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Abstract: Doxorubicin is a well-known anthracycline antibiotic that is frequently used to treat a variety 

of malignancies. However, its clinical use is limited due to its adverse consequences, most notably 

cardiomyopathy. In the present work, we evaluated the molecular mechanisms behind the impairment 

of cardiac energetics in doxorubicin-induced cardiomyopathy. According to molecular docking, the 

interaction of doxorubicin with phosphofructokinase (PKF) and α-enolase is likely to negatively affect 

glycolysis. The interaction between doxorubicin with HMOX1 results in the accumulation of free iron. 

The free iron contributes to the heme-driven toxicity and the oxidizing environment that results in 

reactive oxygen species (ROS) production resulting from cell death. Additionally, the interaction of 

doxorubicin with HMOX1 impairs the availability of iron required for the Krebs cycle and ETC 

function. The interaction between doxorubicin and PINK1 results in a reduced membrane potential, 

which results in calcium accumulation. On the other hand, a lack of iron and calcium in the 

mitochondrial matrix results in ATP depletion, impairing the Krebs cycle activity. At the same time, 

the primary cause of doxorubicin-induced cardiomyopathy is cardiac energy metabolism. Thus, our 

work shows that doxorubicin impairs the activity of PFK, α-enolase, HMOX1, and PINK1, resulting in 

ATP production failure. As a result of changes in the heart energy metabolism, this ultimately leads to 

dilated cardiomyopathy caused by doxorubicin. Understanding the critical function of cardiac energy 

metabolism in doxorubicin-induced cardiomyopathy is critical for overcoming the obstacles that 

effectively limit the clinical effectiveness of this life-saving anti-cancer treatment.  

Keywords: doxorubicin; dilated cardiomyopathy; phosphofructokinase; α-enolase; HMOX1 and 

PINK1. 
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1. Introduction 

Doxorubicin (DOX) is a very efficient chemotherapeutic anthracycline drug that cures 

various types of cancer types, including leukemia, lymphomas, breast cancer, etc. [1–5]. But 

its clinical application is limited by its cumulative and irreversible cardiotoxicity 

cardiomyopathy [6–8]. Various theories have suggested the mechanism of cardiomyopathy, 

but the exact mechanism is still unknown [9,10]. Several reports suggest that the dysfunction 
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and alteration in mitochondrial physiology could be one of the underlying mechanisms in 

DOX-induced cardiomyopathy [11–13]. In addition, the ATP deficiency associated with DOX-

induced cardiomyopathy can be correlated with alterations in mitochondrial energy metabolism 

and bioenergetics [14–16]. Mitochondrial metabolism is a prime source of ATP biosynthesis. 

As DOX ensues damage to the inner mitochondrial membrane, respiratory chain complexes 

are damaged, eventually diminishing ATP production [17,18].  

Mitochondria generate the majority of cellular ATP via oxidative phosphorylation. 

Glycolysis, where glucose is converted to pyruvate's key product, starts the ATP metabolism 

in the cytoplasm [19]. Pyruvate is transported into the mitochondria and metabolized by the 

citric acid cycle. During the citric acid cycle, the coenzymes nicotinamide adenine dinucleotide 

(NAD+) and flavin adenine dinucleotide (FAD) are reduced and produce NADH and FADH2 

(some NADH is also generated during glycolysis). These electron carriers are used by the 

electron transport chain (ETC), which provides energy for establishing a proton gradient across 

the mitochondrial inner membrane [20–22]. 

Electron transfer occurs along with a series of mitochondrial polypeptide complexes—

complex I (NADH dehydrogenase), complex III (cytochrome c reductase), and complex IV 

(cytochrome c oxidase)—and is electrochemically coupled to proton translocation across the 

inner mitochondrial membrane, generating a proton-motive force composed of an electrical 

gradient (∆ѱm) and an H+ gradient (∆pH). The mitochondria employ the mitochondrial 

membrane potential (∆ѱm) for various activities, including the powering of mitochondrial ATP 

synthase [23,24]. The gradient is utilized to drive metabolism’s last stage, oxidative 

phosphorylation. The phosphorylation of ADP occurs when protons flow down this gradient 

via the ATP synthase complex, providing the energy to phosphorylate ADP to ATP. This is the 

principal way that the ATP is synthesized in most eukaryotic cells [20].  

Interestingly, iron homeostasis and the citric acid cycle are interconnected. 

Subsequently, iron alarms the expression of a translational mechanism of the citric acid cycle 

enzyme mitochondrial aconitase. Moreover, iron regulates some of the enzymes in a citric acid 

cycle: citrate synthase, succinate dehydrogenase, and isocitric dehydrogenase. Thus, iron is 

indirectly involved in forming reducing equivalents (NADH) by the citric acid cycle. As a 

result, there is an increased mitochondrial oxygen consumption and ATP synthesis through 

oxidative phosphorylation [25–27]. 

Meanwhile, mitochondrial calcium regulates ATP synthesis, respiration, and ROS 

substrate-dependent [27,28]. Furthermore, calcium directly regulates the membrane potential 

(∆ѱ) for ATP synthesis. The nanomolar concentration of calcium enhances the potential 

membrane utilization, whereas the increased level of mitochondrial calcium hinders ATP 

synthesis by impairing membrane potential [21,29]. Thus, alteration in the mitochondrial 

calcium, iron homeostasis, glycolysis, citric acid, ETC renders ATP generation.  

The objective of the present work is to understand the molecular factors of a progressive 

deterioration of cardiac energetics induced by doxorubicin. Understanding the interaction 

between the doxorubicin and cardiac energy metabolism in doxorubicin-induced 

cardiomyopathy is essential to reduce the barriers that so intensely limit the clinical success of 

this vital anti-cancer chemotherapeutic agent. Therefore, the current study highlights the 

interaction of doxorubicin with some enzymes/proteins involved in glycolysis, iron 

homeostasis, mitochondrial calcium, citric acid cycle, and ETC involved in the cardiac 

energetic metabolism were explored. 
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2. Materials and Methods 

2.1. Protein target preparation. 

Protein targets were obtained from the Protein Data Bank (PDB). The Discovery studio 

visualizer 2020 was used to prepare the protein of interest [30]. The water molecules occupying 

the protein molecules were analyzed and removed wherever applicable. The bound ligands and 

ions were also eliminated. In general, PDB proteins are devoid of hydrogen atoms. As a result, 

hydrogen atoms were added to the protein to make it a typical protein. Furthermore, hydrogen 

atoms have a role in docking investigations. Finally, optimization and minimization methods 

were used to complete the protein production. 

2.2. Ligand preparation. 

Doxorubicin, the ligand, was obtained from the PubChem database. The molecules 

were constructed with the Discovery studio visualizer 2020, tuned to assure the ligand’s lower 

energy isomer [30]. Following energy reduction, the ligand molecules performed molecular 

docking experiments. 

2.3. Molecular docking. 

In the current investigation, the prepared protein was imported into the workspace, and 

the active site was specifically stated using Uniprot. To cover all of the active site residues 

indicated by the site map, the grid was determined to be approximately 60Å. Other parameters, 

such as the van der Waal’s radii of the non-polar receptor and ligand atoms, were set to 0.50 

by default. The best conformational posture was chosen based on the docking score, glide 

energy, hydrogen bonding, and hydrophobic bonding interactions. 

3. Results and Discussion 

3.1. Interaction of Doxorubicin with enzymes involved in glycolysis. 

 

Glycolysis plays an essential metabolic pathway interconnected, and its intermediates 

are connected to several other pathways. It plays a significant role in synthesizing ATP in 

mitochondria [31]. Disruption/alteration in glucose utilization leads to the inadequate 

production of high-energy phosphates, which in turn causes impairment in relaxation and 

contractility in cardiac function [32]. Our earlier work with Saccharomyces cerevisiae suggests 

that doxorubicin affects glycolysis [30]. Doxorubicin strongly interacts with two of the 

enzymes in glycolysis. With phosphofructokinase, DOX binds at two amino acid residues from 

the enzyme's active site. Enolase is another enzyme affected by DOX by binding at two amino 

acid residues at the active site. [30] Therefore, in the current work, we analyzed the interaction 

of DOX with glycolytic enzymes in humans by molecular docking.  

Our docking analyses showed that DOX interacts with phosphofructokinase, aldolase, and 

enolase. Among these three enzymes, DOX efficiently binds with phosphofructokinase and 

enolase, which agrees with our earlier results. [30] The binding free energies (ΔG°) were found 

to be -8.74 KJmol-1 for phosphofructokinase and -5.11 KJmol-1 for enolase. The DOX and 

phosphofructokinase (PFK) interaction occurs through hydrophobic interactions with GLY 11, 

THR 125, ASP 129, ASP 103, ASP 127, ARG 171 ARG 292. The amino acid residue ARG 
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292 lies within the substrate-binding site of the enzyme, which is likely to be affected by 

interacting with DOX. (Figure 1 and Table 1 and 2).  

PFK is a critical glycolytic enzyme that catalyzes the conversion of fructose-6-

phosphate to fructose 1,6 bisphosphate. This is one of glycolysis’ slowest reactions and a rate-

limited process. Most significantly, this reaction initiates glycolysis, so PFK is referred to as 

the pacemaker of glycolysis. Our docking data indicate that DOX binds to the amino acid 

residue ARG 292, which is located in the enzyme’s substrate binding site. In mice, genetic 

ablation of PFK resulted in increased glycogen accumulation in the heart muscles. 

Furthermore, Pfkm−/− mice demonstrated a rise in heart weight along with cardiac hypertrophy. 

Additionally, left ventricular hypertrophy without interstitial fibrosis was seen in PFK deficient 

mice [33]. It is remarkable that DOX induces cardiac hypertrophy and left ventricular 

dysfunction [34], which exactly overlaps with that of Pfkm−/− phenotype. Therefore, it is 

conceivable that DOX-induced cardiac defects are caused, at least in part, by PFK inactivation 

via binding to the substrate-binding site.  

With enolase, DOX makes hydrophobic interactions at the residues SER 38, ARG 370, 

GLN 166, SER 368, LYS 392, ASP290, GLU 289, and ASP 245. There is a significant binding 

between DOX and ASP 245. ASP 245 is the binding site of Mg2+ (Figure 2).  Mg2+ acts as a 

cofactor of the enzyme enolase. α-enolase is a metalloenzyme that is catalytically active only 

when the magnesium (Mg2+) ion is present.  Enolase, also known as phosphopyruvate 

hydratase, is a metalloenzyme that catalyzes the conversion of 2-phosphoglycerate (2-PG) to 

phosphoenolpyruvate (PEP) in the ninth and concluding stage [35]. Upon pre-occupation with 

DOX, the enzyme would not engage with Mg2+ resulting in the non-functional enzyme. As a 

result, it is plausible that DOX inhibits an α-enolase enzyme, preventing ATP production 

during glycolysis [36,37].  

Thus, it is evident that the PFK and enolase are negatively affected by DOX. It is reasonable 

to speculate that glycolysis might not be complete and subsequent metabolic catastrophe 

resulting in the accumulation of glycolytic intermediates and reduced ATP. Our finding 

coincides with the earlier finding that α-enolase plays a critical role in DOX-induced 

cardiomyocyte apoptosis and mitochondrial dysfunction [38]. 

 
Figure 1. Interaction of DOX with Phosphofructokinase (PFK). A) Superimposition of DOX with PFK. B) the 

hydrogen bond between the DOX and PFK. C) Hydrophobicity plot of DOX with PFK. 

https://doi.org/10.33263/BRIAC126.85278542
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC126.85278542  

 https://biointerfaceresearch.com/ 8531 

 
Figure 2. Interaction of DOX with Enolase. A) Superimposition of DOX with Enolase. B) the hydrogen bond 

between the DOX and Enolase. C) Hydrophobicity plot of DOX with Enolase. 

Table 1. Comparison of Molecular Docking result of adriamycin with glycolytic enzymes. 
S.No Gene Name Binding 

Energy 

Ligand 

Efficiency 

Inhibit 

Constant 

Intermol 

energy 

vdw hb 

dissolve 

energy 

Electrostatic 

Energy 

Total 

Internal 

Torsinol 

Energy 

Unbound 

Energy 

1 Hexokinase -7.13 -0.18 5.91 -10.41 -8.49 -1.93 -4.34 3.28 -4.34 

2 Phosphofructose 

Kinase 

-8.74 -0.22 394.01 -12.02 -8.79 -3.23 -3.34 3.28 -3.34 

3 Aldolase -4.52 -0.12 489.66 -7.8 -7.64 -0.16 -3.16 3.28 -3.16 

4 Triose Phospho 

isomerase 

255.96 6.56  252.67 251.81 0.86 -2.36 3.28 -2.36 

5 Glyceraldehyde 3 

Phospho 

dehydrogenase 

-10.3 -0.23 28.41 -13.58 -9.82 -3.75 -4.16 3.28 -4.16 

6 1 Phosphoglycerate 

Kinase 

- 5.91 0.15 46.83 -9.19 -8.21 -0.98 -4.58 3.28 -4.58 

7 2 Phosphoglycerate 

kinase 

-5.91 -0.15 46.83 -9.19 -8.21 -0.98 -4.58 3.28 -4.58 

8 Phosphoglycerate 

mutase 

1.25 0.03 - -2.03 -1.82 -0.21 10.25 3.28 10.25 

9 Enolase -5.11 -0.13 178.88 -8.39 -7.56 -0.83 -4.13 3.28 -4.13 

10 Pyruvate Kinase 4.36 0.11 - 1.1 1.27 -0.18 -0.88 3.28 -0.88 

Table 2. Docking calculation depicting interacting residues, binding site residues ad atoms involved in H-

bonding along with interacting residues common to reported active binding site residues. 

S.No Protein Protein-Ligand Binding Site Hydrogen Bond Active Site 

1 Hexokinase PHE 67, ARG 69, LEU 797, CYS 813, ILE 817, 

ASP 814, THR 161, VAL 68, LEU 168, LEU 463, 
LYS 162, ALA 460, ILE 203, ASP 164, ALA 464. 

PHE 67, ARG 69, ASP 814, ALA 

460. 

NIL 

2 Phosphofructokinase GLY 10, THR 70, ALA 71, ARG 72, ARG 292, 
HIS 249, GLU 222, MET 169, GLY 170, , ARG 

171, HIS 172, ILE 126, ASP 127, ASP 103, GLY 

104, ILE 130, ASP 129, THR 125, GLY 102, 

GLY 11 

GLY 11, THR 125, ASP 129, ASP 
103, ASP 127, ARG 171, ARG 292. 

ARG 292 
(Substrate 

binding site) 

3 Aldolase ASP 144, GLU 174, GLY 227, HIS 226, UNK 0, 

HIS 226, GLN 59, ASP 109, ASN 286, GLY 265, 
ASN 35, THR 289, ASP 288, GLN 292, SER 61, 

GLY 63, ASN 62, LEU 115, HIS 110, ALA 112. 

ASP 288, ASN 286, ASP 109 Nil 

4 Triose Phospho 

isomerase 

VAL 92, ALA 63, TRP 12, ILE 124, VAL 40, 

ALA 10, VAL 41, ALA 42, ALA 9, VAL 233, 

GLY 234, LYS 13, GLY 211, SER 213, GLY 212, 

VAL 169, ILE 172, GLU 167, SER 96, HIS 95, 
LEU 232, ASN 11, ARG 98, GLN 65, ASN 66, 

LEU 93, GLY 94. 

GLN 65, ALA 42, ALA 9,  Nil 
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S.No Protein Protein-Ligand Binding Site Hydrogen Bond Active Site 

5 Glyceraldehyde 3 
Phospho 

dehydrogenase 

ASP 185, HIS 192, ARG 166, ARG 167, CYS 
139, GLN 300, ASP 170, ILE 12, GLU 301, THR 

11, THR 84, PRO 86, THR 85, GLU 110, GLN 

107, GLY 109, ASN 87, SER 138. 

ARG 167, ASP 170, THR 85, ASN 
87 

Nil 

6 1 Phosphoglycerate 

Kinase  

ARG 38, ASN 35, GLN 37, GLU 193, VAL 391, 

THR 393, SER 392, GLY 371, SER 398, GLY 

372, GLY 395 

ARG 38, ASN 35, VAL 391, THR 

393, SER 392.  

Nil 

7 2 Phosphoglycerate 

kinase 

ARG 38, AASN 35, GLN 37, GLU 192, VAL 

391, THR 393, SER 392, GLY 371, SER 398, 
GLY 372, GLY 395 

ASN 35, ARG 38, SR 392, THR 

393, VAL 391. 

Nil 

8 Phosphoglycerate 
mutase 

ASP 263, PHO 262, PHE 298, PHE 342, HIS 297, 
SER 299, GGLU 349, GLN 267, GLU 300, ILE 

266, TRP 195, ASN 270, TYR 337, LEU 359, 

THR 334, ASP 192, ARG 191, GLU 335, LYS 

193, PRO 338.  

GLN 267, SER 299,  Nil 

9 Enolase ALA 40, SER 41, GLY 39, ARG 15, SER 38, 

ARG 370, GLY 372, SER 371, HIS 158, GLN 
166, GLU 167, LYS 341, SER 368, HIS 369, LYS 

392, GLU 208, LEU 339, ASP 316, ASP 290, 

GLU 289, ASP 245, ALA 247, SER 249 and ASP 

317 

SER 38, ARG 370, GLN 166, SER 

368, LYS 392, ASP290, GLU 289, 
ASP 245 

ASP 245 

(Mg2+ 
Binding site) 

HIS 158  

(Substrate 

binding Site) 

10 Pyruvate Kinase ASP 354, PHE 26, LEU 33, HIS 29, ILE 389, 

LEU 353, ALA 388, LYS 311, MET 30, PHE 26, 
ASP 354, LEU 33, MET 30, HIS 29, ALA 388, 

ILE 389, TYR 390, LEU 353, LYS 311 

Lys 311, ALA 388, TYR 390, LEU 

353,  

Nil 

 

3.2. Interaction of doxorubicin with enzymes involved in iron homeostasis. 

 

 To improve the understanding of the interaction between the DOX and iron 

homeostasis-related proteins, we employed in silico molecular modeling. The best docking 

result is shown in Fig 3 and tables 3 and 4. The docking predicted the possible interaction of 

DOX with ferritin, HMOX1, IRP, and transferrin which are involved in maintaining iron 

homeostasis. Among these four, the binding with HMOX1 shows a significant binding. The 

binding free energy (ΔG0) was found to be -6.56 KJmol-1. A negative value of ΔG0 implies that 

the binding reaction is thermodynamically favorable, and the value of binding constant predicts 

high binding affinity between protein and ligand (drug). In general, HMOX1/HO-1 protein is 

found in the cytosol studded with ER. Evidence suggests that HO-1 might get localized into 

mitochondria [39,40]. HO-1 makes a metabolic connection between oxidative phosphorylation 

(oxphos) and the heme group [41].  

The validation of the binding mode was predicted, and the interacting amino acid 

residues is shown in Fig 3 and tables 3 and 4. From the docking analysis, DOX significantly 

interacts with the following amino acid residues of HMOX1: Tyr 134, Arg 183, Lys 18, Tyr 

134, His 25. The binding between the DOX and HMOX1 makes a hydrophobic interaction 

with Tyr 134, Arg 136, Glu 29. These amino acid residues are the iron-binding sites in the 

enzyme. The docking study revealed the interaction of DOX with HMOX1, which might 

negatively affect the enzyme's ability to bind to iron. As a result, free iron is likely to 

accumulate. In mitochondria, heme mainly acts as a co-factor for mitochondrially encoded 

proteins involved electron transport chain (ETC) [42]. Moreover, the accumulation of free irons 

plays a critical role in DOX-induced cardiotoxicity [43].  

In addition, free heme is an essential source of redox-active iron, which causes cellular 

damage [44]. Previous studies also revealed that the DOX could interact with iron directly to 

form a DOX-Fe complex, resulting in iron cycling between Fe(II) and Fe(III) forms and 

substantial ROS production [45–47]. Heme-driven generation of ROS is mostly involved in 

the pathophysiology of various disorders by causing damage in nucleic acids, proteins, and 
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membrane lipids active in various cellular signaling pathways, alterations in protein expression, 

and upsetting membrane channels, amid other related toxic effects [48].  

Table 3. Comparison of Molecular Docking result of adriamycin with proteins involved in iron homeostasis. 

S.No Gene Name 
Binding 

Energy 

Ligand 

Efficiency 

Inhibit 

Constant 

Intermol 

energy 

vdw hb 

dissolve energy 

Electrostatic 

Energy 

Total 

Internal 

Torsinol 

Enerrgy 

Unboun

d Energy 

1 Ferritin -7.01 -0.18 7.28 -10.29 -7.94 -2.35 -4.03 3.23 -4.03 

2 HOMX1 -6.56 -0.17 15.45 -9.84 -8.62 -1.22 -4.54 3.28 -4.54 

3 IRP1 -3.28 -0.08 3.92 -6.57 -6.78 0.22 -2.26 3.28 -2.26 

4 Transferin -9.31 -0.24 150.52 -12.59 -9.68 -2.91 -4.18 3.28 -4.18 

 

Table 4. Docking calculation depicting interacting residues, binding site residues, and atoms involved in H-

bonding along with interacting residues common to reported active binding site residues (Iron homeostasis 

proteins). 

S.NO Protein Interacted Residues 

Ligand and Protein 

atom involved in H-

bonding 

Interacting residues 

familiar with reported 

active binding sites 

1 Ferritin 
GLU 39, TYR 36, ASP 42, ASP 41, ARG 40, GLY 

148, VAL 141, ILE 144, LYS 145 

ASP 41, ASP 42, GLU 

39 
Nil 

2 HOMX1 

ARG 136, GLU 29, GLN 38, MET 34, LEU 147, 

GLY 143, GLY 139, GLY 144, SER 142, LYS 
179, ARG 183, LYS 18, TYR 134, HIS 25, PHE 

207, ASN 210, THR 135, PHE 214, ALA 28, ARG 

136, 

TYR 134, ARG 136, 
GLU 29, 

Tyr 134, Arg 183, Lys 
18, Tyr 134, His 25 (Iron 

binding Site). 

3 IRP1 

ASP 678, ARG 541, SER 778, GLY 777, ALA 

683, PHE 88, ARG 713, THR 89, GLN 86, SER 

779, THR 204, HIS 126, SER 206, ASP 205, HIS 
207, ILE 177, HIS 178, CYS 437, SER 436, ILE 

176, CYS 503, CYS 506, ILE 507, ARG 536, ARG 

780 

HIS 207, ASP 205, 

SER 206, HIS 126, 
CYS 506, ASP 678, 

SER 778 

Nil 

4 Transferin 

ASP 560, SER 492, ASN 493, THR 518, GLN 520, 

GLN 524, LEU 522, TYR 523, ASP 525, MET 

510, VAL 496, TRP 528, VAL 532, LYS 495, PHE 
494, ASP 360, THR 286 

ASP 560, ASN 493, 

THR 518, GLN 520, 

LEU 522 

Nil 

 

 
Figure 3. Interaction of DOX with Heme-oxygenase-1(HMOX1). A) Superimposition of DOX with HMOX1. 

B) the hydrogen bond between the DOX and HMOX1. C) Hydrophobicity plot of DOX with HMOX1. 
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3.3. Interaction of doxorubicin with enzymes involved in the Krebs cycle. 

 

Further, we evaluated the interaction of doxorubicin with enzymes involved in Kreb’s 

cycle (aconitase, alpha dehydrogenase, citrate synthase, fumarase, isocitrate dehydrogenase, 

malate dehydrogenase, and succinate dehydrogenase) by molecular docking (Figure 4 and 

Table 5 and 6). To our surprise, DOX did not significantly interact with any of the enzymes 

above. Succinate dehydrogenase interacted with doxorubicin with the highest binding energy 

(-7.17 KJmol-1), followed by isocitrate dehydrogenase (-6.31 KJmol-1) and malate 

dehydrogenase (-5.71 KJmol-1), which have a more hydrophobic interaction with DOX. 

However, DOX does not bind to the active site of any of these enzymes. This reveals that the 

DOX does not directly inhibit or alter the Krebs cycle function. However, doxorubicin might 

affect Kreb’s cycle by disrupting iron homeostasis.  

As already shown, the activity of HMOX1/HO-1 is affected due to its binding with 

DOX (Section 3.2). Inhibiting HO-1 raises mitochondrial heme content [39]. Depletion of iron 

in the mitochondria might negatively affect the enzyme succinate dehydrogenase (SDH) [25]. 

The abrogation of HMOX1 disrupts the ETC and TCA cycle, resulting in a decreased oxidative 

phosphorylation (oxphos), through disruption of succinate dehydrogenase (SDH). 

Subsequently, the excessive heme group results from a lack of active HO-1, which leads to the 

accumulation of succinate. The dysfunction of HMOX1 has been shown to raise the 

mitochondrial heme content [39]. Indeed, the higher the succinate level, the higher the 

membrane potential and the slower the flow of electrons, limiting ADP. [49]. Once the heme 

level is increased, fumarate is incorporated with succinyl CoA via succinate, thus it reversing 

these intermediate of TCA cycle [41].  

Table 5. Comparison of Molecular Docking result of adriamycin with enzymes involved in Krebs cycle. 

S.No Gene Name 
Binding 

Energy 

Ligand 

Efficiency 

Inhibit 

Constan

t 

Intermol 

energy 

vdw hb 

dissolve 

energy 

Electrostati

c Energy 

Total 

Internal 

Torsinol 

Energy 

Unbound 

Energy 

1 Aconitase 28.45 0.73 - 25.17 25.44 -0.27 9.35 3.28 9.35 

2 
Alpha 

Dehydrogenase 
-5.56 -0.14 83.71 -8.84 -8.8 -0.05 -3.07 3.28 -3.07 

3 Citrate Synthase -5.18 -0.13 159.28 -8.46 -7.47 -0.99 -4.37 3.28 -4.37 

4 Fumarase -4.71 -0.12 354.49 -7.99 -6.52 -1.46 -4.73 3.28 -4.73 

5 
Isocitrate 

Dehydrogenase 
-6.31 -0.16 23.7 -9.59 -7.79 -1.8 -4.35 3.28 -4.35 

6 

Malate 

Dehbydrogenas

e 

-5.71 -0.15 65.29 -8.99 -8.36 -0.64 -4.74 3.28 -4.74 

7 
Succinate 

Dehydrogenase 
-7.17 -0.18 5.58 -10.45 -10.41 -0.04 -4.59 3.28 -4.59 

 

Table 6. Docking calculation depicting interacting residues, binding site residues, and atoms involved in H-

bonding along with interacting residues common to reported active binding site residues (TCA enzymes). 

S.No Protein Interacted Residues 

Ligand and Protein 

atom involved in H-

bonding 

Interacting residues 

familiar with reported 

active binding sites 

1 Aconitase 

ASN 446, TYR 445, ARG 447, ARG 452, HIS 167, SER 

166, ASP 165, ARG 644, SER 643, ALA 642, THR 164, 

THR 75, ARG 580, GLN 72, ALA 74, ILE 425, ALA 
420, ILE 145, CYS 421, ASP 100, CYS 358, HIS 101, 

SER 357, CYS 424, HIS 147, VAL 463, ILE 146 

ASN 446, HIS 167, 

CYS 421 
Nil 

2 
Alpha 

Dehydrogenase 

ASN 155, PHE 156, CYS 287, GLU 253, THR 230, PHE 

450, VAL 162, ASN 159, ILE 113, ARG 163, GLU 106, 

PRO 444, VAL 105, SER 109, ARG 281, ALA 278, PRO 

441, ALA 442, ILE 288, GLN 160, VAL 286 

CYS 287, GLU 253, 

ASN 159, ARG 163, 

SER 109. 

Nil 

3 Citrate Synthase 

HIS 301, LEU 300, PRO 299, ALA 304, ARG 356, LEU 

303, ARG 428, ASP 402, VAL 401, HIS 262, PHE 424, 
HIS 265, LEU 85, HIS 347, GLU 266, GLY 268, 

ASN269, VAL270 

HIS 301, PRO 299, 

ALA 304, LEU 303, 
ASP 402. 

Nil 
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S.No Protein Interacted Residues 

Ligand and Protein 

atom involved in H-

bonding 

Interacting residues 

familiar with reported 

active binding sites 

4 Fumarase 

ASP 378, GLU 381, HIS 386, SER 382, GLY 379, PHE 

383, GLN 329, LEU 333, ALA 332, LEU 336, LEU 375, 

ARG 374. 

ASP 378, GLU 381, 

GLN 329. 
Nil 

5 
Isocitrate 

Dehydrogenase 

VAL 276, HIS 309, ASP 279, LEU 288, ASP 275, ARG 

109, ALA 308, ARG 132, ARG 100, GLY 310, THR 311, 
THR 75, ILE 76, THR 77. 

ASP 279, ARG 109, 

ALA 308, THR 75, 
THR 77. 

Nil 

6 
Malate 

Dehbydrogenase 

ILE 12, GLY 11, THR 224, GLN 14, LEU 225, ALA 15, 
THR 224, GLY 220, GLY 221, GLN 14, SER222, LYS 

217, VAL 38, ALA 9, GLY 10 

GLN 14, GLY 220, LYS 
221. 

Nil 

7 
Succinate 

Dehydrogenase 

ALA 201, GLY 14, GLY 16, ALA 15, THR 202, LYS 38, 

ILE 217, VAL 39, SER 54, ARG 43, SER 44, GLY 203, 

ASN 218, GLY 204, GLY 388, ASN 214, MET 356, HIS 

354, HIS 45, ARG 399, TYR 355, SER 404, THR 46, 
LEU 405, LEU 408, GLY 17, ALA 18, GLY 19 

ALA 201, THR 46, 

ASN 218, ARG 43 
Nil 

           

 Thus, it is possible to speculate that the dysfunction of HMOX-1 leads to the 

accumulation of succinate and succinyl-CoA. The TCA cycle is the key source of 

mitochondrial NADH. When NADH is depleted, SDH activity reduces, as indicated when 

Oxphos is reduced [50,51]. This difference may justify additional investigation utilizing 

metabolomics to better understand the alterations in TCA cycle due to DOX. Thus, we 

speculate that the dysfunction of HMOX1 by DOX alters the function of TCA cycle causes a 

reduced level of ATP production.     

3.4. Interaction of Doxorubicin with enzymes involved in ETC. 

 Cardiolipin (CL) is a central player for several mitochondrial bioenergetic processes 

[52,53]. CL, a specific phospholipid which mainly localized in the inner mitochondrial 

membrane (IMM) and is synthesized in IMM. CL is required to activate several inner 

mitochondrial membrane proteins such as enzyme complexes of ETC and, subsequently, the 

production of ATP [54]. Cardiolipin is essential for the activation of certain enzymes involved 

in the electron transport chain, which are complex IV (cytochrome oxidase), complex I 

(NADH–ubiquinone oxidoreductase), and Complex III (ubiquinone–cytochrome 

oxidoreductase) [17,53]. DOX significantly binds with cardiolipin, and its binding energy is -

6.07 KJmol-1. DOX makes hydrophobic interaction with cardiolipin at the Lys 216, Asp 236, 

Gln 29, Tyr 63. Tyr 63 is the site for C3H1-type, a zinc finger factor site (Figure 4 and Table 

7 and 8). It indicates that cardiolipin is a direct target of DOX, and it inhibits the transcription 

process. The binding of DOX with cardiolipin causes the inactivation of complex I-III [55]. 

Previous studies also revealed that the DOX has a high affinity with CL which renders the 

oxphos mechanism [56]. Moreover, cardiolipin deficiency releases a higher level of 

cytochrome in IMM and triggers apoptosis [57]. Modification in the CL profile could be 

responsible for the changes in the bioenergetics parameters, such as reduced level of O2 

consumption, dysfunction of complexes I, III, and IV [58], where mitochondria act as a prime 

source of ATP synthesis through the ETC and Oxphos. But a defect in cardiolipin correlated 

with alteration of ETC complexes and resulted in energy deficit [54].  

 For PINK1 (Phosphatase and Tensin homolog-induced kinase 1), DOX has a binding 

energy of -6.36 KJmol-1. With PINK1, DOX makes hydrophobic interactions at amino acid 

residues Asp 229, Cys 362, Lys 339, Asn 231, Asn 227, where Cys 362 acts as a proton 

acceptor. Mutations in PINK1 or silencing of PINK1 result in impaired mitochondrial function, 

including a reduced membrane potential (ΔΨm) and impaired oxidative phosphorylation, 
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excessive vulnerability to raised mitochondrial calcium, reduced mtDNA copy number, and 

increased free radical generation [59–61]. The impairment/loss of PINK1 increases the heart’s 

risk of ischemia-reperfusion injury, which may be due to impaired mitochondrial activity [62].  

Thus, the interaction between the DOX with PINK1 might affect the membrane potential. The 

impaired membrane potential causes mitochondrial toxicity. Doxorubicin dysregulates the 

PINK1/parkin pathway, inducing mitophagy and mitochondrial damage [63].  

 On the other hand, ubiquitin (CoQ), controlled by PINK 1 [64], controls ROS 

generation in the ETC. When ubiquitin loses its function, reactive oxygen species (ROS) 

generation rises. The increased ROS production negatively affects the RYR2 that activates the 

Ca2+ ions to leak and causes the accumulation of Ca2+ ions. Altered activity of RYR2 and 

irregular SR Ca2+ release causes various implications triggering arrhythmogenesis, 

cardiomyopathy, and heart failure [65]. 

 Depletion of PINK1 results in a moderate fragmentation of the mitochondrial matrix, 

depolarization of the mitochondrial membrane, which increases the reactive oxygen species. 

This leads to decreased Ca2+ absorption by mitochondria following physiological stimulation. 

As a result, cells lacking PINK1 exhibit inadequate mitochondrial ATP production, which is 

worsened during times of high ATP demand, impairing cytosolic Ca2+ extrusion [66]. Thus, 

the significant binding of cardiolipin and PINK1 leads to the elevation of oxidative stress, 

which increases ROS generation. Therefore, the interaction of DOX with PINK1 is directly 

related to the accumulation of Ca2+ ions in the mitochondria by activating RYR. Changes in 

the Ca2+ level of the mitochondria negatively affect the membrane potential (∆ѱ) due to the 

deficiency in ATP synthesis. 

 
Figure 4. Interaction of DOX with Cardiolipin. A) Superimposition of DOX with Cardiolipin. B) the hydrogen 

bond between the DOX and Cardiolipin. C) Hydrophobicity plot of DOX with Cardiolipin. 
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Figure 5. Interaction of DOX with PINK1. A) Superimposition of DOX with PINK1. B) the hydrogen bond 

between the DOX and PINK1. C) Hydrophobicity plot of DOX with PINK1. 

Table 7. Comparison of Molecular Docking result of adriamycin with enzymes involved in ETC. 

S.No Gene Name 
Binding 

Energy 

Ligand 

Efficiency 

Inhibit 

Constant 

Intermol 

energy 

vdw hb 

dissolve 

energy 

Electrostatic 

Energy 

Total 

Internal 

Torsinol 

Energy 

Unbound 

Energy 

 1 Cardiolipin -6.07 -0.16 35.44 -9.35 -8.52 -0.83 -5.99 3.28 -5.99 

 2 PINK1 -6.36 -0.16 21.69 -9.64 -8.38 -1.26 -4.61 3.28 -4.61 

 3 Ubiquitin 54.95 1.41 -- 51.67 52.28 -0.61 -1.91 3.28 -1.91 

 

Table 8. Docking calculation depicting interacting residues, binding site residues, and atoms involved in H-

bonding along with interacting residues common to reported active binding site residues (ETC). 

S.No 
 

Protein 

 

Interacted Residues 

 

Ligand and Protein 

atom involved in H-

bonding 

Interacting residues 

familiar with reported 

active binding sites 

 

1 
Cardiolipin 

LYS 216, ASP 236, GLN 29, THR 28, TYR 26, PHE 

237, PRO 239, TYR 63, TRP 31, GLY 33, ASP 34, 

TRP 245, 

LYS 216, ASP 236, GLN 

29, 

C3H1-type; 

atypical Tyr 63 

 

2 
PINK1 

GLU 217, ALA 213, GLY 361, ASP 359, CYS 362, 

ASP 337, LYS 339, THR 386, ASP 229, ASN 231, 
HIS 228, LEU 230, ASN 227, ASN 173, ILE 210 

ASP 229, CYS 362, LYS 

339, ASN 231, ASN 227 

Cys 362 

(Proton acceptor 

 
3 

Ubiquitin 

LYS 577, LEU 534, ARG 442, ILE 578, GLN 443, 

GLN 575, HIS 446, LEU 538, THR 571, GLN 570, 

ARG 549, GLY 567, LEU 541, HIS 574, PRO 539 

GLN 443, ARG 442 Nil 

 

3.5. Interaction of doxorubicin with enzymes involved in calcium homeostasis. 

 

Mitochondrial calcium is necessary for the TCA cycle mitochondrial matrix 

dehydrogenases to function properly [67]. Mitochondrial calcium is obtained mostly from the 

ER via the IP3R channel [68]. Calcium regulator genes IP3R, Seipin, SERCA, RYR, RYR2, 

troponin, VGCC, phospholamban, and CAMKII were docked with DOX. From the docking 

analysis, DOX significantly bind with RYR2 and CAMKII, and its binding energy is -

6.39KJmol-1 and -7.27KJmol-1. In the calcium ion channel, the DOX interacts with RYR2 at 

the amino acid residues Glu11, Glu 84, Glu 14, and with CAMKII, the DOX interacts at Lys 
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268 Glu 163 (Table 9 and 10). Previous studies reported that the DOX binding target of  RYR2 

promotes a disturbance in Ca2+ homeostasis [69,70]. During diastole, it causes a reduction in 

SR Ca2+ concentration and an elevation in cytoplasmic Ca2+ [71]. In addition, 

calcium/calmodulin-dependent protein kinase 2 (CAMK II) plays a role in calcium signaling. 

A change in CAMK II signaling was detected during the pathological condition. Similarly, a 

defect in CAMKII results in doxorubicin-induced cardiomyopathy [72].  

Altered expression of the regulator genes for the exchange of calcium has been reported 

in DOX-induced cardiomyopathy in rabbits, including RYR2, Sarco/endoplasmic reticulum 

ATPase (SERCA2a), phospholamban, and calcium-storage genes [73,74], which is in 

agreement with our findings. The binding objective of DOX is to reduce the risk of Ca2+ 

homeostasis by RYR2 [69,70]. The Ca2+ in SR is lowered, and the cytoplasmic Ca2+ is 

increased throughout the diastolic period [71]. Thus, the binding target of DOX with RYR2 

and CAMKII alters the function of calcium homeostasis, which alters the TCA and ETC cycle, 

leading to insufficient ATP production.  

Table 9. Comparison of Molecular Docking result of adriamycin with calcium receptors. 

S.No Gene Name 
Binding 

Energy 

Ligand 

Efficiency 

Inhibit 

Constant 

Intermo

l energy 

vdw hb 

dissolve 

energy 

Electrostati

c Energy 

Total 

Internal 

Torsinol 

Energy 

Unbound 

Energy 

 1 IP3R -6.41 -0.16 19.95 -9.69 -8.43 -1.26 -4. 15 3.28 -4.15 

 2 RYR -9.38 -0.24 132.43 -12.66 -9.8 -2.86 -3.84 3.28 -3.84 

 3 SERCA -9.28 -0.24 162.16 -12.54 -10.64 -1.9 -2.87 3.28 -2.87 

 4 SEIPIN 429.66 11.02 - 426. 38 426.66 -0.27 14.17 3.28 14.17 

5 CaMKII -7.27 -0.19 -4.65 -10.56 -9.89 -0.66 -4.92 3.28 -4.92 

6 Phospholamban -4.16 -0.11 890.05 -7.44 -7.01 -0.43 -4.44 -3.28 -4.44 

7 RYR2 -6.39 -0.16 20.54 -9.68 -6.31 -3.37 -3.82 3.28 -3.82 

8 VGCC 106.65 2.73  103.37 103.27 0.0 -0.26 3.28 -0.26 

 

Table 10. Docking calculation depicting interacting residues, binding site residues and atoms involved in H-

bonding along with interacting residues common to reported active binding site residues (Calcium receptor). 

S.NO 
 

Protein 

 

Interacted Residues 

 

Ligand and Protein atom 

involved in H-bonding 

Interacting residues 

familiar with reported 

active binding sites 

1 
 

IP3R 

ASP 444, ASN 447, LEU 30, ASP 448, ASN 203, ALA 43, 

SER 28, LYS 42 

 

ASN 203, ASP 444, ASN 

447, LEU 30 

Nil 

2 
 

RYR 

PRO 2671, ALA 2672, TYR 2743, LEU 2787, TYR 2621, 

LYS 2783, SER 2625, LYS 2628, HIS 2626, ASP 2786, 

LEU 2723, HIS 2624, TRP 2629, ILE 2667, TYR 2668 

 

TYR 2668, TYR 2621, SER 

2625, ASP 2786 

Nil 

3 
 

SERCA 

ASN 111, SER 731, SER335, ARG 334, GLU 732, THR 

247, ASP 245, LYS 712, THR 242 

 

SER 731, GLU 732, LYS 

712, THR 242 

Nil 

4 
 

SEIPIN 

LEU 90,  PHE 66, PHE 59, LEU 412, THR 63, LEU 124, 

MET 89, ILE 298, MET 39, SER 67, PHE 297, ALA 64, 

GLY 294, ILE 68, ASP 65, PRO 413, SER 97, SER 84, PHE 

415, LEU 139, ALA 377, VAL 214, ILE 141, LEU 131, ILE 

414, LEU 86, TYR 127, ASP 407, 

 

ALA 64 
Nil 

 

5 
CaMkII 

GLU 168, LYS 268, CYS 273, HIS 269, GLN 274, GLN 

251, GLN 169, VAL 278, GLU 244, ALA 170, GLN 168, 

PRO 243, THR 242, PRO 270, ASN 247, -HE 172, LE 162, 

VAL 164, ARG 60, ARG 63. 

LYS 268, GLU 163, 

Nil 

6 Phospholamban 
ASN 30, ASN 27, LEU 28, LEU 31, ILE 33, LEU 37, ASN 

34 

ASN 34, ASN 30 AND ASN 

27 

Nil 

7 RYR2 

GLU 84, PHE 12, ALA 15, GLU 11, LEU 18, GLU 14, 

MET 145, PHE 92, ALA 88, LEU 112, VAL 108, VAL 91, 

GLU 87 

GLU 84, GLU 11, GLU 14 

Nil 

8 VGCC 

PRO 326, ILE 338, PHE 383, SEER 382, SER 330, GLU 

381, ARG 227, ALA 335, ASP 384, THR 332, PRO 336, 

LEU 329,  HIS 325, GLN 328, VAL 232, VAL 230, ILE 

323, LEU 374 

NIL 

Nil 
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4. Conclusions 

The binding of DOX with enolase, negatively affected by adriamycin, impairs 

glycolysis. DOX bind with HMOX1 causes free iron accumulation. The free iron causes heme-

driven toxicity and the oxidizing environment, leading to ROS formation and cell death. The 

binding of DOX with PINK1 causes decreased membrane potential leading to calcium 

accumulation. On the other hand, iron and calcium deficiency in the mitochondrial matrix 

causes ATP depletion by altering the Krebs cycle. Altered cardiac energy metabolism during 

DOX treatment apparently culminates in cardiomyopathy. Thus, our study concludes that the 

DOX disrupts the functions of PFK, α-enolase, HMOX1, and PINK1, which leads to alteration 

in cardiac energetics, ensuing cardiomyopathy. 
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