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A B S T R A C T

The current paper presents the 𝜆𝜆𝜆𝜆-Bernstein operators through the use of newly developed variant of Stancu-
type shifted knots polynomials associated by Bézier basis functions. Initially, we design the proposed Stancu
generated 𝜆𝜆𝜆𝜆-Bernstein operators by means of Bézier basis functions then investigate the local and global
approximation results by using the Ditzian–Totik uniform modulus of smoothness of step weight function.
Finally we establish convergence theorem for Lipschitz generated maximal continuous functions and obtain
some direct theorems of Peetre’s 𝐾𝐾𝐾𝐾-functional. In addition, we establish a quantitative Voronovskaja-type
approximation theorem.

1. Introduction and preliminaries

One of the most well-known mathematicians in the world, S. N. Bernstein, provided the quickest and most elegant demonstration of one of
the most well-known Weierstrass approximation theorems. Bernstein also devised the series of positive linear operators implied by {𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠}𝑠𝑠𝑠𝑠≥1. The
famous Bernstein polynomial, defined in Bernstein (2012), was found to be a function that uniformly approximates on [0, 1] for all 𝑓𝑓𝑓𝑓 ∈ 𝐶𝐶𝐶𝐶[0, 1] (the
class of all continuous functions). This finding was made in Bernstein’s study. Thus, for any 𝑦𝑦𝑦𝑦 ∈ [0, 1], the well-known Bernstein polynomial has
the following results.

𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠(𝑔𝑔𝑔𝑔; 𝑦𝑦𝑦𝑦) =
𝑠𝑠𝑠𝑠
∑

𝑖𝑖𝑖𝑖=0
𝑔𝑔𝑔𝑔
( 𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠

)

𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦),

where 𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) are the Bernstein polynomials with a maximum degree of 𝑠𝑠𝑠𝑠 and 𝑠𝑠𝑠𝑠 ∈ N (the positive integers), which defined by

𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) =

⎧

⎪

⎨

⎪

⎩

(𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖

)

𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖(1 − 𝑦𝑦𝑦𝑦)𝑠𝑠𝑠𝑠−𝑖𝑖𝑖𝑖 for 𝑠𝑠𝑠𝑠, 𝑦𝑦𝑦𝑦 ∈ [0, 1] and 𝑖𝑖𝑖𝑖 = 0, 1,…

0 for any 𝑖𝑖𝑖𝑖 𝑖𝑖 𝑠𝑠𝑠𝑠 or 𝑖𝑖𝑖𝑖 𝑖𝑖 0.
(1.1)

Testing the Bernstein-polynomials’ recursive relation is not too difficult. The recursive relationship for Bernstein-polynomials 𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) is quite
simple to test.

𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) = (1 − 𝑦𝑦𝑦𝑦)𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−1,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) + 𝑦𝑦𝑦𝑦𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−1,𝑖𝑖𝑖𝑖−1(𝑦𝑦𝑦𝑦).

In 2010, Cai and colleagues introduced 𝜆𝜆𝜆𝜆 ∈ [−1, 1] is the shape parameter for the new Bézier bases, which they called 𝜆𝜆𝜆𝜆-Bernstein operators.
This definition of the Bernstein-polynomials is defined as follows:

𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠,𝜆𝜆𝜆𝜆(𝑔𝑔𝑔𝑔; 𝑦𝑦𝑦𝑦) =
𝑠𝑠𝑠𝑠
∑

𝑖𝑖𝑖𝑖=0
𝑔𝑔𝑔𝑔
( 𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠

)

�̃�𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝜆𝜆𝜆𝜆; 𝑦𝑦𝑦𝑦), (1.2)
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The preconditioned iterative integration-exponential method is a novel iterative regularization method de-
signed to solve symmetric positive definite linear ill-conditioned problems. It is based on first-order dynamical 
systems, where the number of iterations serves as the regularization parameter. However, this method does not 
adaptively determine the optimal number of iterations. To address this limitation, this paper demonstrates that 
the preconditioned iterative integration-exponential method is also applicable to solving nonsymmetric positive 
definite linear systems and introduces an improved version of the preconditioned iterative integration-expo-
nential method. Inspired by iterative refinement, the new approach uses the residual to correct the numerical 
solution's errors, thereby eliminating the need to determine the optimal number of iterations. When the residual 
of the numerical solution from the initial preconditioned iterative integration-exponential method meets the ac-
curacy threshold, the improved method reverts to the original preconditioned iterative integration-exponential 
method. Numerical results show that the new method is more robust than the original preconditioned iterative 
integration-exponential method and eliminates the need for selecting regularization parameters compared to 
the Tikhonov regularization method, especially for highly ill-conditioned problems.
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1. Introduction

In recent years, ill-conditioned problems have attracted more and more attention and been widely used in engineering and mathematics fields, such 
as geodesy [1], geophysical exploration [2], signal and image processing [3, 4]. The solution methods of ill-conditioned equation have important 
research significance.

The ill-conditioned system can be expressed as the following form:

Ax b= (1)

where A� �
R
n n is an ill-conditioned matrix, x is solution b is observation. For an ill-conditioned system, a small disturbance in b or A can result in a 

significantly larger change in the solution x. This brings quite large difficulty when one solves the system (1) numerically. Thus, it is useless to use 
the conventional numerical methods to solve systems (1). To address this issue, iterative regularization methods such as Tikhonov regularization[5, 
6] (TR), the Landweber iteration [7], and direct regularization methods like truncated singular value decomposition [2, 8] (TSVD), modified truncat-
ed singular value decomposition [9], and modified truncated randomized singular value decomposition[10] have been developed and widely used. 
A common feature of these regularization methods is that their performance depends on various regularization parameters, such as the truncation 
order in TSVD, the Tikhonov regularization parameter, and the iteration number in iterative regularization methods. In recent years, iterative regu-
larization methods for ill-conditioned equations based on the numerical solution of dynamic systems have garnered attention [11–14]. 

The study on connections between iterative numerical methods and continuous dynamical systems often offers better understanding about iter-
ative numerical methods, and leads to better iterative numerical methods by using numerical methods for ordinary differential equations (ODEs) 
and devising ODEs from the viewpoint of continuous dynamical systems [15, 16]. For solving ill-conditioned linear systems, Ramm developed the 
dynamical systems method [11, 17]. Wu analyzed the relationship between Wilkinson iteration method and Euler method and proposed a new iter-
ative improved solution method to solve the problem of ill-conditioned linear equations [12, 18] . Enlightened by Wu’s work, Salkuyeh and Fahim 
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A B S T R A C T

Colorectal cancer (CRC) is a significant cause of death globally, due to the emergence of multidrug resistance 
(MDR), which limits the effectiveness of conventional chemotherapy. Multidrug resistance-associated protein 
2 (MRP2) plays a critical role in the drug resistance observed in cancer. MRP2 contributes to cross-resistance 
to several structurally and functionally diverse chemotherapeutic drugs. This study aims to evaluate potential 
anticancer agents and inhibitors of MRP2 to develop effective therapeutic strategies for MRP2-associated 
non-responsive CRC. In this study, molecular docking was performed to reveal the MRP2 binding sites and 
affinity with anticancer drugs. Interaction analysis of chemotherapeutic drugs with MRP2 demonstrated ir
inotecan>doxorubicin>capecitabine>trifluridine>oxaliplatin>gemcitabine>tipiracil>5-Fluorouracil (5-FU) 
to be the decreasing order of binding affinities. 5-FU exhibited the lowest binding affinity, while irinotecan 
displayed the highest. In contrast, docking analysis of inhibitors with MRP2 showed probencid<MK-571<S-(2,4-
dinitrophenyl) glutathione<dihydromyricetin <zafirlukast< montelukast to be the order of increasing binding 
affinities. Montelukast showed the highest binding affinity with MRP2. Notably, our findings showed that 
irinotecan, oxaliplatin, montelukast, and zafirlukast bind specifically to MRP2 regions TM12 and TM15. Our 
results suggest that 5-FU could be a more effective option for MRP2-overexpressing CRC as it interacts poorly 
with MRP2. Additionally, gemcitabine and oxaliplatin shared common binding sites, implying that competitive 
binding may help overcome MDR. Furthermore, our findings imply that a combinatorial approach utilizing 
irinotecan/oxaliplatin and an inhibitor may offer an efficient approach to combat drug resistance in CRC, 
paving the way for improved patient outcomes.

1. Introduction

Colorectal cancer (CRC) ranks as the second most lethal tumor 
worldwide recording more than 0.9 million deaths in 2020 (Luo et al., 
2021; Siegel et al., 2023). Substantial progress has been made in the 
development of new classes of chemotherapeutic agents to treat CRC over 
the past decades, such as bevacizumab, oxaliplatin,  pembrolizumab, 
5-fluorouracil (5-FU) and irinotecan. Nonetheless, the prognosis for 
CRC remains poor with a 5-year survival rate of around 64–67%. This 
trend seems to decrease to 14–15% in patients with distant cancer 
(Mattiuzzi et al., 2019). Several studies have indicated that multidrug 
resistance (MDR) remains a major challenge in CRC treatment, resulting 
in poor prognosis (Ahluwalia et al., 2021; Chen et al., 2022). Therefore, 
understanding the MDR mechanism and devising new strategies to 
hinder or overcome drug resistance are prerequisites for improving the 
treatment outcomes. The mechanisms involved in driving resistance 
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are complex and have not been well established (Marusyk et al., 
2020). However, it is well understood that drug resistance arises 
through several mechanisms, including inhibition of drug uptake, 
overexpression of drug transporters, target-associated signaling, escape 
from the immune response, and the emergence of drug-tolerant cells. 
Notably, among the different mechanisms, the overexpression of ABC 
transporters belonging to the ATP binding cassette (ABC) family is 
considered the most prevalent in conferring MDR in cancer cells 
(Haimeur et al., 2004; Luo et al., 2021; Poku and Iram, 2024). Among 
these ABC transporters, multidrug resistance-associated protein 2 
(MRP2) has been widely studied with reference to the gastrointestinal 
tissue where MRP2 is expressed differentially and engaged chiefly in 
exporting numerous substrates from the epithelium into the luminal 
side of the intestine. Thus, the MRP2 pump appears to be essential for 
transporting harmful substances such as toxins, metabolites, waste, and 
carcinogenic compounds as a substrate from intestinal cells to protect 
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the body from exposure to toxic and lethal effects (Marin et al., 2020). 
The efflux pump MRP2 is abundantly observed on the apical membrane 
(canalicular domain), a narrow lumen connecting the two adjacent 
hepatocytes, epithelial cells of the renal proximal tubule, and the apical 
membrane of enterocytes of the duodenum and jejunum (Karpen and 
Karpen, 2017). MRP2 mediates the exports of several metabolites, 
conjugated and unconjugated, and anionic drugs including estradiol-
17beta-glucuronide, estrone sulfate as well as bilirubin glucuronide and 
thus bilirubin transport by MRP2 is the main mechanism for bile acid–
independent bile flow across the canaliculus (Heredi-Szabo et al., 2008; 
Järvinen et al., 2018; Keppler, 2014). MRP2 dysfunction could lead to 
conditions like Dubin-Johnson syndrome, most often characterized by 
increased levels of bilirubin glucuronide in the bloodstream resulting in 
jaundice (Deng et al., 2020; Mazza et al., 2024). Notably, MRP2 has also 
been reported to be highly expressed in colon adenomas and carcinomas 
as compared to normal tissue (Andersen et al., 2015) and this differential 
expression level indicates that it could be afflicted with an early event 
in the onset and development of CRC (Andersen et al., 2015; Marin 
et al., 2020). It has been well-documented that MRP2 overexpression 
facilitates the efflux of chemotherapeutic drugs from cancer cells, 
resulting in resistance to anticancer agents (Sticova et al., 2013; Sui 
et al., 2016). Notably, MRP2 has also been reported to be expressed 
in distinct cisplatin (CDDP)-resistant cancer cell lines, including colon 
cancer, ovarian cancer, bladder cancer, and hepatocellular carcinoma 
(Liedert et al., 2003; Materna et al., 2005). In vitro studies have also 
confirmed the implication of MRP2 in the MDR mechanism, as it is 
characterized by the failure of chemotherapeutic agents to sensitize 
many cancer cell lines, including CRC (Ma et al., 2009; Materna et al., 
2006). Other studies have also established that the overexpression of 
MRP2 in cancer cells leads to the efflux of several structurally distinct 
chemotherapeutic agents, including cisplatin, irinotecan, paclitaxel, 
methotrexate, oxaliplatin, and/or vincristine, along with glutathione-
conjugated drugs (Maarten T Huisman et al., 2005; Myint et al., 
2019, 2015a). A study conducted by Korita et. al. demonstrated that 
the expression level of MRP2 is a key determinant in establishing the 
efficacy of cisplatin-based chemotherapy of hepatocellular carcinoma. 
(Korita V. et al., 2010). Furthermore, a recent in vitro study by Biswas 
et. al. showed that oxaliplatin is a substrate of MRP2 with possibly two 
binding sites (Biswas et al., 2019). They demonstrated that silencing 
MRP2 leads to an increase in oxaliplatin accumulation and cytotoxicity 
in gastrointestinal cell lines such as CRC cells (Caco-2) and pancreatic 
cancer cells (PANC-1) (Biswas et al., 2019).

Hence, it is well understood from numerous studies that 
overexpression of MRP2 is the leading cause of efflux of therapeutic 
drugs, and as a result, the MRP2 transporter is considered one of the 
major contributors to chemotherapeutic resistance in CRC (Sticova et 
al., 2013; Sui et al., 2016). From this perspective, revealing the structure 
and function of MRP2 transport protein has become imperative in 
order to recognize its drug-binding site through which the MRP2 
pump recognizes drugs as a substrate and effluxes the drugs out of the 
tumor cell. It is also important to calculate its binding affinities with 
such drugs. This is an important aspect in devising better strategies 
and treatment modalities to overcome MDR in patients with cancer. 
Moreover, analysis and validation of drugs that could potentially block 
the MRP2 transporter through competitive inhibition within the pump 
or inhibit MRP2 expression or function have drawn significant attention 
toward improving the efficacy of chemotherapeutic agents in cancer 
patients.

Based on ABC transport protein structure and function prediction, 
the MRP2 is composed of a larger core segment with two transmembrane 
domains (TMDs), two nucleotide-binding domains (NBDs), and a linker 
segment L1 (Borst and Elferink, 2002). Furthermore, MRP2 contains 
a third NH2-terminal membrane-spanning domain, MSD0, also called 
the terminal transmembrane domain (Borst and Elferink, 2002; Kruh 
and Belinsky, 2003). Functional prediction of MRP2 revealed that TM 
helices contain basic residues that are involved in the recognition and 
translocation of their substrates (Ryu et al., 2000). It has been reported 
that these basic residues in TM6, TM9, TM16, and TM17 are implicated 
in the binding of glutathione-conjugated drugs, and interestingly, a 
critical amino acid TM11 encourages steady expression of the MRP2 
transporter (Ryu et al., 2000). Furthermore, an aromatic amino acid 

(Trp1254) residue present in TM17 is considered a key determinant 
in facilitating the transport of methotrexate by the MRP2 pump (Ito 
et al., 2001). Notably, according to transport assay vesicle analysis 
performed in the presence of various drugs, it has been reported that 
the MRP2 possibly contains distinct binding sites: at least one for drug 
transport and a second essentially associated with allosteric regulation 
of the first; depending on receiving response patterns it could be 
either complex inhibition or stimulation (Zelcer et al., 2003). On the 
other hand, several mutational analyses of model transport Pgp1 have 
revealed several critical residues in the TMD, loops, and NBD of MDR1 
pumps involved in substrate binding, translocation, and efflux (Loo and 
Clarke, 2002; Tangella et al., 2020). Similarly, we also anticipate that 
MRP2 may have a wide range of key residues spanning TMD, loops, and 
NBD essentially involved in substrate recognition, translocation, and 
extrusion in this transporter.

There is currently limited information on how anticancer drugs 
with MRP2 transporter impact chemotherapeutic effectiveness. MRP2 
protein, along with its pharmacokinetics and substrate specificity are 
poorly studied through in-silico investigations. A deeper understanding 
of MRP2 substrate specificities is crucial for selecting effective drugs 
and designing new chemotherapeutics to minimize MRP2-related drug 
interactions. Consequently, analyzing MRP2-substrate interactions to 
determine protein-ligand binding affinity and specificity is essential 
for predicting the effectiveness of anticancer drugs, especially in CRC 
patients with MDR.

Hence, in this study, we aimed to identify the binding site of MRP2 
for several chemotherapeutic drugs and inhibitors in silico. Molecular 
docking analysis can demonstrate the binding affinity of drugs and 
identify potential interacting sites between MRP2 and its substrates. 
This approach may predict the most effective anticancer drugs as a 
combinatorial therapeutic strategy for treating non-responder CRC 
patients, often associated with overexpressed MRP2 transporters.

2. Materials and Methods

2.1 Ligand Preparation

The three-dimensional (3D) structure of the drugs was retrieved 
from the NCBI PubChem database in SDF format; 5-Fluorouracil 
(PubChem ID: 3385), Capecitabine (PubChem ID: 60953), 
Dihydromyricetin (PubChem ID: 161557), Doxorubicin (PubChem 
ID: 31703), Estradiol-17-beta-glucuronide (PubChem ID: 5281887), 
Estrone sulfate (PubChem ID: 3001028), Gemcitabine (PubChem ID: 
60750), Irinotecan (PubChem ID: 60838), MK-571 (PubChem ID: 
5281888), Montelukast (PubChem ID: 5281040), Oxaliplatin (PubChem 
ID: 9887053), Probenecid (PubChem ID: 4911), S-(2,4-dinitrophenyl) 
Glutathione (PubChem ID: 97535), SN-38 (PubChem ID: 104842), 
Tipiracil (PubChem ID: 6323266), Trifluridine (PubChem ID: 6256), 
and Zafirlukast (PubChem ID: 5717) (https://pubchem. ncbi. nlm. nih. 
gov/) (Kim et al., 2019; Wang et al., 2009). The ligands were prepared 
using Open Babel (O’Boyle et al., 2011). The structures were energy-
minimized and converted to the .pdbqt (protein data bank, partial 
charge (Q), and atom type (T)) format using Open Babel integrated in 
the PyRx Tool v.0.8 (Dallakyan and Olson, 2015).

2.2 Receptor Preparation

The human ABCC2 (MRP2) protein 3D structure (8JX7) was 
retrieved from the Protein Data Bank (PDB) (Berman et al., 2000). The 
structure was prepared by removing water molecules, adding missing 
hydrogens, assigning Kollman charges, and then converted to .pdbqt 
format using the AutoDock Tool in PyRx. The protein-ligand binding 
sites were predicted using P2RANKWeb 3 tool (Krivák and Hoksza, 
2015) and the grid box was centered to include all pockets showing 
high scores.

2.3 Molecular Docking

 Molecular docking is a computational approach that predicts the 
most favorable orientation and binding affinity of a small molecule 
(ligand) to a target protein, forming a stable complex. It is a key tool 
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in drug discovery, used to screen drug candidates and analyze their 
interactions with target proteins (Morris and Lim-Wilby, 2008). In the 
current study molecular docking was performed using PyRX version 0.8, 
with the AutoDock Vina algorithm. The exhaustiveness parameter was 
set to value 8, and the number of output poses was set to 10. Docking 
was performed using the prepared ligand and receptor files. The grid 
box parameters were identical to those used for receptor preparation.

2.4 Docking Results Analysis

The resulting docking poses were ranked based on their Vina scoring 
function. The top pose of each ligand was analyzed and visualized using 
BIOVIA, Dassault Systèmes, Discovery Studio Visualizer, v24.1.0.23298, 
San Diego: Dassault Systèmes, 2023. Key interactions, such as hydrogen 
bonds, hydrophobic contacts, and pi-pi stacking, were analyzed and 
documented (SYSTÈMES, n.d.).

3. Results

3.1 Analysis of docking results for anti-cancer drugs

Prior to molecular docking, we identified the binding pockets of 
MRP2 using the P2RANK web tool and found around 25 binding pockets. 
Based on the binding score, we used the top five binding pockets for 
docking, as presented in Table 1. Fig. 1 shows the binding pockets of 
MRP2. The docking analysis results for each drug are summarized in 
Table 1, detailing binding affinities, binding sites, and the number 
of hydrogen bonds. We performed docking of SN-38, estradiol, and 
estrone sulfate with MRP2 because these drugs are the known substrate 
of MRP2. We observed the highest binding affinity of SN-38 (-9.1), 
Estradiol-17-beta-glucuronide (-8.9 kcal/mol), and estrone sulfate (-8.2 
kcal/mol), respectively, as shown in Table 2.

3.1.1 Irinotecan

Our results revealed that Irinotecan (-9.7 kcal/mol) has the 
highest binding affinity to MRP2 with various interactions, including 
hydrophobic interactions and hydrogen bonding with Irinotecan and 
amino acids in the protein's binding pocket shown in Fig. 2(a). The 
irinotecan forms three hydrogen bonds with Thr912, Arg1156, and 
Ser1164 residues. Additionally, weaker van der Waals interactions were 
observed with Leu913, Ser425, and Asn422 residues, further stabilizing 
the ligand as shown in Fig. 2(a). Hydrophobic interactions, including 
alkyl interactions with Val421 and Tyr1160 and Pi-Pi T-shaped 
interactions, enhance binding by positioning the ligand in non-polar 
regions of the protein. Most interactions, particularly the hydrophobic 
and hydrogen bonds, play a critical role in securing Irinotecan within 
the protein’s active site, ensuring its effective binding and potential 
activity.

3.1.2 SN-38

SN-38 (-9.1 kcal/mol), a derivative of Irinotecan, interacted with 
the MRP2 binding pocket in ways that contribute to stabilizing the 
ligand. Hydrogen bonds play a critical role, as Asp884 and Ser908 form 
strong bonds with the ligand, demonstrated in Fig. 2(b) and Table 1. 
These hydrogen bonds help secure the ligand firmly within the binding 
site. Pi-cation interactions, particularly with Arg911, further stabilize 
the ligand by involving the arginine's positive charge with the ligand's 
aromatic system. This interaction is important for anchoring the ligand 
in the pocket. Additionally, Pi-Pi T-shaped interactions are observed 
with Tyr1160 and Val421, helping to stabilize the ligand’s ring system 
by stacking it with the aromatic groups of the protein. The van der 
Waals forces between the ligand and Phe909, Ser425, and Thr912 
residues add stability by providing gentle interactions that  keep the 
ligand in position.

3.1.3 Estradiol-17-beta-glucuronide

Estradiol-17-beta-glucuronide (-8.9 kcal/mol) shows several 
interactions with the amino acid residues of MRP2, as shown in 

Table 1.  
The score of predicted binding pockets using the P2RANK web tool

Rank Score Probability Number of residues

1 14.03 0.722 16
2 13.33 0.702 27
3 12.15 0.663 14
4 9.928 0.542 27
5 5.88 0.308 17

Fig 1. Shows the binding pocket of MRP2. 

Table 2.  
Shows the binding affinities, hydrogen bonds, and other interactions of anti-
cancer drugs with multidrug resistance-associated protein 2 (MRP2)

Drugs Binding 
affinity 
(kcal/mol)

Hydrogen bonds Other interactions 

Known substrates 
SN-38 -9.1 Asp884, Ser908 Val421 (pi-alkyl), Arg911 

(pi-cation), Tyr1160 (pi-pi)
Estradiol-17-
beta-glucuronide 

-8.9 Asp884, Asn907, 
Gly1086

Met492, Lys495, Leu499 
(Alkyl, pi-alkyl)

Estrone sulfate -8.2 Lys495, Asp1093 Leu499, Arg911 (Alkyl, pi-
alkyl) Lys495 (pi-cation)

Anticancer drugs 
Drugs Binding 

affinity 
(kcal/mol)

Hydrogen bonds Other interactions 

Irinotecan -9.7 Thr912, Arg1156, 
Ser1164

Gly418 (CHB), Val421 
(Alkyl), Thr1160 (pi-pi) 

Doxorubicin -8.7 Gln429, Ser908, 
Thr912, Ser1153

Ser425 (CHB), Val421 
(pi-alkyl), Tyr1160 (amide-
pi-stacked)

Capecitabine -6.8 Arg911, Gly1086, 
Ser1089, Thr1264, 
Arg1271

Leu499, Ala1085 (Alkyl), 
Asp884 (Halogen)

Trifluridine -6.6 Ile710, Asn712, 
Glu756, Ser1168

Gly755 (CHB), Gln711, 
Glu1165 (Halogen)

Oxaliplatin -6.4 Gln429, Thr912, 
Arg1156, Tyr1160

Gemcitabine -6.2 Gln429, Asp884, 
Arg911, Thr912

Ser425 (CHB, Halogen), 
Arg911 (pi-cation)

Tipiracil -6.2 Ser708, Ile710, 
Asn712, Glu1165

Glu756 (pi-anion)

5-Fluorouracil 
(5-FU)

-5.6 Gln488, Asn491, 
Lys495, Glu532, 
Asp1093

Phe539 (pi-pi), Leu536 (pi-
alkyl), Asp1093 (pi-anion)
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Table 1, including three hydrogen bonds that are crucial for binding, 
with Arg911, Gly1086, and Asn907 forming strong stabilizing bonds 
as shown in Fig. 2(c). These interactions help secure the ligand in 
an optimal position. Additionally, there are several van der Waals 
interactions with Ser908, Ala1085, Ser1089, Ser914, Asn503, val1081, 
and Asp496 residues, providing weaker yet supportive interactions 
that contribute to the overall stability of the ligand. The ligand also 
experiences alkyl and pi-alkyl interactions with hydrophobic residues 
like Lys495, Leu499, and Met492, which help anchor the non-polar 
regions of the ligand within the binding pocket. These interactions 
are particularly important for stabilizing hydrophobic portions of the 
ligand. Estradiol-17-beta-glucuronide is held in place through strong 
hydrogen bonds, weaker van der Waals forces, and hydrophobic 
interactions.

3.1.4 Doxorubicin

Doxorubicin (-8.7 kcal/mol) shows various interactions with amino 
acid residues of the MRP2 binding site, as shown in Fig. 2(d). Four 
hydrogen bonds with Gln429, Ser904, Thr912, and Ser1153 are crucial 
for forming strong stabilizing bonds with Doxorubicin. These interactions 
help secure the ligand in an optimal position. Additionally, there are 

several van der Waals interactions with Ser908, Ala1085, and Asp884 
residues, providing weaker yet supportive contacts that contribute to 
the structural integrity of the ligand. The ligand also formed Pi-Alkyl 
interactions with hydrophobic residues like Va421, which help anchor 
the non-polar regions of the ligand within the binding pocket. These 
interactions are particularly important for stabilizing the hydrophobic 
portions of the ligand. Additionally, we observed a carbon-hydrogen 
bond at residue Ser425 and amide pi-stacked interaction at Tyr1160, 
as shown in Table 2.

3.1.5 Estrone sulfate

We have observed that Estrone sulfate (-8.2 kcal/mol) formed two 
hydrogen bonds with Asp1093 and Arg911 in the MRP2 binding sites, 
as shown in Table 2 and Fig. 2(e). pi-cation interactions with Lys495 
further strengthen the binding by stabilizing the aromatic ring of Estrone 
sulfate. Alkyl and pi-alkyl interactions with residues like Leu499 and 
A911 contribute to hydrophobic stabilization, helping to anchor non-
polar regions of the ligand. Additional van der Waals interactions with 
Ser914 and Met492 residues are weaker but supportive in keeping the 
ligand in place.

Fig 2. Predicated binding sites of MRP2 with (a) irinotecan, (b) SN-38, (c) estradiol, (d) doxorubicin, (e) estrone sulfate, (f) capecitabine, (g) trifluridine, (h) oxaliplatin, (i) 
gemcitabine, (j) tipiracil, (k) 5-FU (Legends: Green: Van der Waals interactions, Green dashed-lines: Hydrogen bond, Gray dashed-lines: Carbon hydrogen bond, Cyan: Halogen 

interactions, Orange dashed-lines: Pi-cation interactions; Pink dashed-lines: Pi-Alkyl interactions (Pi-Pi stacked interactions); Light pink dashed-lines: Alkyl interactions; Red 
dashed-lines: unfavorable interactions. 

(b) Estradi-ol-17-beta-glucuronide(a) SN-38

(g) Trifluridine

(d) Irinotecan (e) Doxorubicin (f) Capecitabine

(j) Tipiracil

(h) Oxaliplatin

(k) 5-flurouracil

(i) Gemcitabine

(c) Estrone sulfate
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3.1.6 Capecitabine

Capecitabine (-6.8 kcal/mol) formed five hydrogen bonds with 
Arg911, Gly1086, Ser1089, Thr1264, and Arg1271 residues, which play 
an essential role in anchoring the ligand, as presented in Fig. 2(f) and 
Table 2. Additionally, halogen bonds with Asp884 enhance stability by 
interacting with the fluorine atom of capecitabine. Alkyl interactions 
with Leu499 and Ala1085 provide hydrophobic stabilization, while van 
der Waals interactions with Lys495 and Val1267 are supportive but 
weaker interactions that help hold the ligand in place.

3.1.7 Trifluridine

Fig. 2(g) represents that Trifluridine (-6.6 kcal/mol) forms four 
hydrogen bonds with residues, including Ile710, Asn712, Glu756, and 
Ser1168, which help to hold it in place securely. It also forms halogen 
bonds between its fluorine atoms and residues Asn711 and Gln711, 
adding to its stability. There are also van der Waals interactions 
with Ser1168 and Glu1165, which are weaker but still help keep the 
molecule in the right position. Carbon-hydrogen bonds with Gly755 
add more stability, as shown in Table 2.

3.1.8 Oxaliplatin

Oxaliplatin (-6.4 kcal/mol) made four hydrogen bonds with Thr912, 
Tyr1160, Arg1156, and Gln429, providing strong stabilizing forces that 
anchor the ligand, as demonstrated in Fig. 2(h) and Table 2. While van 
der Waals interactions with Phe909, Ser908, and Ser425 were weaker 
but supportive, a network of hydrogen bonds plays the dominant role 
in securing oxaliplatin within the active site, ensuring its effective 
positioning for potential biological activity.

3.1.9 Gemcitabine

Gemcitabine (-6.2 kcal/mol) highlights the various interactions 
that stabilize the ligand within the MRP2 binding site. Gemcitabine 
interacts with MRP2 though four hydrogen bonds are formed with 
Gln429, Asp884, Arg911, and Thr912, shown in Fig. 2(i). Additionally, 
pi-cation interaction with Arg911, further strengthens the ligand's 
position. Halogen bonds with Thr912 provide additional stability in 
the presence of fluorine atoms in the ligand. Van der Waals interactions 
with residues like Phe909 and Ser908 are weaker but supportive.

3.1.10 Tipiracil

Fig. 2(j) shows that tipiracil (-6.2 kcal/mol) formed four hydrogen 
bonds with Asn712, Ile710, Gln711, and Glu1165. Additionally, a pi-
anion interaction with the aromatic system of Glu756 helps further 
stabilize the ligand, as depicted in Table 2. Van der Waals interactions 
with residues such as Ser708, Trp709, and Lys766 provide additional, 
weaker support, ensuring the ligand remains in place. Together, these 
interactions ensure that tipiracil is effectively bound within the MRP2, 
facilitating its biological function.

3.1.11 5-Fluorouracil (5-FU)

5-FU (-5.6 kcal/mol) showed the lowest binding affinity with MRP2, 
as presented in Table 2. 5-FU formed five hydrogen bonds with Lys495, 
Asp1093, Asn491, Asp1093, and Gln488 of MRP2. Additionally, pi-
anion interactions with Asp1093 contribute to stabilizing the negatively 
charged regions of the ligand. Pi-Pi Stacked interactions with Phe539 
and Pi-Alkyl interactions with Leu536 and Asn491 help to stabilize 
the aromatic and hydrophobic regions of 5-FU, as shown in Fig. 2(k). 
Van der Waals interactions with residues like Met492 and Asn907 are 
weaker but supportive.

3.2 Analysis of docking results for inhibitors

3.2.1 Montelukast

The docking analysis of Montelukast (-8.8 kcal/mol) reveals that it 
formed five hydrogen bonds with Ser908, Thr912, Arg911, Ser1153, 

and Asp884 residues, which help it to anchor firmly within the binding 
pocket as shown in Fig. 3(a) and Table 3. Additionally, there are pi-
cation interactions involving Arg1156, where the positively charged 
arginine side chain interacts with the aromatic rings of the ligand, 
further stabilizing its position. The ligand also shows van der Waals 
interactions with residues, which provide weaker but essential contacts 
to help secure Montelukast in the pocket. Moreover, pi-alkyl interactions 
with Arg1149, Arg1150, Tyr1160, and Phe909 create hydrophobic 
interactions that stabilize the non-polar parts of the ligand.

3.2.2 Zafirlukast

Docking results showed that Zafirlukast (-8.7 kcal/mol) formed 
only single hydrogen bonds with residue Arg911, which may play a 
significant role in anchoring the ligand. Additionally, van der Waals 
interactions with multiple residues provide further stability by gently 
holding the ligand in place, as shown in Fig. 3(b). A pi-cation interaction 
with Arg1156 strengthens the binding by leveraging electrostatic forces 
between the positively charged arginine and the aromatic ring of 
Zafirlukast. Alkyl interactions with Val421 contribute to stabilizing the 
hydrophobic regions of the ligand, as demonstrated in Table 3.

3.2.3 Dihydromyricetin

Dihydromyricetin (-7.5 kcal/mol) formed four hydrogen bonds 
with Arg1156, Gln429, Thr912, and Ser908, as represented in 
Table 3. Additional hydrogen bonds with Thr912 and Ser425 further 
strengthened the ligand's positioning. Van der Waals interactions with 
residues, are supportive but weaker and help maintain the ligand's 
stability. A Pi-Pi T-shaped interaction with Tyr1160 stabilizes the 
ligand's aromatic system, as shown in Fig. 3(c).

3.2.4 S-(2,4-dinitrophenyl) glutathione

S-(2,4-dinitrophenyl) glutathione (-7.2 kcal/mol) formed four 
hydrogen bonds between Arg911, Asp884, Arg1156, and Ser1153, 
which anchor the ligand firmly, as directed in Table  3. Pi-sulfur 
interactions between Tyr1160 and the sulfur atom of the ligand create 
additional stability. In contrast, pi-alkyl interactions with Arg1156 help 
secure the non-polar regions of the molecule. Van der Waals forces 
with surrounding residues such as Asn422, Val426, and Ser908 provide 
further support by gently holding the ligand in place, as shown in 
Fig. 3(d).

3.2.5 MK-571

Our docking results show that MK-571 (-7.1 kcal/mol) formed two 
hydrogen bonds with residues Thr912 and Ser1164, as shown in Figs. 
3(e) and 3. Two carbon-hydrogen bonds with residues like Ser425 
and Ser1161 further stabilize the molecule. Pi-alkyl interactions with 
Val421 and Asn422 provide additional stabilization to the hydrophobic 
regions of the ligand. Weak but supportive van der Waals interactions 
gently hold the ligand in place, as shown in Fig. 3(e).

3.2.6 Probenecid

Probenecid (-6.1 kcal/mol) formed two hydrogen bonds with 
Arg911 and Lys495, which help anchor the ligand, as depicted in 
Table 2. Additionally, pi-sigma interactions with Arg911 stabilize the 
aromatic ring of probenecid, while pi-donor hydrogen bonds with 
Ser1089 contribute to further stability. Van der Waals interactions 
provide weaker but essential contacts to maintain the ligand's position, 
as shown in Fig. 3(f).

4. Discussion

The development of MDR and relapse of tumor cells that repeatedly 
occurs during cancer therapy is a key limitation in the successful 
treatment of cancer, even after using adequate doses of chemotherapeutic 
agents to eliminate cancer cells. (Ashique et al., 2024; Mirakhorli et 
al., 2012). Currently, platinum-based oxaliplatin is routinely used in 
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Fig 3. Predicated binding sites of MRP2 with (a) montelukast, (b) zafirlukast, (c) dihydromyricetin, (d) S-(2,4- dinitrophenyl) glutathione, (e) MK-571, (f) probenecid, (Legends: 
Green: Van der Waals interactions, Green dashed-lines: Hydrogen bond, Gray dashed-lines: Carbon hydrogen bond, Cyan: Halogen interactions, Orange dashed-lines: Pi-cation 

interactions; pink dashed-lines: Pi-Alkyl interactions (Pi-Pi stacked interactions); light pink dashed-lines: alkyl interactions; red dashed-lines: unfavorable interactions. 

the treatment of CRC but using a combination of oxaliplatin and 5-FU 
has shown an improvement in the efficacy of adjuvant chemotherapy, 
especially in case of relapses (Casado et al., 2007). Nevertheless, certain 
patients with CRC continue as non-responders to effective combinatorial 
chemotherapeutic approaches (Arts et al., 1999; Casado et al., 2007). 
In this perspective, there is a need to investigate the interaction of 
anticancer drugs with the MRP2 transporter to predict the nature of the 
drug binding site and its affinity potential with which the MRP2 pump 
recognizes chemotherapeutic drugs as a substrate for efflux.

In the present study, we performed molecular docking with its 
three known substrates SN-38, Estradiol-17-beta-glucuronide, and 
estrone sulfate (Herédi-Szabó et al., 2009; Zhang et al., 2022). We 

found high binding affinities of SN-38 (-9.1 kcal/mol), Estradiol-17-
beta-glucuronide (-8.9 kcal/mol), and estrone sulfate (-8.2 kcal/mol) 
as shown in Table 2. Estradiol-17-beta-glucuronide is an estrogen 
metabolite produced in the liver and later excreted in the bile. Estradiol-
17-beta-glucuronide is a well-known substrate of MRP2, and serves as a 
cholestatic agent that reduces bile flow (Gerk et al., 2004; Herédi-Szabó 
et al., 2009). The functional role of hepatic MRP2 is directing bile salts, 
as well as glucuronide and sulfate conjugates, including estrone sulfate 
and glutathione, to bile (Järvinen et al., 2018; Loe et al., 1996). The 
interaction studies between MRP2 and its three known substrates (SN-
38, Estradiol-17-beta-glucuronide, and estrone sulfate) helped establish 
a basis for comparing anticancer drug interactions with MRP2. This 

(a) Montelukast

(c) Dihydromyricetin

(e) MK-571

(b) Zafirlukast

(d) S-(2,4- dinitrophenyl) glutathione

(f) Probenecid
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comparison can predict which anticancer drugs may be more effective, 
based on the idea that drugs with lower binding affinity to MRP2, 
compared to natural substrates, could be more potent.

Furthermore, we evaluated the interaction of anti-cancer drugs 
with MRP2 to reveal the binding affinity and potential binding sites 
of MRP2. Most drug binding sites were present in TM8, TM9, TM10, 
TM12, TM14, and TM15, as shown in Fig. 4, while only trifluridine and 
tipiracil showed binding in NBD1. Our ligand–MRP2 protein alignment 
analysis revealed irinotecan binding to TMD12 and TM15, and the 5-FU 
binding site was found in TM9, TM10, and TM14 of MRP2, as shown 
in Fig. 4.

Molecular docking analysis revealed that irinotecan (-9.7 kcal/
mol) was found to have the highest binding affinity for MRP2. Notably, 
irinotecan formed three hydrogen bonds with MRP2 at residues Thr912, 
Arg1156, and Ser1164. Additionally, it formed a carbon-hydrogen bond, 
alkyl, and pi-pi interactions at residues Gly418, Val421, and Thr1160 
of MRP2, respectively, as shown in Fig. 2(a). Our analysis suggests 
that irinotecan is likely the best substrate, as shown in Table 2. Hence, 
our findings indicate that irinotecan interacts with the highest binding 
affinity for MRP2 and, thus, may not be considered a better option 

for overexpressed MRP2 in CRC tumor cells. The docking analysis also 
showed doxorubicin (-8.7 kcal/mol), capecitabine (-6.8 kcal/mol), 
trifluridine (-6.6 kcal/mol), oxaliplatin (-6.4 kcal/mol), gemcitabine 
(-6.2 kcal/mol), tipiracil (-6.2 kcal/mol), and 5-FU (-5.6 kcal/mol) 
ranked as second, third, fourth, fifth, sixth, seventh and eighth based 
on binding affinity in anticancer drugs with MRP2, as shown in Table 2. 
Our docking results showed that doxorubicin has the second-highest 
binding affinity, forming interactions with TM8, TM12, and TM15, 
as shown in Fig. 4. Our findings reveal that doxorubicin may act as 
the substrate of MRP2 due to its higher binding affinity. It is reported 
that doxorubicin is a commonly used anticancer drug to treat various 
cancers, including CRC (Xiong and Xiao, 2018). Still, the emergence 
of MDR limits its effectiveness in CRC (Khaleel et al., 2016), which 
is why it cannot be used in MDR-overexpressed CRC. Additionally, it 
was observed that capecitabine binds in the TM12, TM14, and TM17 
of MRP2 regions, as shown in Fig. 4. Currently, capecitabine is used 
to treat advanced-stage metastatic CRC (Pasetto and Monfardini, 
n.d.; Pouya et al., 2023), but further studies are required to confirm 
its efficacy in MDR-overexpressed CRC patients. Our results showed 
that the trifluridine and tipiracil binding affinities were -6.6 kcal/mol 
and -6.2 kcal/mol, respectively, which implies that these may weakly 
bind with MRP2. Hence, it may be a viable choice for CRC treatment. 
Our results also showed that trifluridine and tipiracil share a common 
binding site in Ile710. Notably, these are the only anticancer drugs 
in the current study that bind in NBD1 of MRP2 protein, as shown 
in Fig. 4. It has been reported that trifluridine/tipiracil improves 
survival compared to palliatives. Currently, available therapies with a 
combination of trifluridine/tipiracil (Lonsurf) have been used as useful 
treatment options for the management of refractory CRC in patients. 
(Burness and Duggan, 2016; Patel et al., 2021). Lonsurf also overcomes 
MDR in human gastric 5-FU-refractory cells with elevated thymidylate 
synthase expression (Matsuoka et al., 2018).

Our result analysis showed that oxaliplatin interacts with the binding 
affinity of -6.4 kcal/mol through the formation of four hydrogen bonds 
at residues Gln429, Thr912, Arg1264, and Arg1160 of MRP2 protein, as 
shown in Table 2. We have observed that oxaliplatin binds in the TM8, 
TM12 and TM15 regions, as illustrated in Fig. 4. Previous studies have 
reported that the inhibition of MRP2 increases oxaliplatin accumulation 
and cytotoxicity in the colorectal cancer cell (Caco-2) and pancreatic 
cancer cell (PANC-1) and thus concluded that oxaliplatin may be a 
substrate of MRP2 with possibly two binding sites (Biswas et al., 2019). 

Table 3.  
Shows the binding affinities, hydrogen bonds, and other interactions of inhib-
itors with multidrug resistance-associated protein 2 (MRP2)

Inhibitor Binding 
affinity 

(kcal/mol)

Hydrogen bonds Other interactions 

Montelukast -8.8 Asp884, Ser908, 
Arg911, Thr912, 
Ser1153

Phe909, Arg1149, 
Arg1150, Tyr1160 
(Alkyl, pi-alkyl) Arg1156 
(pi-cation)

Zafirlukast -8.7 Arg911 Val421 (Alkyl), Arg1156 
(pi-cation)

Dihydromyricetin -7.5 Gln429, Ser908, 
Thr912, Arg1156

Tyr1160 (pi-pi)

S-(2,4-dinitrophenyl) 
glutathione

-7.2 Asp884, Arg911, 
Ser1153, Arg1156

Arg1156 (pi-Alkyl), 
Tyr1160 (pi-sulfur)

MK-571 -7.1 Thr912, Ser1164 Val421 (pi-alkyl) Ser425, 
Ser1161 (CHB)

Probenecid -6.1 Lys495, Arg911, 
Thr1090

Arg911 (pi-sigma), 
Ser911 (pi-sigma)

Fig 4. Predicts the binding sites of anticancer drugs and inhibitors with MRP2. Drugs are represented with abbreviations; Irinotecan, IR; SN-38, Estradiol, EST; Doxorubicin, 
DX; Estrone sulfate, ES; Capecitabine, CAP; Trifluridine, TF; Oxaliplatin, OX; Gemcitabine, GEM; Tipiracil, TR; 5-Fluorouracil, 5-FU; Monte-lukas, MON;, Zafirlukast, ZAF; 

Dihydromyricetin, DH; S-(2,4-dinitrophenyl) glutathione, SG; MK-571; and Probenecid, PB.The NBD1 & NBD2 and conserved regions are depicted in distinct colors.
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Thus, based on our findings, we suggest that oxaliplatin might not be 
alone considered an appropriate choice for the treatment of MRP2-
overexpressed CRC patients. Additionally, Comella et al., reported that 
oxaliplatin in combination with 5-FU showed a 60% or higher response 
rate in the first line of treatment. Still, the response was recorded as 
approximately 25–50% for the relapse of CRC (Comella et al., 2009). 
Hence, we also suggest that treatment with oxaliplatin and 5-FU may 
be a suitable combinatorial approach to treat MRP2 overexpressed 
CRC as oxaliplatin alone can bind to MRP2 with high binding affinity 
as compared to 5-FU. Notably, gemcitabine showed one of the  least 
binding affinity anticancer drugs, interacting through TM8 and TM15 of 
MRP2, as presented in Fig. 4. Studies have reported that gemcitabine is 
used in metastatic CRC patients (Baretti et al., 2021; Zeng et al., 2023). 
Thus, gemcitabine appeared to be a potent anticancer drug for MRP2-
resistant CRC; however, this observation warrants further in vitro/in 
vivo studies to confirm its efficacy. Interestingly, our findings showed 
that 5-FU interacts with the lowest binding affinity (−5.6 kcal/mol), 
indicating it as a poor substrate of MRP2. Thus, it signifies a potent 
anticancer drug for CRC. Parallel studies have also suggested that 5-FU 
therapy significantly improves the survival in many cancers, including 
CRC, as evidenced by the fact that 5-FU continues to be the primary 
treatment option for CRC (Cho et al., 2020; Pardini et al., 2011). Hence, 
evidence supports our finding that 5-FU could be a potent drug option 
for CRC.

The MRP2 pump involves transporting various anticancer agents, 
including cisplatin, irinotecan, vincristine, and paclitaxel (Chu et al., 
1997; Cui et al., 1999; Maarten T. Huisman et al., 2005). Other studies 
have also established that the overexpression of MRP2 in cancer cells 
leads to the efflux of several structurally distinct chemotherapeutic 
agents, including methotrexate, oxaliplatin, and/or vincristine, along 
with glutathione (Myint et al., 2015b). Furthermore, a study conducted 
by Korita et al. demonstrated that the expression level of MRP2 is a 
key determinant in establishing the effectiveness of cisplatin-based 
chemotherapy in hepatocellular carcinoma patients (Korita V. et 
al., 2010). Therefore, modulation of MRP2 expression or function 
through selective inhibitors is needed to improve the efficacy of 
chemotherapeutic drugs in CRC. A diverse range of structurally distinct 
drugs and compounds that may modulate or inhibit MRP2 expression 
or function has been identified. For example, the drug probenecid has 
been reported to treat gout disease, and another MK-571 is used as 
an antagonist of the leukotriene receptor to treat chronic asthmatic 
patients (Chen et al., 1999; Kim et al., 2001). Interestingly, Montelukast, 
a drug usually used in the treatment of asthma, has also been reported 
to inhibit the efflux of paclitaxel and saquinavir drugs in overexpressed 
MRP2 cells (Roy et al., 2009a). Therefore, we sought to analyze these 
drugs/inhibitor interactions with MRP2 to compare the binding affinity 
and binding sites. This comparison will help to determine whether 
the drugs function as modulators or inhibitors by competing with 
anticancer agents, potentially blocking MPR2 transport function. To 
shorten drug development time and increase the success rate of existing 
approved drugs in clinical trials, we aimed to analyze a few of these 
marketed drugs as inhibitors or modulators of MRP2 transport function. 
The rationale behind choosing approved drugs is that they have already 
been tested for safety and have better pharmacokinetic properties.

Our docking analysis of MRP2 with inhibitors indicated that 
Montelukast (-8.8 kcal/mol) interacts with the highest binding 
affinity with MRP2 as compared to Probenecid (-6.1 kcal/mol) which 
showed the least binding affinity to MRP2 as depicted in Table 2. 
Zafirlukast (-8.7 kcal/mol), Dihydromyricetin (-7.5 kcal/mol), S-(2,4-
dinitrophenyl) glutathione (-7.2 kcal/mol), MK-571 (-7.1 kcal/mol) 
and Probenecid (-6.1 kcal/mol) ranked second, third, fourth, fifth 
and sixth, respectively, as shown in Table 3. Our findings suggested 
that Montelukast is the most effective inhibitor of MRP2 based on 
the highest binding affinity, and forms five hydrogen bonds with 
Asp884, Ser908, Arg911, and Thr912, which are present in TM12 and 
Ser1153 present in TM15 as shown in Fig. 3. Notably, we observed 
that Montelukast and zafirlukast formed the binding through a common 
interacting transmembrane at residue Arg911, i.e. TM 12 of MRP2, thus 
highlighting that TM12 may play a critical role in substrate recognition 
and binding as well as inhibition. Hence, we suggest that Montelukast 
could be utilized as a potent competitive inhibitor of MRP2 through 

selective inhibition of the key binding residues of TM11, essentially 
involved in substrate binding and transport. However, a previous 
comparison analysis among zafirlukast, MK-571, and Montelukast 
suggested that montelukast was the best inhibitor of MRP2 transport 
function (Roy et al., 2009a). This supports that montelukast could also 
be a good inhibitor of MRP2, as suggested by the current study. In 
addition, our docking findings suggest that Zafirlukast is the second-
best inhibitor as it binds with the second-highest binding affinity 
of -8.7 kcal/mol to the MRP2 transporter. Moreover, we revealed 
that zafirlukast interacts with residues Arg911 of TM12 of MRP2, 
respectively, as demonstrated in Fig. 4. As it is well established that 
these trans membrane regions are critical in substrate recognition and 
binding, binding of zafirlukast to them could lead to a conformational 
change that possibly does not allow further binding of its substrates 
and leads to inhibition of drug transport (Ito et al., 2001; Ryu et al., 
2000). Further, it has been well-known that TMDs are involved in 
encouraging the steady-state expression of MRP2. Hence, the binding of 
inhibitors may modulate the steady-state expression of MRP2 protein. 
As a result, lower expressions of MRP2 could significantly affect the 
efflux of anticancer agents (Ryu et al., 2000). Our findings suggested 
that Montelukast is a better inhibitor than Zafirlukast, which is in line 
with the previous findings (Roy et al., 2009b). Notably, our findings are 
validated by the above observation that Zafirlukast could also inhibit 
the MRP2 transport activity; however, further in vitro work may be 
required to establish whether Montelukast or Zafirlukast is a potential 
inhibitor of the MRP2 pump. Based on the binding affinity prediction, 
our findings revealed that dihydromyricetin (-7.5 kcal/mol) might be 
the third-best inhibitor of MRP2 after zafirlukast, as demonstrated in 
Table 3. Dihydromyricetin forms four hydrogen bonds with MRP2 at 
Gln429 (TM8), Ser908, Thr912 (TM12), and Arg1156 (TM15) along 
with pi-pi interaction at Tyr1160. Interestingly, other findings have 
also shown dihydromyricetin to be a useful and effective inhibitor for 
combating overexpression of MRP2 in CRC cells (Wang et al., 2021).

Our findings showed that S-(2, 4-dinitrophenyl) glutathione (-7.2 
kcal/mol), MK-571(-7.1 kcal/mol), and probenecid (-6.1 kcal/mol) 
ranked as the third, second lowest and least with respect to binding 
affinity, respectively and may not be a better inhibitor among the tested 
drugs. S-(2, 4-dinitrophenyl) glutathione interacted with four hydrogen 
bonds and formed pi-alkyl and pi-sulfur interaction with the MRP2 
shown in Table 3 and Fig. 3(d). MK-571 formed two hydrogen bonds, 
pi-alkyl interactions, and two carbon-hydrogen bonds with MRP2, as 
presented in Fig. 3(e) and Table 3. Our study suggested that MK-571 
may not be a suitable inhibitor for overexpressed MRP2. In contrast, 
in vitro studies have used MK571 repeatedly to block the cellular 
efflux of drugs, suggesting that it acts as an inhibitor to abolish MRP2 
function (Barrington et al., 2015; Munić et al., 2011; Schutte et al., 
2006). Notably, probenecid showed the lowest binding affinity (-6.1 
kcal/mol) with MRP2, though its interaction occurs by forming three 
hydrogen bonds at residues Lys495, Arg911, and Thr1090. Another 
in vitro study also reported that probenecid might not be considered 
a potent inhibitor because it failed to compete with the substrates of 
MRP2 (Huisman et al., 2002; Zhou et al., 2008). However, the same 
study suggested that probenecid may sometimes inhibit both MRP1 and 
MRP2, depending on substrate specificity (Huisman et al., 2002; Zhou 
et al., 2008). Another group has also reported that the effectiveness 
of probenecid as an inhibitor to perturb MRP2-mediated transport 
depends on the nature of the substrate that it competes with during 
transportation (Zelcer et al., 2003).

Interestingly, our findings showed that most of the binding sites 
are common in anticancer drugs and inhibitors; irinotecan binds 
with Thr912. This is the common binding site for Montelukast, 
Dihydromyricetin, and MK-571, which is part of TMD12 of MRP2 
shown in Fig. 4. Similarly, Irinotecan binds at residue Arg1156, whereas 
dihydromyricetin also binds TM15. We also found that some anticancer 
drugs and inhibitors share common binding sites, as shown in Table 4. 
Of note, Montelukast has common binding sites, including Estradiol-
17-beta-glucuronide, SN-38, irinotecan, Doxorubicin, Capecitabine, 
Oxaliplatin, and Gemcitabine, which suggests that Montelukast may 
be administered as an inhibitor, prior to the mentioned drugs, in a 
combinatorial approach to reduce transport or efflux of drugs from 
cancer cells. However, none of these inhibitors have been clinically 
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recommended for use in combination with anticancer drugs because 
they lack sufficient efficacy, impermissible toxicity, and unpredictable 
pharmacokinetic interactions (Wang et al., 2015). The molecular 
docking analysis of MRP2 with anticancer drugs suggests that 5-FU 
may be an effective treatment for MRP2-resistant CRC. Whereas the 
anticancer drugs, which share common binding sites such as irinotecan/
oxaliplatin and inhibitors (Montelukast and zafirlukast), could be 
used in a combinatorial approach and may offer an efficient strategy 
to combat drug resistance in CRC. Thus, implying a combinatorial 
approach to anticancer drugs and inhibitors/modulator interactions, 
can be further validated in in vitro studies to provide valuable insights 
into overcoming MDR in CRC by enhancing drug retention within 
cancer cells. Thus, our primary findings indicate that combining 
MRP2 inhibitors with chemotherapeutics could lead to more effective, 
personalized treatment strategies for resistant CRC. However, before 
drawing a definite conclusion further in vitro and in vivo, studies are 
crucial to validate the efficacy of these anticancer drugs and inhibitors 
to re-assess their potential as a substrate or modulator/inhibitor of 
MRP2.

Our molecular docking study provides a primary platform to 
shorten drug development time and increase the success rate of existing 
approved drugs in clinical trials. It also emphasizes the need to carry out 
future in silico and in vitro studies to predict and validate drug binding 
sites of MRP2 protein with marketed drugs as potential anticancer drug. 
Hence, it would be an appropriate approach for improving the efficacy 
of chemotherapeutic drugs to treat cancer patients.

5. Conclusions

Overexpressed MRP2 is a major detrimental factor in the efficacy 
of anticancer drugs, as it effluxes the drugs causing MDR in CRC cells. 
Our molecular docking analysis showed that irinotecan possessed the 
highest binding affinity, and 5-FU had the lowest binding affinity with 
MRP2. Irinotecan was a potential substrate due to its strong binding 
affinity with MRP2. Thus, we conclude that Irinotecan could not be a 
preferable chemotherapeutic option to treat MRP2 overexpressed CRC. 
In contrast, our findings revealed that 5-FU interacts weakly with MRP2, 
suggesting it could be a promising chemotherapeutic drug to manage 
resistant CRC in patients due to MRP2 over-expression. Additionally, 
our interaction analysis using inhibitors showed montelukast and 
zafirlukast to demonstrate strong binding affinity to MRP2, hence 
implying that a combinatorial approach to MDR cancer with irinotecan/
oxaliplatin and these inhibitors could be a better strategy to overcome 
MRP2-related drug resistance as they share common binding sites 
in TM12 and TM15. It is apparent that in-silico studies have certain 
limitations in terms of predicting interaction, such as the inability to 
fully capture dynamic conformational changes and the dependence on 
simplified scoring functions. It necessitates further validation of such 

protein-ligand interactions in physiological conditions. Thus, in vitro 
studies (especially an efflux assay) will be indispensable in validating 
the anticancer drug and inhibitor interaction with MRP2 to assess the 
efficacy of these together used as a combinatorial approach to overcome 
drug resistance in MRP2 overexpressed CRC. This could lead to the 
development of more efficient treatment approaches for overcoming 
MDR in CRC patients, ultimately improving their prognosis.
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