absence of a solid scientific 
foundation, there is considerable practice variation in 
the selection of treatment/drug for managing AF during 
severe illness [6]. Currently, several drugs have been rec-
ommended for AF treatment. These drugs interact with 
multiple proteins in the human system to treat sustained 
arrhythmia. Recently, the use of direct oral anticoagulant 
drugs (DOACs) for the treatment of non-valvular AF 
has increased compared to vitamin K antagonists (due 
to their various limitations) [7]. Moreover, DOCAs have 
been shown to prevent thromboembolic events and are 
safe, having a lower bleeding risk than warfarin [8]. Of 
several recommended drugs, DOACs such as apixaban, 
dabigatran, and rivaroxaban are most popular to control 
or prevent thrombotic events in AF [9]. Alternatively, 
a few of these DOACs have significant off-targets that 
are capable of inhibiting the beneficial proteins, which 
decreases the treatment efficiency and causes side effects 
[10].

Human paraoxonase 1 (PON1) is a multi-functional 
protein encoded by the PON1 gene, which is local-
ized at chromosome 7q21.3. PON1 consists of nine 
exons that synthesize protein with 355 amino acids [11]. 
PON1 is extensively expressed in the liver and helps to 
detoxify foreign toxins, such as pesticides, which are 
closely associated with a person’s vulnerability to harm-
ful compounds [12]. Additionally, PON1 is involved in 
lipid peroxidation, innate immunity, oxidative damage, 
cell proliferation, modulation of endoplasmic reticu-
lum stress, and apoptosis [13]. Recently, PON1 has been 
recognized as one of the key antioxidants that protects 

against the oxidation of LDL and HDL [14]. Interestingly, 
the expression of PON1 helps to eliminate cholesterol, 
which helps to prevent thrombotic events that are criti-
cally associated with CAD, stroke, and AF [15]. Argan et 
al. demonstrated that few cardiovascular drugs have the 
ability to inhibit the human PON1 protein [16]. However, 
such an inhibitory effect was not examined in the AF 
patients in association with PON1 target. Hence, estab-
lishing the effect of DOACs against PON1 in AF patients 
will guide the recommendation of an effective drug for 
potential treatment.

In this study, we investigated the most widely used 
DOACs (apixaban, dabigatran, and rivaroxaban) 
against PON1 through computational and experimental 
approaches. Initially, the PON1 structure was modeled 
and docked with the DOACs. Then, the DOACs that 
showed lower and higher glide scores in docking were 
evaluated for their structural stability through molecu-
lar dynamics (MD) simulation. Further, the expres-
sion of PON1 was detected in participants (control and 
test groups) by collecting blood samples from AF indi-
vidual under selective DOAC treatment. Additionally, 
the PON1 enzyme level was assessed in serum to check 
whether the DOACs affected the PON1 concentration. 
Overall, our analysis provides valuable insights into the 
off-target effect of DOACs against PON1 protein, with 
the candidate drug that might help AF patients efficiently.

Materials and methods
Retrieval of protein sequence, modeling, and validation
The PON1 sequence was retrieved from the UniProt 
database (UniProt ID: P27169). Then, the retrieved 
sequence was used to search for its protein structure in 
the protein data bank (PDB). Due to the unavailability 
of a complete PON1 structure, homology modeling was 
performed using the Swiss-model server (https://swiss-
model.expasy.org/) to generate structure [17]. Further, 
the modeled PON1 protein structure quality was verified 
using PROCHECK, VERIFY3D, and ERRAT tools in the 
SAVES server (https://saves.mbi.ucla.edu/). The refined 
best structure was then energy optimized and used for 
molecular docking.

Retrieval of anticoagulant drugs
Simultaneously, the three dimensional chemical struc-
tures of DOACs, namely apixaban (CID: 10182969), dabi-
gatran (CID: 216210), and rivaroxaban (CID: 9875401), 
were retrieved from the PubChem database (https://pub-
chem.ncbi.nlm.nih.gov/). The structures of these DOACs 

Conclusion  Overall, our computational and experimental results clearly show the higher inhibitory effect of 
dabigatran than rivaroxaban. Hence, rivaroxaban will be a better drug candidate for improving the outcome of AF.
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were downloaded in structure data file (SDF) format and 
optimized before molecular docking.

Structure optimization and molecular docking
All collected drug structures were imported into the Lig-
Prep module, Schrödinger (https://www.schrodinger.
com/products/ligprep) and optimized with the OPLS 
force field. Meanwhile, the modeled PON1 protein struc-
ture was optimized with OPLS force field through the 
protein preparation wizard, Schrödinger. Both protein 
and DOACs were prepared for subsequent molecu-
lar docking investigation. The Schrödinger suite’s Glide 
module was utilized to dock each DOAC to the PON1 
protein at their active site identified using a prankweb 
server (https://prankweb.cz/). Finally, the DOACs show-
ing extreme high and low affinity to PON1 were selected 
and subjected to MD simulation.

Molecular dynamic (MD) simulation
The MD simulation was conducted by GROningen 
Machine for Chemical Simulation 2021.6 (GROMACS 
2021.6) [18]. The protein topologies were prepared using 
the CHARMM36 all-atom force field [19]. Likewise, 
the ligand topology for selected DOACs was generated 
using the CGenFF 2.4.0 version (CGenFF Home (umary-
land.edu)). The protein-drug complex was positioned in 
a dodecahedron box at least 1 Å from the edges of the 
box and filled with TIP3P water molecules [19]. Then, the 
system was neutralized with Na+ ions and the particle 
mesh Ewald (PME) approach [20]. The steepest descent 
approach was used to minimize the simulation system 
by 50,000 steps. The temperature and pressure were set 
at 300 K and 1.0 bar using constant Number of particles, 
volume, and temperature (NVT) and constant Number 
of particles, pressure and temprature (NPT) ensembles, 
respectively. Parrinello-Rahman barostat was used to 
maintain the pressure [21]. The linear constraint solver 
method was implemented for long-range electrostatic 
interactions with periodic boundary conditions [22]. The 
MD simulation was carried out for 100 ns, and their tra-
jectory coordinates were saved at every 1 ps. Further, MD 
trajectories such as backbone root mean square deviation 
(RMSD), protein root mean square fluctuation (RMSF), 
backbone solvent accessible surface area (SASA), back-
bone radius of gyration (Rg), and protein hydrogen bond 
(HB) were assessed for the protein dynamics and plotted 
using XM Grace Software (http://plasma-gate.weizmann.
ac.il/Grace/).

Sample collection
The cohort of 22 healthy individuals (control) and 42 
AF samples (rivaroxaban = 23; dabigatran = 19) were col-
lected for this study. AF participants were recruited 
from the Department of Cardiology, Chettinad Hospital 

and Research Institute, Chettinad Academy of Research 
and Education, Tamil Nadu, India, between March and 
November 2022. The recruitment of participants was 
based on the inclusion and exclusion criteria. In the 
inclusion criteria: all AF participants who were diagnosed 
and were under DOACs, either rivaroxaban or dabiga-
tran, for a minimum of three months were selected. Simi-
larly, the healthy control samples were confirmed based 
on the master health check-up and clinical examination 
by the cardiologist. All recruited participants were of 
South Indian origin and aged between 43 and 67 years of 
age, male and female. Alternatively, the exclusion criteria 
include a control participant under any inflammatory or 
antioxidant treatment. Similarly, among AF participants 
under multiple AF drugs, individuals with smoking and/
or alcoholic habits were also excluded. This present study 
follows the Helsinki Declaration, and the study design 
was approved by the Human Ethics Committee (IHEC-
II/0118/21) of the Chettinad Academy of Research and 
Education. A signed informed consent form was obtained 
in local language from the participants prior to the sam-
ple collection. In addition, a systematic questionnaire was 
used to elicit the general and clinical characteristics of 
each participant.

Demographic and clinical data
Using the systematic questionnaire, both demographic 
and clinical data were collected from control and AF. The 
data includes age, gender, body mass index (BMI), total 
cholesterol (TC), riglyceride (TG), high-density lipopro-
tein (HDL), low-density lipoprotein (LDL), and haemo-
globin A1c (HbA1c) as a part of clinical investigation.

PON1 gene expression analysis
Peripheral fasting blood (4 ml) was collected from both 
control (n = 22) and AF participants (n = 42) in a vacu-
tainer tube. Exactly 3  ml of ethylenediaminetetraacetic 
acid (EDTA) containing blood was used to isolate the 
PBMC using Histopaque-1077 solution following the 
manufacturer’s protocol (Sigma-Aldrich). Next, the total 
RNA was extracted using the RNAiso Plus (Takara Total 
RNA Extraction Reagent) and quantified using a Nano-
drop spectrophotometer (Thermo Scientific, USA). A 
total of 100 ng of RNA was used as a template to con-
struct the cDNA with the reverse transcriptase core kit 
(Eurogentec, Senaing, Belgium). Then gene expression 
was assessed using the Real-Time qPCR System (Applied 
Biosystems QuantStudio 5) with gene-specific prim-
ers (forward: ​T​T​T​C​A​C​C​C​G​A​T​G​G​C​A​A​G​T​A​T​G and 
reverse: ​T​C​T​T​A​T​G​A​G​C​C​A​G​C​A​A​C​T​C​A​G​C) of PON1 
and GAPDH (forward: ​A​A​G​G​T​G​A​A​G​G​T​C​G​G​A​G​T​C​A​A 
and reverse: ​A​C​A​T​G​T​A​A​A​C​C​A​T​G​T​A​G​T​T​G​A​G​G​T) as 
references. Finally, the PON1 expression was quantified 
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in the control and AF-treated (rivaroxaban and dabiga-
tran) groups following the 2–ΔΔCt method.

PON1 concentration in blood serum
The remaining 1 ml of blood was used to isolate serum 
and assessed for PON1 enzyme concentration through a 
pre-coated enzyme-linked immunosorbent assay (ELISA) 
microplate. The serum sample from each group was pro-
cessed to determine enzyme concentration using the 
Paraoxonase assay kit (Elabscience’s ELISA kit: E-EL-
H2298) by following the manufacturer’s protocol. Briefly, 
the samples are introduced into each well, where they 
interact with the specific antibody that has been pre-
coated on the plate. The plate was then incubated with 
a biotinylated detection antibody that is specific for 
Human PON1 and an Avidin-Horseradish Peroxidase 
(HRP) conjugate. A substrate solution is introduced to 
each well after any unbound components were washed 
away during incubation. Finally, the reaction was stopped 
by the addition of a stop solution, which results in a 
colour formation that was quantified at a wavelength of 
450  nm using the microplate reader. Further, using the 
generated standard plot, the levels of PON1 enzyme were 
determined.

Statistical analysis
All statistical analysis was performed using Graphpad 
Prism software. The demographic and clinical data were 
represented as the average ± standard deviation. Also, 
the differences in PON1 gene expression and enzyme 
concentration between the groups were presented as a 
bar graph, and their statistical significance (P < 0.05) was 
assessed through the analysis of ANOVA with a post hoc 
Tukey’s test for comparative analysis. Further, the per-
centage of relative inhibition of serum PON1 was calcu-
lated using the formula below.

	

Relative Suppression (%)

=

PON1averageconcetrationof control

−PON1 average concetration of DOAC

PON1 average concetration of control
× 100

Results
Protein modeling and validation
The three-dimensional structure of PON1 was mod-
eled using the Swiss model. We found more than 50 
templates relevant to the given PON1 protein sequence. 
Of these, PDB ID: 6H0A was selected as an appropri-
ate template for modeling the PON1 structure, which 
showed a GMQE score of 0.93 with the restriction of 
only one gap. The sequence homology between PON1 
with the selected template was 82.25%, which was higher 
than the required 30% for modeling protein structures. 

Using the template, the structure was modeled and veri-
fied for its quality based on ERRAT, VERIFY3D, and 
PROCHECK. Generally, a quality score of 80 ℅ or above 
in ERRAT is considered to be a good model. Our mod-
eled PON1 has an ERRAT quality of 92.53%, which was 
higher than the required percentage. Likewise, the pre-
dicted PON1 model was validated by VERIFY3D and 
PROCHECK servers. The VERIFY3D showed a good 
quality score of 83.48%, and PROCHECK showed 86.4% 
of amino acids were noticed in the allowed region, 
respectively. Overall, the generated PON1 structure 
(Fig. 1A) was of high quality and suitable for subsequent 
analysis.

Molecular docking of DOACs with PON1
The three DOAC (apixaban, dabigatran, and rivaroxaban) 
structures were collected, optimized, and docked with 
PON1 structure by using the Glide docking module in 
Schrödinger software. The glide score energies of apixa-
ban, dabigatran, and rivaroxaban with PON1 were −5.97, 
−9.03, and −4.24 kcal/mol, respectively. Interestingly, the 
lowest affinity was noticed for rivaroxaban (−4.24  kcal/
mol) and the highest affinity was observed with dabiga-
tran (−9.03 kcal/mol), which forms significant interaction 
around the active sites (GLU53, PRO72, ILE74, HIS115, 
HIS134, ASN168, PHE222, ASN224, ASP269, ILE291, 
and PHE292) of the PON1 protein (Fig. 1B–D). Notably, 
apixaban and PON1 (PHE292) formed a Pi-Pi stacking. 
Whereas dabigatran interacted with the PON1 at GLU53, 
TYR197, SER193, and ASP269 residues by forming 
hydrogen bonds, while Pi-Pi stacking with the TYR71, 
PHE222, and PHE292 residues. However, rivaroxaban 
formed two hydrogen bonds with the PON1 amino acid 
SER193. For comparison, the DOACs presenting low-
est (rivaroxaban) and highest (dabigatran) affinity were 
selected and used for MD simulation to understand the 
structural changes in PON1 protein upon binding of the 
DOACs.

Molecular dynamics simulation
The structural stability of PON1 with the selected 
DOACs (rivaroxaban and dabigatran) was determined 
based on the backbone RMSD, protein RMSF, backbone 
SASA, backbone Rg, and protein HB trajectories through 
MD simulation. The average RMSD, RMSF, SASA, Rg, 
and HB of apo-PON1 (ligand free PON1) were 0.217 nm, 
0.118  nm, 177.347 nm2, 1.881  nm, and 238, respec-
tively. Likewise, the PON1 with rivaroxaban shows an 
average trajectory of 0.250  nm, 0.130  nm, 179.297 nm2, 
1.894 nm, and 238 for RMSD, RMSF, SASA, Rg, and HB, 
respectively. Whereas the average RMSD, RMSF, SASA, 
Rg, and HB trajectories for dabigatran with PON1 were 
0.210  nm, 0.133  nm, 179.294 nm2, 1.893  nm, and 233. 
Finally, the differences in trajectories were assessed by 
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generating the plot with the rivaroxaban and dabigatran-
PON1 complexes in comparison with apo-PON1. The 
trajectory plots of RMSD, RMSF, SASA, Rg, and HB were 
illustrated in Figs.  2, 3 and 4. According to the simula-
tion plot in Fig. 4A, the dabigatran complex with PON1 
has become more stable than the apo-PON1. Whereas, 
the rivaroxaban complex has lower stability compared 
to apo-PON1, which suggests that rivaroxaban may have 
less inhibitory effect than dabigatran. Further, the parallel 

simulation was performed to check the reliability of MD 
simulation and their results were provided in the “Sup-
plementary File 1”.

Clinical characteristics and relative mRNA expression
The blood was collected from the AF (n = 42) as well as 
the healthy controls (n = 22), and their demographic 
characteristics were recorded and statistically anal-
ysed (Table  1). Notably, BMI, TC, TG, and LDL were 

Fig. 1  Binding interaction of protein and direct oral anticoagulants. A) Predicted PON1 protein structure, B) Two dimensional interactions of PON1 with 
apixaban, C) Two dimensional interactions of PON1 with dabigatran, and D) Two dimensional interactions of PON1 with rivaroxaban
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increased, and HDL was decreased significantly in AF 
patients compared to healthy controls. Subsequently, 
the PON1 gene expression was performed in each par-
ticipant as mentioned in the methodology section. Based 
on the gene expression, the analysis showed significant 

down-regulation of PON1 in AF participants when com-
pared to control group. Particularly, AF participants 
under dabigatran had a lower level of expression than AF 
participants treated with rivaroxaban (Fig. 5A).

Fig. 2  Molecular dynamics simulation trajectories. Root mean square deviation (A) and root mean square fluctuation (B) of apo-PON1 (Black) and com-
plexes (rivaroxaban (Red) and dabigatran (Green) for the time scale of 100 ns
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Serum PON1 enzyme concentration between the groups
PON1 concentration was assessed through the ELISA 
method in the blood serum of normal (n = 22) and AF 
(n = 42). A significant change in PON1 concentration 
was observed in DOAC-treated groups compared to the 

control group. Notably, AF individuals treated with rivar-
oxaban showed a marginal decrease in enzyme concentra-
tion compared with healthy controls (Fig.  5B). A similar 
trend was observed in dabigatran-treated AF participants 
when compared to healthy controls. In comparison 

Fig. 3  Molecular dynamics simulation trajectories. Solvent accessible surface area (A) and radius of gyration (B) of apo-PON1 (Black), PON1 with rivaroxa-
ban (Red), and PON1 with dabigatran (Green)
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between the DOAC-treated groups, the participants 
under dabigatran showed significantly (p < 0.05) decreased 
PON1 concentration than the participants under rivar-
oxaban (Fig. 5B). Particularly, the relative suppression of 
serum PON1 in AF patients treated with rivaroxaban was 
48.07 ± 4.53%, while dabigatran was 75.02 ± 2.68%.

Discussion
PON1 is a multi-functional protein with a variety of activ-
ities such as arylesterase (AREase; hydrolysis of aromatic 
esters such as phenyl acetate), paraoxonase (POXase; 
paraoxon hydrolysis), diazoxonase (DZOase; hydrolysis of 
diazoxon), and lactonase activity (hydrolysis of lactones) 
[11, 16, 23]. Decreased PON1 activities may progress in 

CAD and be influenced in AF, due to its role as an anti-
oxidant and anti-inflammatory that protects oxidative 
modification of HDLs and LDL in the human system 
[24]. These beneficial impacts are attributed to PON1’s 
peroxidase and esterase activity, which allows the detoxi-
fication of oxidative biomolecules including phospholip-
ids and lipid hydroperoxides [25]. Hence, the increased 
PON1 activity benefits CAD and AF management, which 
regulate oxidative stress and inflammation, which are 
the major contributors to atherosclerosis [26]. Recently, 
Argan et al. suggest that a few CAD drugs, such as lido-
caine-HCl, lacidipine, propafenone, and propranolol, can 
highly inhibit PON1 activity [16]. On the other hand, the 
DOACs are a group of drugs that selectively block certain 

Table 1  Demographic and clinical characteristics of the study participants
Characteristics Controls

(Average ± SD)
AF treated with 
rivaroxaban
(Average ± SD)

AF treated with 
Dabigatran
(Average ± SD)

P value
(Control VS. 
rivaroxaban)

P value
(Control VS. 
Dabigatran)

Samples size (Male/
Female)

22 (M:12, F:10) 23 (M:12 F:11) 19 (M:10, F:9)

Age (Year) 59 ± 3 61 ± 4 63 ± 2 P > 0.05 P > 0.05
BMI (kg/m2) 22.60 ± 1.76 21.82 ± 1.09 21.38 ± 0.86 P > 0.05 P > 0.05
TG (mg/dl) 95.19 148 ± 12.43 193.82 ± 10.8 P < 0.001 P < 0.001
TC (mg/dl) 138.03 ± 15.31 194.34 ± 12 231.43 ± 18.45 P < 0.001 P < 0.001
LDL (mg/dl) 86.14 ± 3.4 121 ± 11.6 148.23 ± 16.54 P < 0.05 P < 0.05
HDL (mg/dl) 42.78 ± 3.5 35.08 ± 2.54 28.65 ± 1.6 P < 0.05 P < 0.01
HbA1c % 5.38 ± 1.2 5.42 ± 0.61 5.53 ± 1.32 P > 0.05 P > 0.05
P > 0.05: Insignificant; P < 0.05 denote significant

Bold characters represents the statistical significance (P<0.05) between DOAC treated (Dabigatran or Rivaroxaban) compared to healthy controls

Fig. 4  Molecular dynamics simulation trajectories. Hydrogen bonds of apo-PON1 (Black) and the complexes (rivaroxaban with PON1 (Red) and dabiga-
tran with PON1 (Green)) structures
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pathways (Thrombin and Factor Xa) involved in blood 
clotting in order to prevent the formation of blood clots 
in patients with atrial fibrillation [27]. DOACs, in con-
trast to warfarin, exhibit more consistent pharmacokinet-
ics, do not necessitate regular monitoring, and have fewer 
limitations on diet and interactions with other medica-
tions. The risk factors of DOACs associated with atrial 
fibrillation (AF) include bleeding, renal impairment, 
dyspepsia, and gastritis [28, 29]. Therefore, selecting the 
suitable medication for the management of AF is vital, 
as it is contingent upon the patient’s state and medical 
background. Furthermore, the DOACs have the poten-
tial to interact with other medications, which may lead to 
an increased risk of adverse effects or a decrease in their 
effectiveness [30]. PON1 has an anti-inflammatory effect 
that involves reducing the adhesion of endothelin and the 
chemotaxis of monocytes [31, 32]. It also prevents the 
transformation of macrophages from monocytes, result-
ing in a decrease in the vascular inflammatory response 
[33]. Nevertheless, the production of PON1 occurs in the 
liver, and its functionality can be affected by the liver’s 
performance [12]. Certain DOACs have the potential to 
induce liver function abnormalities [34], which may have 
an effect on the synthesis and activity of PON1. Thus, the 
main objective of the study is to identify the candidate 
DOAC for the treatment of AF that does not adversely 
affect the beneficial protein PON1. Henceforth, we imple-
ment series of computational (protein modeling, molecu-
lar docking, and dynamics simulation) and molecular 
approaches (gene expression and enzyme concentration) 
to investigate the impact of DOACs on the PON1 protein 
and to recommend better DOAC in the treatment of AF.

In our computational assessment, the PON1 structure 
was generated and found suitable by validation through 
ERRAT, VERIFY3D, and PROCHECK tools. Then, 
molecular docking was performed and the impact of 
DOACs on PON1 was determined. Molecular docking 

identifies best binding pose of ligand towards the protein 
and provide the binding energy for the ligand for the cor-
responding protein [35]. Least the binding energy suggest 
high the binding affinity, which likely to have high inhibi-
tory effect to the target protein [35]. In this study, dabiga-
tran showed least binding energy score, which presents a 
high potential inhibitory effect to PON1 protein. On the 
other hand, rivaroxaban demonstrated the less inhibitory 
effect when compared to other known DOACs. Nota-
bly, rivaroxaban interacts with the oxygen and hydroxide 
groups that form a two hydrogen bond with the SER193 
residue contributing less binding affinity with PON1 
protein. Relatively, apixaban formed a strong pi-pi inter-
action with the PON1 residue (PHE292). Whereas, dabi-
gatran forms four hydrogen bonds, including GLU53, 
SER193, TYR197, and ASP269; salt bridge at ASP269; 
and it has three pi-pi stackings with TYR71, PHE222, 
and PHE292. Such multiple interactions between dabiga-
tran and PON1 may have a negative impact on AF treat-
ment efficiency. Henceforth, dabigatran has showed high 
inhibitory effect towards PON1 protein than apixaban 
and rivaroxaban. Further, MD simulation was performed 
until 100 ns to determine the structural stability change 
of PON1 protein on binding of rivaroxaban (lowest bind-
ing score) and dabigatran (highest binding score).

The evaluation of MD simulation provides protein 
structural conformation that is linked to protein function. 
In particular, ligand interaction with the protein target 
results in structural deviations and conformational alter-
ations and may affect the stability of the protein [36]. MD 
simulation was used to analyse the interaction of protein 
and ligand in simulated physiological environment, the 
stable interaction represents that the ligand is constantly 
bound to protein. In MD simulation, the more stable the 
drug towards the target, which indicates higher inhibi-
tory effect [36, 37]. For instance, the RMSD plot showed 
dabigatran with PON1 complex had a higher fluctuation 

Fig. 5  Relative expression of PON1. A) Relative quantification of PON1 gene expression in healthy control, rivaroxaban, and dabigatran treated partici-
pants. B) Influences of PON1 enzyme activity in normal healthy control, rivaroxaban, and dabigatran treated AF participants
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between 1 and 50 ns, and after that, the complex struc-
ture was stabilized (Fig. 2A). While the rivaroxaban has 
a higher fluctuation between 1 and 60 ns with PON1, 
then minor deviation were noticed throughout the 100 
ns simulation (Fig.  2A). An increased average RMSD 
value was observed with rivaroxaban complex compared 
to dabigatran, indicating that rivaroxaban has less stable 
conformational towards the PON1 protein. This suggests 
that dabigatran achieves a more stable conformation 
upon binding to PON1, reflecting a more effective inter-
action between dabigatran and PON1. Whereas, the riva-
roxaban binding contributed to protein flexibility, which 
conferred less binding of rivaroxaban in accordance with 
docking results. RMSF showed a higher deviation in the 
rivaroxaban and reached 0.52  nm at the position of the 
76th residue, while the apo-PON1 residues showed lower 
fluctuations (0.20 nm). In contrast, dabigatran reaches a 
peak of 0.46 nm at the 186th residue (Fig. 2B) compared 
to the apo-PON1 (0.20  nm). The PON1 structure con-
tains two calcium (Ca) binding sites (in the catalytic site) 
conserved in the PON1 sequence (Ca1: D54 and D169; 
Ca2: N224 and D269) [38]. Almost most Ca binding sites 
have a lower RMSF value, i.e., less than 1.5  nm, which 
indicates that the Ca binding residues remained stable 
during the course of the simulation without major flex-
ibility change. Similarly, the RMSF results showed that 
PON1 with rivaroxaban contributed to more fluctua-
tion at their active sites than dabigatran. Fluctuation in 
protein prevents the binding of rivaroxaban. In addition, 
the SASA demonstrates that the rivaroxaban and dabi-
gatran with PON1 complexes have higher area than the 
apo-PON1 (Fig. 3B). Notably, the increase in surface area 
of complex structures with solvents might be due to the 
binding of drug. In terms of number of HB formation, 
the apo-PON1 and rivaroxaban-PON1 complex have 
238 contacts, but dabigatran-PON1 complex showed 
decreased contacts (230) during 100 ns simulation. In 
addition, the parallel simulations were showed that riva-
roxaban with the PON1 complex has lower stability than 
the other structures (Supplementary File 1). Overall, our 
computational assessment provides a significant clue that 
dabigatran has a greater inhibitory effect on PON1 than 
that of rivaroxaban. Henceforth, molecular investigation 
is essential to substantiate the computational outcome.

In our molecular approach, the AF participants under 
treatment (dabigatran and rivaroxaban) were recruited 
and compared with healthy controls. Our initial assess-
ment with clinical data suggests the participants under 
rivaroxaban treatment had decreased LDL and other 
cholesterol levels compared to dabigatran (Table  1). 
The gene expression analysis in PBMC revealed criti-
cal insights into the regulation of PON1 in AF patients. 
Our study demonstrated a significant down-regulation 
of PON1 gene expression in patients with AF compared 

to healthy controls. This suggests that AF is associated 
with reduced PON1 levels, which may contribute to 
increased oxidative stress and inflammation observed in 
the DOACs treated patients. Among AF patients, those 
treated with dabigatran exhibited significantly lower 
PON1 expression levels compared to those treated with 
rivaroxaban (Fig. 5A). This indicates that dabigatran may 
have a more pronounced inhibitory effect on PON1 gene 
expression than rivaroxaban. Similarly, the serum PON1 
protein was significantly reduced in dabigatran treated 
AF group compared to the healthy group (Fig. 5B). The 
differential impact of dabigatran and rivaroxaban on 
PON1 (gene expression and protein level) highlights a 
potential advantage of rivaroxaban in preserving PON1 
levels in AF patients. This observation was in accordance 
with our computational results suggesting the high inhib-
itory effect of PON1 via dabigatran.

Overall, this analysis suggests that rivaroxaban will aid 
in effective treatment for AF. However, the limitation 
of this study is that PON1 gene expression and serum 
PON1 level were evaluated in a moderate sample size, so 
further sampling is required. Additionally, a crucial, in-
depth study is needed to identify the change in molecu-
lar pathways and other essential proteins influenced by 
DOACs. Our results will act as a fundamental molecular 
study that helps to discover a candidate drug that helps in 
AF treatment as well as a foundation for future studies.

Conclusions
Through our computational approach, the PON1 protein 
structure was successfully modeled and validated to have 
good quality. The modeled structure was docked with the 
DOACs, and dabigatran had the highest binding affinity 
with the PON1 protein when compared to rivaroxaban. 
Additionally, MD simulation results confirm dabigatran 
has the ability to cause more structural stability in PON1 
than rivaroxaban. Further experimental validation 
confirmed that dabigatran-treated participants had a 
decrease in PON1 gene expression and reduced PON1 
enzyme levels when compared to rivaroxaban. Thereby, 
our study suggests that rivaroxaban has the minimal 
effect on the PON1 compared to dabigatran through 
both computational and experimental investigations. 
Henceforth, rivaroxaban could be a suitable DOAC for 
the treatment of AF and to sustain the beneficial effect 
of PON1.
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