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Amrinone is a class I cardiotonic inotropic agent, which is known to increase the cyclic adenosine monophosphate

(cAMP) level by inhibiting the phosphodiesterase 3 (PDE3) enzyme. In this study the theoretically possible stable

conformations of the amrinone, was examined first by conformational analysis method and then the obtained most

stable conformation was optimized by DFT/wb97xd/6-311++G(d,p) level of theory using Gaussian 03 program.

The credibility of the theoretical model was confirmed by comparison of experimental and theoretical vibrational

spectra of the title molecule. The fundamental vibrational wavenumbers, IR and Raman intensities of the optimized

structure of amrinone were determined using DFT/wb97xd/6-311++G(d,p) level of theory and compared with the

experimental vibrational spectra. To investigate the influence of amrinone on cAMP enhancement, the docking

simulations towards PDE3B were carried out and the main binding interactions of amrinone with PDE3 were

elucidated. Cytochrome P450s (CYPs) are very important phase I metabolizing enzymes.The interaction between

amrinone and CYPs (CYP1A2, CYP2C9 and CYP2C19) was investigated by docking simulations. Moreover,

molecular docking of the title molecule with different proteins and receptors were studied to reveal potential

mechanisms for therapeutic applications. Molecular docking simulations revealed that amrinone showed strong

binding affinity to integrins α5β1 (1G = −6.6 kcal/mol) and αIIbβ3 (−6.6 kcal/mol), and DNA (−6.5 kcal/mol).
The results correlated with its anticancer activity. The drug likeness and ADMET properties of amrinone were

analyzed for the prediction of pharmacokinetic profiles.
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Introduction

Amrinone (5amino-[3,4′-bipyridinel-6(lH)-one;
C10H9N3O) is used as a cardiotonicdrug andis a class I

cardiotonic inotropic agent that increases the cellular levels

of cyclic adenosine monophosphate [1]. Cardiovascular

disorders are among the most common diseases today.

Amrinone has been shown to have important biological

activity in cardiovascular disorders by acting as an

inhibitor of phosphodiesterase 3 (PDE3) enzyme [1,2].
It is a positive inotropic agent with vasodilatory activity.

Amrinone increases muscle contractility by reducing the

degradation of cyclic adenosine monophosphate (cAMP).
Its vasodilatory effect is the result of its direct relaxing

effect on vascular smooth muscle [1–3].
The three-dimensional structure of amrinone was inves-

tigated by Robertson et al. using X-Ray crystallographic

and NMR (1H and 13C-NMR) studies [4]. The amrinone

molecule was found to be almost planar in the crystalline

state with the 1.3◦ torsion angle between the rings [4].
However, in this work, significant structural differences have

also been suggested for the solution state compared to the

crystalline phase, and authors proposed a twisted structure

for amrinone in solution depending on 1H and 13C-NMR

studies [4]. Following the study, Hofmann and Cimiraglia

(1987),carried out the conformational analysis ofamrinone

using STO-3G method, and found the torsion angle between

the two rings of amrinone as 37.13◦ [5]. In the same

year XRD analysis of amrinone was performed by Cody

(1987), and the presence of conformational flexibility in the

amrinone structure in the crystal phase was reported [6]. In
the crystal structure, four independent amrinone molecules

having four different torsion angles between the rings

were revealed and the torsion angles were found to be

−13.4 (9)◦, −11.8 (10)◦ , −8.7 (10)◦ and −21.7 (10)◦ [6].
Amrinone belongs to the bipyridine class of organic

compounds. It is 3,4′-bipyridine substituted by an amino

and carbonyl group at 5 and 6 positions, respectively.

Recently IR, Raman spectroscopic study on milrinone,

which is another bipyridine class of molecule, also a

phosphodiesterase-3 inhibitor, was reported [7].
The principle aim of this study is to elucidate the binding

affinity and the main binding interactions of amrinone with

PDE3. Since function-conformation relation is important for

bioactive molecules, a combined experimental and theoreti-

cal study on molecular structure and vibrational spectra of

amrinone was also carried out to confirm the credibility of

the theoretical model molecular structure. Early studies in

patients with heart failure showed that amrinone produced

short-term hemodynamic improvement but had limited

long-term clinical benefit [1]. Drug metabolism primarily

mediated by P450-family cytochromes (CYP). For this

reason, the interaction of amrinone with CYP1A2, CYP2C9

and CYP2C19 was investigated by docking simulations. It
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is important to shed light on the potential mechanisms of

amrinone for therapeutic applications since it has good

absorption from the gastrointestinal tract and less toxicity.

Therefore, the interaction of the molecule with integrins and

DNA, to reveal its anticancer potential, has been studied.

1. Experimental and computational
procedures

1.1. Experimental

Amrinone in the solid form was purchased from the

Sigma-Aldrich Chemical Company (CAS Number 60719-

84-8) with reagent grade and was used as received. The

IR spectrum of the KBr disc of amrinone was recorded

on a Bruker Tensor 27 FT-IR spectrometer with 1 cm−1

resolution in the region 400 and 4000 cm−1. The Raman

spectrum of the sample was recorded with a Jasco NRS

3100 micro-Raman spectrometer having a 532-nm diode

laser and a diffraction grating of 1200 lines/mm in the

1950−50 cm−1 region. The spectrometer was calibrated

with silicon phonon mode at 520 cm−1.

1.2. Computational details

The theoretically possible stable conformations of the

amrinone, was examined first by conformational analysis

method using SPARTAN program [8] using DFT/B3LYP-

6-31G(d,p) level of theory and then the most stable

conformation obtained was optimized by DFT/wb97xd/6-

311++G(d,p) level of theory using Gaussian 03 pro-

gram [9,10].
The vibrational wavenumbers of the lowest energy con-

formation obtained was calculated at the DFT/wb97xd/6-

311++G(d,p) level of theory. The harmonic force field

of the most stable conformation of amrinone molecule

was evaluated by scaled quantum mechanical force field

method [11] using the MOLVIB program, and the IR

density, Raman activity, and the potential energy distribu-

tions of the vibrational modes (PED) were determined by

converting the Cartesian coordinate force fields to natural

internal coordinates [12,13]. The Raman activities have been

converted to Raman intensities with the help of Simirra

program [14]. The calculated IR and Raman spectra were

simulated using Lorentzian band shapes with a bandwidth

(FWHM) of 10 cm−1.

The scale factors used for the wavenumbers computed

by DFT/wb97xd/6-311++G(d,p) level of theory in order to

give the best fit to the experimental data, are as follows:

N−H stretch 0.89,

C=O stretch 0.88,

C−H stretch 0.91,

N−H and C−H deformation 0.90,

all others 0.98.

For docking studies the crystal structure of human phos-

phodiesterase 3 (PDE3), DNA, α5β1 and αIIbβ3 integrins,

CYP1A2, CYP2C9 and CYP2C19 human cytochromes

P450 were obtained from the protein data bank (PDB
IDs: 1SO2, 1BNA, 4WK0, 3ZDX, 2HI4, 1R9O, 4GQS,

respectively) [15–21]. Molecular docking simulations were

performed by the Autodock Vina program [22] and binding

affinities were calculated. The active sites of receptors

were screened by using the CAVER program [23]. The

partial charges of amrinone molecule were calculated using

the Geistenger method. Target molecules were adapted

for docking by removing the water molecule from the

receptors and adding polar hydrogens.The active sites of the

target proteins and DNA were defined in the grid size of

40 Å× 40 Å× 40 Å.

The toxicological risk and physicochemical properties of

the amrinone were obtained using the OSIRIS property

explorer [24]. The ADMET (absorption, distribution,

metabolism, excretion and toxicity) properties of the title

molecule, from itsoptimized structure, were predicted using

ADMET SAR [25].

2. Results and discussion

2.1. Molecular geometric structure

The initial geometry parameters of amrinone were taken

from the crystal structure [6]. The conformational analysis

of the molecule was performed first and the lowest energy

among the molecular structures obtained was optimized.

As a result of the optimization of the lowest energy

conformers of amrinone obtained by conformation analysis

at DFT/wb97xd/6-311++G(d,p) theory level. The mini-

mum energy conformer of amrinone was found to have

−392775.58 kcal/mol of energy. The optimization of the

most stable conformer was then repeated by rotating the

NH2 group, however, in this case the −392775.53 kcal/mol

energy was obtained (there is a 0.05 kcal/mol increase in

energy), so no more decrease in energy was observed.

The obtained molecular structure of these two low energy

conformers of amrinone is presented in Fig. 1. For the

further calculations the geometry parameters of amrinone

shown in Fig. 1, a were used.

The geometric parameters of the most stable conformer

of amrinone having −392775.58 kcal/mol energyis given

in Table 1. The dihedral angle between the pyridine

rings D(5,4,14,19) is found to be −39.6◦. In the

crystallographic study on amrinone, for four independent

amrinone molecules, the orientation of the two pyridine

rings were reported as −13.4 (9)◦ , −11.8 (10)◦ , −8.7 (10)◦

and −21.7 (10)◦ . Hofmann and Cimiraglia (1987) found

the twist angle 37.1◦ as a result of their conformational

analysis on amrinone with the ab initio STO-3G method [5].
On the other hand, Bhattacharjee (1990) had estimated this

angle as 37◦ by performing conformational analysis using

the ab initio molecular orbital theory at STO-3G and 3-21G

levels [26]. Thus, our result is consistent with the previous

findings.

As seen in Table 1, the calculated bond length of the

C−C bonds of the optimized amrinone molecule varies
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Figure 1. The optimized molecular structure of amrinone with atomic numbering scheme obtained using DFT/wb97xd/6-

311++G(d,p) level of theory, E = −392775.58 kcal/mol (a), the second low energy conformer, obtained by rotation of NH2 group,

E = −392775.53 kcal/mol (b).

Table 1. Geometric parameters (bond length (Å)/bond angle (◦)) for amrinone

Atoms Atoms Atoms Atoms

R(1,2) 1.467 R(15,20) 1.084 A(3,4,14) 120.9 A(15,16,17) 124.0

R(1,6) 1.376 R(16,17) 1.332 A(5,4,14) 120.8 A(15,16,21) 120.0

R(1,9) 1.224 R(16,21) 1.086 A(4,5,6) 120.0 A(17,16,21) 116.1

R(2,3) 1.363 R(17,18) 1.332 A(4,5,7) 123.8 A(16,17,18) 116.6

R(2,10) 1.371 R(18,19) 1.388 A(6,5,7) 116.2 A(17,18,19) 123.9

R(3,4) 1.432 R(18,22) 1.087 A(1,6,5) 125.6 A(17,18,22) 116.0

R(3,13) 1.085 R(19,23) 1.084 A(1,6,8) 114.5 A(19,18,22) 120.0

R(4,5) 1.357 A(2,1,6) 114.4 A(5,6,8) 119.8 A(14,19,18) 119.3

R(4,14) 1.478 A(2,1,9) 123.5 A(2,10,11) 118.5 A(14,19,23) 120.8

R(5,6) 1.371 A(6,1,9) 122.1 A(2,10,12) 114.5 A(18,19,23) 119.9

R(5,7) 1.081 A(1,2,3) 120.2 A(11,10,12) 116.4 D(3,4,14,15) −38.4

R(6,8) 1.010 A(1,2,10) 113.9 A(4,14,15) 121.3 D(3,4,14,19) 141.8

R(10,11) 1.005 A(3,2,10) 125.9 A(4,14,19) 121.9 D(5,4,14,15) 140.2

R(10,12) 1.010 A(2,3,4) 121.6 A(15,14,19) 116.8 D(5,4,14,19) −39.60

R(14,15) 1.395 A(2,3,13) 119.5 A(14,15,16) 119.3

R(14,19) 1.396 A(4,3,13) 118.9 A(14,15,20) 120.9

R(15,16) 1.388 A(3,4,5) 118.2 A(16,15,20) 119.8

between 1.467−1.357 Å. The average C−C bond lengths

of the pyridinone rings of four amrinone molecules in the

amrinone crystal were found between 1.425 (8)−1.358 (8) Å
in the experimental XRD study [6]. The central bond length

of amrinone (distance between the rings) was calculated as

1.506 Å by Hofmann and Cimiraglia (1987) [5], whereas,

it was found to be 1.477 Å [6,7] experimentally. In our

study the bond length between the rings of amrinone

{R(4, 14)} was calculated to be 1.478 Å, and its exper-

imental value is 1.477 Å [6,7]. The C=O bond length

{R(1, 9)} is calculated to be 1.224 Å, which is consistent

with the experimental C=O bond length of 2-pyridinone

(1.2531 Å) [27].
In the optimized structure of amrinone, the calculated

value of the angle between atoms numbered 4,5 and 7

{A(4, 5, 7)} is 123.8◦ (Table 1). This was referred to as

α by Hofmann and Cimiraglia (1987) and calculated to be

124.48◦ [5].

The angles between atoms numbered 4,3,13

{A(4, 3, 13)}, atoms numbered 14,15,20 {A(14, 15, 20)}
and atoms numbered 14,19,23 {A(14, 19, 23)} are predicted

as 118.9◦, 120.9◦ and 120.8◦, respectively (Table 1). These
angles were referred to as β, γ , and δ, respectively, by

Hofmann and Cimiraglia (1987) and calculated to be

117.9◦, 121.23◦ and 121.15◦ , respectively [5]. Our results

are consistent with previous findings.

2.2. Vibrational spectra

Amrinone has 23 atoms, therefore has 63 normal vibra-

tions.The molecule has C1 symmetry, so all the modes are

IR and Raman active.

In this study the vibrational wavenumbers of the most

stable conformer of amrinone molecule were calculated

at the DFT/wb97xd/6-311++G(d,p) level of theory and

compared with experimental values. The calculated and
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Figure 2. The experimental (bottom) and simulated (top) IR (a) and Raman (b) spectra of amrinone.

scaled wavenumbers of amrinone molecule in the gas

phase together with the potential energy distribution of the

vibrational modes (PED) are given in comparison with the

experimental wavenumbers of solid amrinone in Table 2.

The comparison of experimental and theoretical vibration

spectra can be used to prove the accuracy of the calculated

molecular structure. No imaginary wavenumber was

obtained. Besides, the calculated wavenumbers were found

to be in good agreement with the experimental values.The

experimental FTIR and Raman spectra of amrinone are

given in Fig. 2, a and 2, b, respectively, in comparison with

their simulated spectra.

The NH stretching wavenumbers are expected to be in

the 3500−3200 cm−1 range. The amrinone molecule has

an amino group and an N−H bond belonging to the 2-

pyridone ring. The NH stretching band was not observed

in solid phase of 2-pyridone but observed at 3396 cm−1 as

a weak band in its chloroform solution [28]. The band at

3409 cm−1, which is observed as a shoulder in the solid

phase IR spectrum of amrinone but clearly detected in

the second derivative profile of the absorption spectrum,

is assigned to N−H (N6−H8) stretching vibration of 2-

pyridone ring. This assignment is in accordance with

the computed wavenumber at 3443 cm−1 with 100% PED

contribution (Table 2). The N−H stretching wavenumber of

the 2-pyridone ring of milrinone was observed at 3451 cm−1

in the FTIR spectrum [7].
The asymmetric and symmetric NH2 stretching

wavenumbers of aniline were observed at 3508 and

3422 cm−1 in the argon matrix [29], and at 3440 and

3360 cm−1 in liquid aniline [30], respectively. In our

study the medium intense bands observed at 3455 and

3384 cm−1 were assigned to the asymmetric and symmetric

NH2 stretching wavenumbers of amrinone. These modes

were computed to be 3525 and 3402 cm−1, respectively,

by using the DFT/wb97xd/6-311++G(d,p) level of theory.

It must be noted that calculation was performed for the

free molecule in the gas phase and the IR spectrum was

recorded for solid amrinone. It is known that NH bonds in

solid phase are involved in H-bond interaction [6].
The C=O stretching vibration of 2-pyridone was observed

at 1652 cm−1 as a very strong band and at 1648 cm−1 as

a weak band in the IR and Raman spectra of the solid 2-

pyridone, respectively, and observed at 1674 cm-1 in the IR

spectrum of the 2-pyridone chloroform solution [28]. The

very strong band at 1652 cm−1 observed in the IR spectrum

of amrinone in this study is attributed to C=O stretching

mode of 2-pyridone ring.

According to PED analysis, the NH2 bending vibration

of the amrinone molecule was a mixed-mode with ring

NH bending and ring stretching vibrations at 1546 cm−1.

The strong band observed at 1566 cm−1 in the IR and the

medium intense band observed at 1566 cm−1 in Raman

spectra are attributable to this mode. The other amino

group vibrations (such as NH2 wagging and NH2 rocking

vibrations) were assigned according to computed PED

values of amrinone and by taking the experimental aniline

wavenumbers into account [31].
The ring vibrations of amrinone were assigned according

to the computed wavenumbers and also to the experimental

vibrational spectra of 2-pyridone [28] and pyridine [32].
A good correlation between experimental IR, Raman

spectra, and the band positions of the computed spectra

were obtained.The small differences between the observed

and calculated wavenumbers may in a great part be due to

the fact that the IR and Raman spectra of the compound

have been measured in the solid phase and the calculations

were performed on the isolated molecule in the gas

phase. The mean absolute deviation, standard deviation,

root mean square, and correlation coefficient (r) between

Optics and Spectroscopy, 2022, Vol. 130, No. 2
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Table 2. The calculated (wb97xd/6-311++G(d,p)) and experimental wavenumbers (cm−1) of amrinone and the PED distributions of

the vibration modes

Experimental Calculated

Assignment wb97xd/6-311++G(d,p) PED%

IR Ra νS I(IR) I(Ra)

νaNH2
3455m 3525 42 5 νNH(100)

νNH 3409sh 3443 73 14 νNH(100)
νsNH2

3384m 3402 71 22 νNH(100)
νCH 3082w 3090 1 9 νCH(99)
νCH 3065w 3067 3 28 νCH(96)
νCH 3060w 3064 15 24 νCH(99)
νCH 3049 8 12 νCH(98)
νCH 3044w 3036 17 29 νCH(93)
νCH 3029w 3032 23 29 νCH(100)

νCC + νC=O 1669sh 1664sh 1703 349 12 νCO(26) + νCC(37) + νCN(6)
νC=O 1652vs 1665 370 85 νCO(41) + νCC(24) + νCN(6)
νCC 1636sh 1641 443 69 νCO(7) + νCC(48) + νCN(5)
νCC 1627s 1620vs 1628 111 100 νCN(19) + νCC(44)
νCC 1593vs 1595vs 1603 40 20 νCC(37) + νCN(29)
δNH 1566s 1566m 1546 126 15 δHNH(41) + δCNH(28) + νCC(13)
νCC 1506w 1506s 1502 29 35 νCC(21) + νCN(17) + δCCH(7) + δNCH(6)

νCN(ring) 1470s 1460m 1454 3 67 νCN(21) + δCNH(15) + νCC(8) + νCO(7)
νCO + νCC + δNH 1443s 1439s 1430 4 12 νCO(16) + νCC(12) + δCCH(9) + δCNH(21)

νCC 1420m 1418m 1406 14 14 νCC(32) + δNCH(20) + δCCH(6)
νCC 1360m 1358vs 1362 27 49 νCC(37) + νCN(22)
νCC 1329s 1327vs 1323 40 31 νCC(19) + δNCH(15) + νCN(19) + δCCH(10)
δCH 1317s 1298 1 10 δCCH(42) + δNCH(16)

νCN(ring) + νC-NH2
1299m 1292vs 1273 55 6 νCN(45) + δCNH(23) + νCC(6)

νCN(ring) 1255w 1252s 1262 3 18 νCN(33) + νCC(39)
δCH 1227m 1226s 1237 3 24 δCCH(35) + νCC(15) + νCN(7)
δCH 1193w 1191vw 1209 6 10 δNCH(32) + δCCH(29) + νCN(9)
δCH 1144vw 1153 39 4 δNCH(19) + δCCH(16) + νCN(19) + δCNH(10)
δCH 1097vw 1097w 1090 1 8 δCCH(39) + νCC(24)

NH2 rocking 1082 6 18 δCNH(27) + δCCH(19) + νCC(14)
δCH 1069w 1073w 1074 8 6 δCCH(48) + νCN(23)
νCC 1042w 1045vw 1036 1 3 νCC(34) + δCNH(28)
γCH 1013 1 17 ŴHCCH(46) + ŴCNCH(18) + ŴCCCH(13)
δring 1004m 1001vs 1007 6 36 δCNC(11) + νCN(16) + δCCN(14) + δCCC(7)
γCH 959vw 989 0 3 ŴHCCH(54)
δring 944m 945w 952 15 12 δCCN(15) + δCCC(18) + νCN(10) + δCNC(5)
γCH 893vw 890 1 6 ŴNCCH(24) + ŴCCCH(42)
γCH 871vw 884 16 5 ŴNCCH(29) + ŴCCCH(46)
γCH 860vw 861 12 4 ŴCCCH(42) + ŴHCNH(9) + ŴHCNC(6)

856vw

γCH 840vw 831 55 1 ŴCCCH(39) + ŴHCNH(10) + ŴCNCH(7)
νCC 814s 798m 790 3 13 νCC(37) + νCN(12) + νCO(5)
τring 789vw 779 16 3 ŴOCNH(21) + ŴOCCN(21) + ŴCCCN(10) + ŴCNCC(8) + ŴCCCC(6)
τring 773w 762 1 3 ŴCCCN(20) + ŴCCNC(20) + ŴNCCH(16)

νCC + δring 709w 707w 709 1 10 δCNC(24) + νCC(24)
γNH 689 53 3 ŴOCNH(28) + ŴCCNH(36) + ŴHCNH(15)
δring 667w 673 8 5 δCCN(34) + δCCC(29)
τring 617sh 620 20 6 ŴCCCH(9) + ŴOCNH(8) + ŴCCCN(7) + ŴCCNH(6) + δCCC(10)
δCO 605s 605m 607 2 5 δNCO(14) + δCCO(10) + νCN(10) + δCCC(15) + δCCN(7)
δring 586s 581w 586 43 2 δCNC(20) + δCCO(9) + δCCC(13) + δCCN(7)
δring 544 32 7 δCCC(15) + δCCN(6)

NH2 wagging 523w 523vw 505 152 5 ŴCCNH(43) + δCNH(27) + νCN(10) + δHNH(10)
δring 509w 494 22 4 δNCO(14) + δCCC(14) + δCCN(18)
τring 440vw 430 8 1 ŴCCNH(31) + ŴCCCO(7) + ŴCCCH(12) + ŴNCCN(5)
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Table 2. Continued.

Experimental Calculated

Assignment wb97xd/6-311++G(d,p) PED%

IR Raman νS I(IR) I(Raman)

δring 401 3 3 δCCC(24) + ŴCNCO(6)
τring 391 0 5 ŴCCCN(34) + ŴCCCH(22) + ŴNCCH(12)
τring 366 116 15 ŴCCNH(48) + δCNH(24) + δHNH(9) + νCN(7)
δring 332 23 6 δCCN(31) + δCCO(10) + δCNH(10) + νCN(7) + δHNH(6)
δring 305vw 304 7 4 δCCC(17) + δCCN(13)

νCC + δring 270vw 277 1 20 νCC(32) + δCCC(22)
τring 239vw 233 9 13 ŴCCCN(11)
τring 159 5 18 ŴNCCO(12) + ŴCCCO(12) + ŴNCCC(9) + ŴOCNC(9) + ŴNCCN(8) + ŴCCNC(6)
δring 103 2 49 δCCC(62)
τring 69 3 118 ŴCCCC(16) + ŴCCCN(10) + ŴCCCH(12) + ŴOCNC(7)
τring 56 0 425 ŴCCCC(85)

Table 3. Mean absolute deviation, standard deviation, root mean square and correlation coefficient (r) between the calculated and

observed vibrational wavenumbers of the amrinone molecule∗

Parameter IR Raman

DFT/wb97xd/6-311++G(d,p) DFT/wb97xd/6-311++G(d,p)

mean absolute deviation 12.0 9.0

standard deviation 8.6 6.0

root mean square 17.2 12.0

correlation coefficient 0.9999 0.9996

∗IR and Raman wavenumbers were recorded in the 4000−400 and 1700−200 cm−1 region, respectively.

the calculated and observed vibrational frequencies of the

amrinone were given in Table 3.

2.3. Frontier molecular orbital analysis

Highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO) are major orbitals

which are responsible for chemical reactions. The energy

gap between these molecular orbitals is the measure of

the kinetic stability and reactivity of the molecules and

plays a major role in governing a wide range of chemical

interactions. The lower the HOMO-LUMO energy gap the

more reactive the molecule is [33].
The energies of the frontier molecular orbitals of amri-

none were calculated by time-dependent density functional

theory (TD-DFT) using wb97xd/6-311++G(d,p) basis set.

The energy difference between the ground energy level

and the first excited state of amrinone was found to

be 4.3371 eV. The percentage of contributions of atomic

orbitals in the HOMO and LUMO (frontier orbitals) was

determined by applying GaussSum (Version, 3.0) software

package [34]. The calculated transition energies, oscillator

strengths and major contributions are given in Table S1.

The 4.3371 eV energy gap between the ground electronic

state and the first excited state indicates the bioactivity

of the molecule. The schematic representations of the

frontier HOMO and LUMO orbitals of amrinone are

shown in Fig. 3, a. As seen in the figure the HOMO

molecular orbital is mostly localized on the 2-pyridone

ring of amrinone molecule, whereas the LUMO molecular

orbital is localized on the pyridine ring. In this study,

the predicted frontier orbitals explain the charge transfer

interaction within the molecule that influences the biological

activity of the compound. In the research on milrinone the

HOMO-LUMO energy gap is estimated to be 4.2142 eV by

DFT/B3LYP/6-31G(d,p) calculation [7].
The density of states data (DOS) was calculated with

GaussSum 3.0 software [34]. In Fig. 3, b the simulated

density of states diagram of amrinone is shown. DOS plot

is used to calculate numbers of orbitals that are available at

the given energy level [35].

2.4. Molecular electrostatic potential

The molecular electrostatic potential map (MEP) shows

the active sites of the molecule and is a visual interpretation

of electrophilic and nucleophilic parts of the molecule.The

MEP of the amrinone molecule is given in Fig. 4. In the

figure the red and blue region represents the electron-rich

and electron-poor regions, respectively, while the slightly

electron-rich region is represented by yellow, and the slightly

electron-poor region is represented by light blue.

The regions around the oxygen atom of the 2-pyridone

ring and nitrogen atom of the pyridine ring were found
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Figure 3. The pictorial representation of the HOMO and LUMO frontier molecular orbitals (a) and the density of states (DOS) diagram

of amrinone (b).
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Figure 4. The molecular electrostatic potential surface (MEP) of amrinone.

to be electron-rich (red) due to the lone pairs of the

oxygen and nitrogen atoms, whereas the regions around the

amino nitrogen atom was found to be slightly electron-rich

(yellow) because the electronegative nitrogen atom attracts

the electrons in the hydrogen atoms. Hydrogen atoms

of NH and NH2 groups, as positive potential regions, are

responsible for the nucleophilic attack. On the other hand,

oxygen and nitrogen atoms as negative potential regions
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are responsible for the electrophilic attack. The MEP

surface of amrinone changes from −0.06268 (darkest red)
to 0.06268 V (deepest blue) which corresponds to an energy

difference of ±392775.58 kcal/mol.

2.5. Molecular docking analysis

2.5.1. Molecular interactions between amrinone

and human phosphodiesterase 3 (PDE3B) Amri-

none is a cardiotonic agent, which increases the cyclic

adenosine monophosphate level (cAMP) by inhibition

human phosphodiesterase 3 (PDE3). To elucidate the

behavior of amrinone as a phosphodiesterase inhibitor, the

main binding interactions of amrinone with PDE3 was

investigated by docking simulations. Molecular docking

of amrinone is performed against the PDE3B. The human

phosphodiesterase complexed with the inhibitor MERCK1

was chosen for docking studies [15] since its X-ray structure

was available. The crystal structures of human phospho-

diesterase PDE3B was retrieved from the Protein Data

Bank (PDB). The accession code for PDE3B in complex

with MERCK1 with 2.40 Å resolution is 1SO2 [15]. The

enzyme was prepared for docking by removing the existing

ligand (MERCK1) and water molecules and adding polar

hydrogens in it. The Kollmancharges of protein were also

determined. The optimized structure of amrinone was

adapted for the docking. The partial charges of amrinone

were calculated using the Geistenger method. The active

regions of enzyme determined from previous studies were

considered [36,37]. The molecular docking of the amrinone

on the two active regions of PDE3B revealed 18 ligand

enzyme interactions, among them the major energetically

favored binding of amrinone in the active site of PDE3

was shown in Fig. 5. The interaction diagrams of amrinone

PDE3 complex are also indicated in this figure. The binding

affinity was found to be −7.8 kcal /mol. Amrinone presents

strong binding affinity with PDE (Kd = 1.9µM).

The details of the interaction types and distances between

the amino acids of the enzyme and the amrinone molecule

are given below:

2.13 Å long hydrogen bond interaction between amino

group of amrinone and TYR736,

3.71 Å long carbon—hydrogen bond interaction between

amrinone CO and GLY940,

5.31 Å long Pi-alkyl interaction between amrinone and

PRO941,

2.45 Å long hydrogen bond interaction between amrinone

CO and HIS948,

2.56 and 2.65 Å long hydrogen bond interactions between

NH and CO groups of amrinone and THR952, respectively,

4.99 Å long and 3.82 Å long Pi-alkyl and Pi-sigma inter-

actions, respectively, between amrinone and ILE955,

2.36 Å long hydrogen bond interaction between amrinone

NH and GLN988,

3.83 Å and 5.99 Å long Pi-Pi interactions between amri-

none and PHE991.

The molecular docking results indicated that amrinone in-

teracted with PDE3 mainly by hydrogen bonding, and with

small extents Pi-Pi stacking, Pi-alkyl, Pi-sigma interactions.

2.5.2. Molecular interactions between amrinone
and cytochrome P450s (CYPs) Cytochrome P450

enzymes play the most important role in metabolizing

pharmaceuticals. To understand the pharmacological ef-

fects of drugs in vivo it is important to investigate the

interactions with cytochrome P450 isoforms.The activities

of CYP enzymes can be modified by other compounds.

As a result, using a CYP substrate in combination with

a CYP inhibitor may result in decreased excretion of the

CYP substrate, thus leading to adverse drug reactions or

treatment failures [38–40]. As will be discussed below,

the estimation of the absorption, distribution, metabolism,

excretion and toxicity (ADMET) properties of amrinone

predicts that amrinone is a potential inhibitor of cytochrome

P450 isoforms (CYP1A2, CYP2C9 and CYP2C19). There-
fore, the molecular docking studies were undergone to

analyze amrinone interactions with CYP1A2, CYP2C9 and

CYP2C19.

As a result of the docking simulations of amrinone with

CYP1A2, CYP2C9 and CYP2C19 binding affinities are

found as −8.2, −7.0 and −6.9 kcal/mol, respectively. The

3D docked views of the most stable conformer of amrinone

in CYP1A2 (A) CYP2C9 (B) andCYP2C19 (C) are given

in Fig. 6. The ligand interaction diagrams of receptor-ligand

complexes are also shown in the figure.

In a previous study conducted by Shao et al. (2014)
the interaction of Puerarin [41], an isoflavone glycoside

extracted from Pueraria plants, with CYP1A2 was inves-

tigated by docking simulations. As a result, the binding

affinity was found — 5.73 kcal/mol and Puerariawas found

to interact Phe226, Ile314, Gly316 and Ala317 residues on

α-helix as well as Phe451 and Gly459 residues on random

coils. Puerarin is known to inhibit remarkably the activity

of CYP1A2 [42]. In our study amrinone is found to interact

with Phe 226(Pi-Pi stacked interaction),Gly 316(amide-Pi

interaction) and Ala 317(van der Waals interaction) residues
of CYP1A2.The interaction with the same residues of the

CYP1A2 indicates that amrinone entered the same active

site where puerarin binds to the enzyme. Moreover, results

indicated that amrinone interacted with CYP1A2 more

strongly (−8.2 kcal/mol) than that of Puerarin-CYP1A2

interaction (−5.73 kcal/mol).
Amrinone has the highest tendency to bind with CYP1A2

(1G = −8.2 kcal/mol). This is followed by the tendencies

to bind with CYP2C9 (1G = −7.0 kcal/mol) and then

CYP2C19 (1G = −6.9 kcal/mol).

2.5.3. In silico molecular docking analysis of am-
rinone as anticancer agent To reveal the anticancer

activity of amrinone molecular docking studies were per-

formed and interactions of amrinone with α5β1, αIIBβ3
integrins and DNA were evaluated. In the case of the
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Figure 5. The 3D docked view of the most stable conformer of amrinone in human phosphodiesterase 3 (PDE3B). The ligand interaction

diagrams of receptor ligand complex are shown.

investigation of the interaction of the title molecule with

α5β1 integrin (PDB ID: 4WK0), the binding probability of

the ligand from two different active sites of the enzyme

was examined. The molecular model of α5β1 integrin was

shown in Fig. S1, and the two active sites of α5β1 integrin

were roughly indicated by circles.The 3D docked views of

the most stable conformer of amrinone in active site 1 and 2

of α5β1 integrin are shown in Figs. 7, a and 7, b, respectively.

The binding affinity of amrinone to α5β1 integrin at active

site 2 (1G = −6.6 kcal/mol) is found to be higher than at

active site 1 (1G = −6.0 kcal/mol).
The 3D docked views of amrinone in .IIB.3 integrin

(PDB ID: 3ZDX) and DNA (PDB ID: 1BNA) are given

in Figs. 7, c and 7, d, respectively. The ligand interaction

diagrams of receptor-ligand complexes are also shown in

the figure. The molecular docking simulations of amrinone

with .IIB.3 integrin and DNA are resulted in −6.6 kcal/mol

and −6.5 kcal/mol binding affinities, respectively.

The high binding affinity of the molecule to DNA and

integrins suggests the use of the molecule as an anticancer

agent.

2.6. Predictions of ADMET properties of amrinone

The estimated toxicity risk values and some significant

physicochemical properties of amrinone were determined

using OSIRIS Property Explorer (2010) [24]. The sil-

ico module admetSAR has been used to characterize

the various ADMET parameters (absorption, distribution,

metabolism, excretion, toxicity) for amrinone [25]. The

purpose of these calculations is to show the close corre-

spondence of the in silico predicted ADMET properties of
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Figure 6. The 3D docked view of the most stable conformer of amrinone in human cytochrome P450 isoforms: CYP1A2 (A),
CYP2C9 (B), CYP2C19 (C). The ligand interaction diagrams of receptor ligand complexes are shown.

the amrinone to its properties already known as a drug.

The results are given in Tables 4 and 5. The compound was

predicted to have no toxicity risk (Table 4). Bioavailability

score in term of lipophilicity and aqueous solubility for a

drug molecule is important. It can be seen in Table 5

that the molecular weight of the amrinone was 187 g/mol

and is among the recommended values (< 500), and clog

P is equal to −1.01 which means that a higher affinity

for the aqueous phase, so it is more hydrophilic [24].
The absorption of drugs depends on solubility and per-

meability [43]. Low dissolution of gastrointestinal fluids

can affect the bioavailability and efficacy of the drug [43].
The solubility of a molecule is represented by log S. It

is an important factor, since poor solubility means poor

absorption and bioavailability. The common commercial

drug’s log S value is greater than −4 [24]. The log S
value of amrinone is −1.27, which means that it is soluble.

The Caco-2 permeability (logPapp) value of amrinone is

predicted as 1.1473 cm/s. With logPapp> 0.9 cm/s, so it

can be predicted that the compound has a high Caco-2

permeability and is easily absorbed [44]. The AMES toxicity

test can be used to assess the toxicity of the drug. The

AMES test is a tool for predicting the mutagenic ability of a

compound that uses bacteria [45]. The results in AMES test

also suggest that amrinone may not be toxic, may be non-

carcinogen and may not have biodegradation. LD stands

for
”
lethal dose“. LD50 is the amount of a material, given

all at once causes the death of 50% (one half) of a group
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Table 4. Osiris’s estimation of title compounds toxicity hazards and physicochemical properties

Compound Toxicity risks Physicochemical properties

Mutagenic Tumorigenic Irritant Reproductive Effect cLog P Solubility MW TPSA Drug likeness Drug-score

Amrinone no no no yes −1.01 −1.27 187 68.01 0.75 0.49

of test animals [46]. The LD50 is one way to measure the

short-term poisoning potential (acute toxicity) of a material.

The blood-brain barrier (BBB) is designed to shield the

brain from infectious agents [47]. The BBB permeability

of amrinone is found to be positive with 0.9525 probability

value. The BBB+ prediction enables the bioavailability of

amrinone in the brain environment, implying that amrinone

may be useful for brain cancer treatment.

Cytochrome P450s (CYPs) are very important phase I

metabolizing enzymes, stand out due to their effects on

drug metabolism [41]. Amrinone is predicted as inhibitor

of CYP1A2, CYP2C9 and CYP2C19. Integrins play

a significant role in tumor invasion and progression in

glioblastomas [48].

3. Conclusion

Among the five isoenzymes of phosphodiesterase (PDE)
inhibitors, amrinone is a selective PDE3 inhibitor. By

inhibiting the cellular phosphodiesterase of the myocardium,
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Table 5. Prediction of ADMET profiles of theamrinone

ADMET predicted profile — classification

Model Result Probability

Absorption

Blood-Brain Barrier BBB+ 0.9525

Human Intestinal Absorption HIA+ 0.9522

Caco-2 Permeability Caco2+ 0.8867

P-glycoprotein Substrate Non-substrate 0.6469

P-glycoprotein Inhibitor Non-inhibitor 0.9338

Non-inhibitor 0.9946

Renal Organic Cation Transporter Non-inhibitor 0.9258

Distribution

Subcellular localization Nucleus 0.6657

Metabolism

CYP450 2C9 Substrate Non-substrate 0.8642

CYP450 2D6 Substrate Non-substrate 0.8389

CYP450 3A4 Substrate Non-substrate 0.6443

CYP450 1A2 Inhibitor Inhibitor 0.9107

CYP450 2C9 Inhibitor Inhibitor 0.5328

CYP450 2D6 Inhibitor Non-inhibitor 0.9651

CYP450 2C19 Inhibitor Inhibitor 0.8994

CYP450 3A4 Inhibitor Non-inhibitor 0.6534

CYP Inhibitory Promiscuity High CYP Inhibitory Promiscuity 0.5933

Excretion

Toxicity

Human Ether-a-go-go-Related Gene Inhibition Weak inhibitor 0.9923

Non-inhibitor 0.7418

AMES Toxicity Non AMES toxic 0.8492

Carcinogens Non-carcinogens 0.9116

Fish Toxicity High FHMT 0.6066

Tetrahymena Pyriformis Toxicity High TPT 0.6568

Honey Bee Toxicity Low HBT 0.8927

Biodegradation Not ready biodegradable 1.0000

Acute Oral Toxicity II 0.6057

Carcinogenicity (Three-class) Non-required 0.6351

ADMET predicted profile — regression

Model Value Unit

Absorption

Aqueous solubility −2.2573 LogS

Caco-2 Permeability 1.1473 LogPapp, cm/s

Toxicity

Rat Acute Toxicity 2.9371 LD50, mol/kg

Fish Toxicity 2.0609 pLC50, mg/L

Tetrahymena Pyriformis Toxicity 0.2098 pIGC50, ug/L

it causes cAMP to increase at the cellular level, which

facilitates the contraction of myocardial cells [1]. To

elucidate the interaction mechanism of amrinone with

PDE3, molecular modelling study on amrinone molecule

was performed. The most stable geometry of amrinone

was predicted at DFT/wb97xd/6-311++G(d,p) level of

theory. The vibrational spectra of amrinone were analyzed

according to the agreement between the calculated and

observed results. Molecular docking approach was applied

to understand the interaction of the amrinone with the
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PDE3. The binding energy of amrinone against PDE3B was

found to be −7.8 kcal/mol. The result shows that amrinone

presents strong binding affinity for PDE3B. Moreover the

molecular docking studies revealed the strong interaction

between amrinone and DNA, α5β1 and αIIBβ3 integrins

(−6.5, −6.6 and −6.6 kcal/mol, respectively), which al-

lowed us to predict it as an anticancer agent. The findings

shed light on the pharmacological profile of amrinone.
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