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ARTICLE INFO ABSTRACT

Keywords: The molecule (8)-2,3-Dihydro-5,7-dihydroxy-2(3-hydroxy-4-methoxyphenyl)-4H-1-benzopyran-4-one
Lung cancer (Hesperetin) was optimized utilizing density functional theory (DFT) with B3LYP/6-311G(d,p) basis set. The
Molecular docking vibrational frequencies and potential energy distribution (PED)% of Hesperetin molecule was computed and it
Fukui function shows good agreement with the experimental values. The reactivity nature of the molecule was analysed with
Hesperetin and PISK/AKT various DFT methods such as local reactivity descriptors, Molecular Electrostatic Potential (MEP) and Frontier
Molecular orbitals (FMOs). Drug likeness and ADMET properties were analysed for the prediction of pharma-
cokinetic properties like Absorption, Distribution, Metabolism, Excretion and Toxicity. The molecular docking
analysis reveals that inhibitory nature of the Hesperetin molecule. Various signalling pathways are regulating
the lung cancer progression including PI3K/AKT. Interrupting this signalling pathway could help us discover the
new drug derivatives. Hence, the present study reports the structural details, intermolecular interactions of PI3K
and Hesperetin and the toxicity study (in vivo) was also analysed by inhibition of human lung cancer cells (A549)

proliferation.

1. Introduction

Lung cancer is the most common cancer throughout the world and is
the leading cause of cancer transience (Jemal et al., 2011). The (S)-2,3-
Dihydro-5,7-dihydroxy-2(3-hydroxy-4-methoxyphenyl)-4H-1-benzo-
pyran-4-one molecule is chosen as the Non-Small Cell Lung Cancer
(NSCLC) agent. Hesperetin is the 4-methoxy derivative of eriodictyol, a
flavanone. Hesperetin is a naturally occurring flavanone-glycoside, the
main flavonoid in lemon and sweet orange (Lewinsohn et al., 1989).
Hesperetin is also known as 3/, 5, 7-trihydroxy-4-methoxy flavanone
(C16H140¢), is a member of the flavanone subclass of flavonoids. He-
speretin is predominantly metabolized to hesperetin-7-O-B-Dglucur-
onide (H7-OG) and hesperetin-3’-O-p-D-glucuronide (H3’-OG). Akt,
together with phosphatidyl inositol 3-kinase(PI3K), are the key ele-
ments of the Akt signalling cascade, also known as PI3K/Akt, this signal
transduction path stimulates the survival and growth in response to
extracellular signals (Arcaro and Guerreiro, 2007). Akt is also activated
in variety of human cancers, including lungs, breast, ovarian, gastric
and pancreatic carcinomas (Shi.Y & Lasko, L. et al., 2005).

Phosphatidylinositol-3 Kinase (PI3K) and serine-threonine protein
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Kinase AKT (also known as protein Kinase B) seems to make immune
cell activation by regulation of the key inflammatory cytokines
(Weichhart, T et al., 2008), changes in PI3K/AKT signalling pathway
may contribute to specific therapeutic effects for the cancer. In addi-
tion, the physiological function of PTEN is to dephosphorylate the
second messengers generated by the activation of PI3K, thereby
downregulates or terminates insulin signalling downstream of PI3K
(Peyrou,U., 2010).

The PI3K and Akt pathway (Burgering, B. M., 1995;Liu, W., 1999;
Muthuswamy, S. K. et al., 1999) are two major signalling routes for the
ErbB family, including EGFR. These pathways regulate multiple biolo-
gical process, such as gene expression, cellular proliferation, angio-
genesis, and inhibition of apoptosis, which subscribes to the develop-
ment of malignancy (Chan, T. O. et al., 1999). In the present work, the
most secure optimized molecular structure of Hesperetin was calcu-
lated. The elaborate vibrational spectral analysis was performed by
experimental and theoretical methods. The calculated vibrational wa-
venumber has been assigned with potential energy distribution (PED).
Fukui function was carried out to identify the reactive sites of the
molecule. Frontier molecular orbitals (FMOs) analyses were performed.
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Table 1
Optimized geometrical parameters bond length, bond angle of Hesperetin B3LYP/6- 311G(d,p) in comparison with experimental data.

Parameters Experimental Theoretical Parameters Experimental Theoretical

Bond length (A)

C(1)-C(2) 1.481 1.533 C(13)-C(14)-C(15) 122.0 120.2
C(1)-0(6) 1.442 1.487 C(13)-C(14)-0(20) 118.7 119.8
C(1)-Cc(12) 1.512 1.506 C(15)-C(14)-0(20) 119.4 119.8
C(2)-C(3) 1.504 1.512 C(14)-C(15)-C(16) 120.3 120.0
C(3)-C4) 1.430 1.442 C(14)-C(15)-0(18) 117.6 113.3
C(3)-0(11) 1.231 1.268 C(16)-C(15)-0(18) 125.4 126.3
C(4)-C(5) 1.406 1.417 C(15)-0(18)-C(19) 117.7 119.0
C(4)-C(10) 1.406 1.428 C(2)-C(1)-Cc(12) 114.6 114.3
C(5)-0(6) 1.361 1.388 C(1)-C(12)-C(13) 120.9 120.4
C(5)-C(7) 1.377 1.386 C(9)-C(10)-0(22) 118.8 118.4
C(7)-C(8) 1.384 1.403 C(9)-C(8)-0(21) 120.7 116.4
C(8)-C(9) 1.343 1.394 C(7)-C(8)-0(21) 118.0 121.4
C(8)-0(21) 1.410 1.384 C(3)-C(4-0(11) 123.3 122.5
C(9)-C(10) 1.373 1.390 C(12)-C(13)-C(14) 120.0 119.9
C(10)-0(22) 1.361 1.361 C(13)-C(12)-C(17) 117.7 119.5
C(12)-C(13) 1.389 1.404 C(15)-C(16)-C(17) 120.4 119.2
C(12)-c(17) 1.381 1.397 C(1)-C(12)-c(17) 121.2 119.9
C(13)-Cc(14) 1.375 1.385 C(10)-C(4)-C(8) 118.5 120.0
C(14)-Cc(15) 1.406 1.390 C(9)-C(10)-C(4) 122.0 120.8
C(14)-0(20) 1.322 1.385 C(9)-C(8)-C(7) 121.3 121.4
C(15)-C(16) 1.381 1.389 C(8)-C(7)-C(5) 118.7 118.4
C(15)-0(18) 1.352 1.399 C(4)-C(10)-0(22) 119.2 120.6
c(16)-Cc(17) 1.372 1.402 C(12)-C(17)-C(16) 122.2 120.6
0(18)-C(19) 1.475 1.452

Bond Angle (°) Torsion angle (°)
C(2)-C(1)-0(6) 112.1 109.5
C(2)-C(1)-C(12) 114.6 109.5 C(5)-0(6)-C(1)-C(2) 52.6 50.3
0(6)-C(1)-C(12) 107.0 107.5 0(6)-C(1)-C(2)-C(3) —-52.3 —-53.9
C(1)-C(2)-C(3) 111.6 111.6 C(1)-C(2)-C(3)-C(4) 25.4 31.2
C(2)-C(3)-C(4) 116.0 117.0 C(2)-C(3)-C(4)-C(5) 2.4 -1.7
C(2)-C(3)-0(11) 120.7 120.3 0(6)-C(5)-C(4)-C(3) —-4.1 —4.2
C(4)-C(3)-0(11) 123.3 122.5 C(1)-0(6)-C(5)-C(4) -23.9 -21.7
C(3)-C(4)-C(5) 121.4 120.0 0(6)-C(1)-C(12)-C(13) 27.4 -44.7
C(3)-C(4)-C(10) 121.2 121.4 C(2)-C(1)-C(12)-c(17) —-33.5 —-101.4
C(5)-C(4)-C(10) 117.3 117.8
C(4)-C(5)-0(6) 120.0 120.0
C(4)-C(5)-C(7) 122.2 121.6
0(6)-C(5)-C(7) 117.2 117.0
C(1)-0(6)-C(5) 115.1 116.5

Fig. 1. Optimized geometric structure with atoms numbering of Hesperetin.
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Fig. 2. a) FT-IR and b) FT-Raman Spectra of Hesperetin (Experimental and B3LYP/6-311G (d,p)).

Molecular electrostatic potential (MEP) surface was simulated and vi-
sualized. The molecular orbital contributions were investigated by
using the total density of states (TDOS). The thermodynamic properties
of the Hesperetin molecule were calculated at different temperatures,
revealing the correlation between heat capacity (C), enthalpy (H) and
entropy (S) with temperatures. Docking of small molecule (ligand) in
the receptor binding site (targeted protein) and computation of binding
affinity of the stable complex is the major tool in structure-based
computer-assisted drug design. Molecular docking concludes the target
binding site of the ligand molecule.

2. Materials and methods
2.1. Chemicals

Dulbecco's Modified Eagle's Medium (DMEM), 0.25% trypsin-EDTA
solution, sodium bicarbonate solution, bovine serum albumin (BSA), 3-
[4,5-dimethythiazol-2-yl] 2,5-diphenyl tetrazolium bromide (MTT),
ethidium bromide, acridine orange and Hesperetin were purchased
from Sigma Chemicals Co. (St. Louis, MO, USA). Fetal Bovine Serum
(FBS) and antibiotic/antimycotic solution were purchased from Gibco
(Gibco, USA).

2.2. Cell culture

The A549 cell line was procured from the National Centre for Cell
Science (Pune, India). Cells were grown in T75 culture flasks containing
DMEM supplemented with 10% FBS at 37 °C in humidified air with 5%
CO,. Upon reaching confluence, cells were detached using Trypsin-
EDTA solution.

2.3. Viability assay

The inhibitory effect of Hesperetin on the growth of A549 cells was
measured by MTT assay as described. The cells were dispensed in 24
well plates at a density of 5 x 10*cells per well. After 12hrs of in-
cubation, they were treated with various concentrations of Hesperetin
for the indicated time periods. At the end of treatment, media which
were in control and Hesperetin treated cells were discarded and 500 pl
of MTT containing DMEM (0.5 mg/ml) was added to each well. MTT

containing medium was then discarded and the cells were washed with
1x phosphate buffered saline (PBS; 1 ml). Crystals were then dissolved
by adding 500 pl of solubilization solution and was mixed effectively by
pipetting up and down. Spectrophotometrical absorbance of the purple
blue formazan dye was measured using a micro plate reader at 620 nm.
The optical density of each sample was then compared with control
optical density and graphs were plotted. Based on MTT assay, doses
were selected as 12.5uM Hesperetin treatment for 24 hrs of further
studies because these are doses below ICsy (50% inhibitory con-
centration) value of Hesperetin in A549 cells.

Viability (%) = 100-[(A620, control-A620, Hesperetin)/A620, con-
trol x100].

2.4. Ethidium bromide/acridine orange (dual staining)

Ethidium bromide/acridine orange staining was carried out by the
method of Gohel et al. A549 cells were plated at a density of 5 x 10* in
6 well plates containing sterile coverslips. They were allowed to grow at
37 °C in a humidified CO, incubator until they were 70-80% confluent.
Then cells were treated with Hesperetin (12.5 uM) for 24 hrs. The cul-
ture medium was aspirated from each well and the cells were gently
rinsed twice with PBS at room temperature. Then the cover slips were
taken and put on glass slides to be stained with 100 pl of dye mixture
(1:1 of ethidium bromide and acridine orange) and were viewed im-
mediately by fluorescence microscopy. Viable cells had green fluor-
escent nuclei with organized structure, early apoptotic cells had yellow
chromatin in nuclei that were highly condensed or fragmented; apop-
totic cells also exhibited membrane blebbing. Late apoptotic cells had
orange chromatin with nuclei that were highly condensed and frag-
mented; necrotic cells had bright orange chromatin in round nuclei.
Only cells with yellow, condensed, or fragmented nuclei were counted
as apoptotic cells in a blinded, unbiased manner. For each sample, at
least 500 cells/well and 4 wells/condition were counted, and the per-
centage of apoptotic cells was determined [% of apoptotic cells = (total
number of apoptotic cells/total number of cells counted) x100].

3. Experimental details

The FT-IR spectrum of Hesperetin was recorded in the region 4000
to 400 cm ™! on IFS 66V spectrophotometer using KBr pellet technique.
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Table 2
Observed and calculated vibrational frequency of Hesperetin at B3LYP method with 6-311G (d,P) basis set.
Mode No  Experimental wave number (cm-1) Theoretical wave number (cm-1) IR intensities RAMAN intensities Assignments PED
FTIR FT RAMAN Unscaled frequency  Scaled frequency  Rel Abs Rel Abs
W(102) 3427 3699 3558 68 13 178 100 vOH(100)
W(101) 3501 3646 3508 96 18 96 54 vOH(100)
W(100) 3250 3126 200 38 88 50 vOH(99)
W(99) 3104 3240 3117 2 0 130 73 vCH(100)
W(98) 3218 3096 0 0 80 45 vCH(100)
W(97) 3205 3083 14 3 104 58 vCH(93)
W(96) 3061 3201 3079 3 1 81 45 vCH(93)
W(95) 3172 3052 11 2 55 31 VvCH(88)
W(94) 3027 3032 3154 3034 21 4 132 74 vCH(94)
W(93) 2900 3103 2986 6 1 84 47 vCH(93)
W(92) 3084 2967 37 7 60 34 vCH(100)
W(91) 2918 2912 3030 2915 13 2 39 22 VvCH(93)
W(90) 3014 2899 18 3 149 84 vCH(91)
W(89) 2898 3013 2898 47 9 113 64 vCH(96)
W(88) 1646 1617 1685 1621 532 100 48 27 vOC(74)
W(87) 1609 1665 1602 5 1 110 62 vCC(23)
W(86) 1629 1567 32 6 17 10 vCC(47)
W(85) 1619 1557 193 36 11 6 vCC(22)
W(84) 1518 1563 1614 1553 241 45 37 21 vCC(40)
W(83) 1485 1549 1490 89 17 5 3 vCC(24)
W(82) 1475 1540 1481 86 16 8 4 vCC(40)
W(81) 1464 1526 1468 12 2 26 14 vCC(42)
W(80) 1454 1516 1458 104 20 17 10 vCC(22)
W(79) 1444 1504 1447 14 3 29 16 vCC(16)
W(78) 1491 1435 28 5 21 12 vCC(29)
W(77) 1491 1434 21 4 10 6 v0C(14)
W(76) 1402 1483 1427 105 20 14 8 vCC(24)
W(75) 1380 1434 1380 180 34 23 13 vOC(33)
W(74) 1361 1363 1422 1368 174 33 15 9 vOC(25)
W(73) 1391 1339 22 4 5 3 vOC(32)
W(72) 1379 1326 67 13 23 13 v0C(132)
W(71) 1301 1365 1313 53 10 12 7 vCC(16)
W(70) 1294 1291 1344 1293 43 8 20 11 vCC(22)
W(69) 1339 1288 52 10 6 4 vOC(59)
W(68) 1311 1311 1261 52 10 6 3 vOC(47)
W(67) 1301 1252 75 14 20 11 vOC (20)
W(66) 1294 1245 169 32 42 23 vOC (12)
W(65) 1258 1211 49 9 10 6 vOC (41)
W(64) 1204 1250 1203 299 56 1 1 vOC (37)
W(63) 1187 1235 1188 136 26 12 7 vOC (59)
W(62) 1184 1169 1232 1185 73 14 4 2 vOC (26)
w(61) 1208 1162 22 4 6 3 vOC (45)
W(60) 1197 1152 28 5 4 2 vOC (50)
W(59) 1131 1178 1134 14 3 17 9 vOC (41)
W(58) 1163 1119 2 0 6 4 BHCC(15) +vCC(11)+ BHCC(15)
W(57) 1161 1117 87 16 14 8 BHCC(59)
W(56) 1095 1155 1111 353 66 3 2 BHCCO60)
W(55) 1088 1046 15 3 4 2 BHCC(17) +vCC(10)
W(54) 1078 1037 128 24 9 5 BHCH (81)
W(53) 1006 1064 1024 106 20 17 10 BHCH (74)
W(52) 994 1027 988 90 17 5 3 BHCH(74)
W(51) 971 1022 983 32 6 28 16 BHCH(86)
W(50) 1004 966 17 3 4 2 BOCC(45) +vOC(10)
W(49) 974 937 21 4 6 3 BCCC(30)
W(48) 910 950 914 4 1 1 0 vOC(18)+ BCCC(10)
W(47) 874 904 870 15 3 1 1 BCCC(13)+vCC(13)
W(46) 840 868 835 25 5 7 4 pCcca4)
W(45) 859 827 14 3 1 0 pccca4s
W(44) 810 839 807 91 17 1 1 BCCC(23)
W(43) 832 800 43 8 1 1 BCCO(10)
W(42) 822 791 117 22 0 0 BOCC(15)+ BCCC(20)
W(41) 766 772 814 783 22 4 1 1 BCCC(22)
W(40) 740 764 735 23 4 33 18 BCOC(15)
W(39) 741 713 4 1 4 2 BOCC(48)
W(38) 732 704 10 2 2 1 BOCC(22) + BCCC(20)
W(37) 676 712 685 1 0 6 3 BOCC(35)
W(36) 673 648 2 0 2 1 BCCC(22)
W(35) 632 630 658 633 10 2 16 9 BCOC(62)
W(34) 653 628 3 1 2 1 BOCC(23)
W(33) 641 617 9 2 2 1 THOCC(96)
W(32) 626 603 3 0 1 0 THOCC(94)
W(31) 589 588 612 589 12 2 10 6 THOCC(89)

(continued on next page)
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Mode No  Experimental wave number (cm-1) Theoretical wave number (cm-1) IR intensities RAMAN intensities Assignments PED
FTIR FT RAMAN Unscaled frequency  Scaled frequency Rel Abs Rel Abs
W(30) 590 568 4 1 13 7 THCCC(50)
W(29) 539 559 538 39 7 2 1 THCCC(69)
W(28) 545 524 5 1 7 4 THCCC(82)
WwW(27) 536 515 18 3 1 1 THCCC(78)
W(26) 510 491 8 1 8 4 THCCC(75)
W(25) 503 484 152 29 3 2 THCOC(35) + BHCO(31) +vCC(11)
W(24) 478 460 15 3 0 0 THCCC(16)
W(23) 468 451 14 3 0 0 ttHCCC(25)
W(22) 459 442 4 1 2 1 TtHCOC(11) + BHCH (15)
W(21) 414 398 3 1 11 6 tHCOC(35) + BHCH (20)
W(20) 410 394 144 27 3 2 TCCCC(37)
W(19) 388 373 1 0 2 1 tCCCC(54)
W(8) 345 364 350 3 1 1 0 tCCCC(31) +tHCOC(12)
wQa7) 348 335 13 2 0 0 tCCCC(55)
W(16) 300 288 0 0 1 0 tCCCC(13)+ BCCC(14)
W(5) 297 286 1 0 1 1 tCCCC(55)
W(14) 263 253 2 0 3 1 tCCOC(10)
W(13) 244 234 4 1 2 1 tCOCC(51)
w(@12) 233 224 1 0 1 0 tCCCC(13) + BCCC(26)
W(11) 226 217 0 0 1 0 tCOCC(13) + BOCC(10)
W(10) 212 224 215 0 0 0 0 TOCCC(78)
W(9) 178 171 2 0 4 2 tOCCC(21)
W(8) 165 159 2 0 1 1 tOCCC(47) +tCCCC(34)
W(7) 157 151 2 0 0 0 TOCCC(79)
W(6) 120 115 1 0 1 1 tOCCC(37)
W(5) 99 95 2 0 0 0 tOCCC(11) 4+ BCCC (13)+BOCC(17)
W(4) 81 84 81 4 1 1 0 tCCCC(63)
W(3) 41 39 0 0 4 2 tCCCC(31)
W(2) 39 37 1 0 3 1 tCCCC(66)
W(1) 18 17 2 0 8 4 tCCCC(10)

1v- Stretching, B-Bending, t- Torsion.
2Scaling Factor 0.961 for B3LYP6-311G (d,p).

3Relative absorption intensity normalized with highest peak absorption equal to 100.

4Relative Raman intensity normalized to 100.

The FT-Raman spectrum was also recorded using 1064 nm line of Nd:
YAG laser as excitation wavelength in the region 4000-100 cm™on a
BRUKER model IFS 66 V spectrophotometer equipped with FRA 106 FT-
Raman module accessory. The experimental and theoretically predicted
FT-IR and FT-Raman spectra of Hesperetin with their scaled frequencies
using scaling factors for each mode are compared.

4. Computational details

The entire calculations were performed at B3LYP (Becke 3-Lee-Yang
and Parr) level of theories (Becke A.D., 1993; Parr R.G. et al., 1984) in
Gaussian 09 program (Frisch, M.J. et al., 2009). The optimized struc-
ture was visualized by Gauss View 5.0 software (Raja, M., 2016). The
optimized molecular structural parameters were used to determine the
harmonic vibrational frequency. Vibrational wave numbers were com-
puted using same level of theory and Chemcraft Program for the title
molecule (G.A. Zhurko, 20004) and the potential energy distribution
(PED) calculation is used to assign the Wavenumber for Hesperetin
molecule using VEDA 4.0 program (Kereztury,G. et al., 1993; Jamroz,
M.H., 2004). Scaling factors are used to obtain good confirmation with
the experimental values has the calculation are done in gas phase.
Frontier Molecular Orbitals (FMOs) and Molecular Electrostatic Po-
tential (MEP) analysis (Rauhut, G., 1995; Mulliken,R.S., 1934;
Murray,J.S. et al., 2011) was done using DFT/B3LYP method with 6-
311G (d,p) basis set. Using the same level of theory, Fukui function,
local softness and electrophilic indices were calculated from Mulliken
atomic charge of Hesperetin molecule (Yang, W. et al., 1985). The total
density of states (TDOS), overlap population density of states (OPDOS)
and the partial density of states (PDOS) spectra were charted by using
the program GaussSum 2.2 (O'Boyle, N.M. et al., 2008).The molecular

docking studies were performed by AUTODOCK (1.4.6 version) pro-
gram (Trott, O., & Olson, A.J., 2010). Hence docking plays a vital role
in biological and pharmaceutical analysis of drug design and drug
discovery. PyMOL (Delano, W.L., 2002), Chimera (Xin Liu et al., 2008)
and Discovery studio programs were used to view the protein-ligand
complex and the intermolecular interactions between protein and the
ligand molecules.

5. Results and discussion
5.1. Geometrical structure

The optimized structural parameters of the Hesperetin were calcu-
lated at B3LYP levels with the 6-311G (d, p) basis set and are recorded
in Table 1 in agreement with the atom numbering scheme as obtained
from CHEMCRAFT software and represented in (Fig. 1). The computed
parameters of bond length and bond angle are compared with experi-
mental geometrical parameters (Shin, W. et al., 1987). The difference
between theoretical and experimental geometry can generally be de-
scribed in a way that calculations were performed utilizing isolated
molecule in the gaseous phase to achieve theoretical results and in solid
state for experimental results. The theoretical values for the Hesperetin
molecule was found to be closely related to the experimental XRD va-
lues. Exactly matching bond length values were calculated for the C10-
022, are found to be 1.361 ;\, (experimental) and 1.361 A (theoretical),
respectively. The calculated bond lengths C1-06 (1.442 A, 1.486 A),
C15-C16 (1.381 4, 1.386 A) are found to be slightly higher than the
experimental values. This molecule has seventeen C-C bonds, seven C-O
bonds and one O-C bond.
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Table 3
Mulliken Charge Distribution, Fukui Function, Local Softness and Electrophilicity indices corresponding to (0,1), (—1,2) and (1,2) charge and multiplicity of
Hesperetin.
Atoms Mulliken Atomic Charges Fukui Functions Local Softness Electrophilicity Indices
N (0,1) N+1(-1,2)  N-1(1,2) fr fr r S*r STt s°r o*r oT o’
Cl 0.0923 —0.0805 0.0877 —-0.1728 0.0046 —0.0841 —0.0373 0.001 —0.0181 —0.2157 0.0058 —0.1049
Cc2 —0.2451 0.2893 —0.2074 0.5344 —0.0377 0.2483 0.1152 —0.0081 0.0535 0.6668 —0.047 0.3099
C3 0.3979 0.4120 0.3059 0.0141 0.0919 0.0530 0.0030 0.0198 0.0114 0.0176 0.1147 0.0661
C4 —0.0255 0.1832 —0.2622 0.2087 0.2367 0.2227 0.045 0.0510 0.0480 0.2604 0.2953 0.2779
C5 0.3281 —0.0347 0.24421 —0.3628 0.0839 —0.1394 —0.0782 0.0181 —0.0301 —0.4527 0.1047 —-0.174
06 —0.5501 —0.1140 —0.3543 0.4360 —0.1957 0.1201 0.0940 —0.0422 0.0259 0.5440 —0.2442 0.1499
Cc7 —0.2032 —0.1257 —0.0945 0.0774 —0.1087 —0.0156 0.0167 —0.0234 —0.0034 0.0966 —0.1357 —0.0195
Cc8 0.3515 0.5997 0.1866 0.2481 0.1649 0.2065 0.0535 0.0355 0.0445 0.3096 0.2058 0.2577
(@] —0.1405 —0.0738 —0.0475 0.0666 —0.0929 —0.0132 0.0143 —0.02 —0.0028 0.0831 —0.116 —0.0164
C10 0.3196 0.3947 0.2429 0.0751 0.0767 0.0759 0.0162 0.016 0.0163 0.0937 0.0957 0.0947
011 —0.5493 —1.2134 —0.3483 —0.6641 —0.2010 —0.4326 —0.1432 —0.0433 —0.0933 —0.828 —0.2508 —0.5398
C12 0.0865 0.3738 —0.1699 0.2872 0.2565 0.2718 0.0619 0.0553 0.0586 0.3586 0.3200 0.3392
C13 —0.1311 0.0140 —0.0089 0.1451 —0.1221 0.0115 0.0312 —0.0263 0.0024 0.1810 —0.1524 0.0143
Cl14 0.2926 0.2131 0.1845 —0.0795 0.1081 0.0143 —-0.0171 0.0233 0.0030 —0.0993 0.1349 0.0178
C15 0.3311 0.6458 0.1943 0.3146 0.1368 0.2257 0.0678 0.0295 0.0486 0.3926 0.1707 0.2817
Clé —0.1364 0.0119 —0.082 0.1483 —0.0544 0.0469 0.0319 —0.0117 0.0101 0.1850 —0.0679 0.0585
C17 —0.1402 —0.0552 —0.0222 0.0850 —0.1180 —0.0165 0.0183 —0.0254 —0.0035 0.1061 —0.1472 —0.0205
018 —0.5594 —1.3445 —0.3564 —0.7851 —0.2031 —0.4941 —0.1693 —0.0438 —0.1065 —0.9796 —0.2534 —0.6165
C19 —0.0788 0.6889 —0.1368 0.7677 0.0579 0.4128 0.1655 0.0124 0.0890 0.9580 0.0723 0.5151
020 —0.5656 —0.7611 —0.2745 —0.1956 —0.2911 —0.2433 —0.0422 —0.0628 —0.0525 —0.244 —0.3632 —0.3036
021 —0.5479 —0.9865 —0.3127 —0.4386 —0.2351 —0.3369 —0.0946 —0.0507 —0.0726 —0.5473 —0.2934 —0.4204
022 —0.5652 —0.9112 —0.2855 —0.3460 —0.2798 —0.3129 —0.0746 —0.0603 —0.0675 —0.4317 —0.3491 —0.3904
H23 0.1053 —0.0734 0.1748 —0.1787 —0.0695 —0.1241 —0.0385 —0.015 —0.0268 —0.223 —0.0867 —0.1549
H24 0.1356 —0.0295 0.1614 —0.1651 —0.0258 —0.0955 —0.0356 —0.0056 —0.0206 —0.206 —0.0323 —-0.1191
H25 0.1443 —0.0486 0.1723 —0.1929 —0.0280 —0.1105 —0.0416 —0.006 —0.0238 —0.2407 —0.035 —-0.1379
H26 0.0881 0.0195 0.1309 —0.0686 —0.0428 —0.0557 —0.0148 —0.0092 —0.012 —0.0855 —0.0534 —0.0695
H27 0.1070 0.0032 0.1579 —0.1038 —0.0509 —0.0774 —0.0224 —0.011 —0.0167 —0.1296 —0.0635 —0.0965
H28 0.1063 0.0437 0.1385 —0.0626 —0.0322 —0.0474 —0.0135 —0.0069 —0.0102 —0.0781 —0.0401 —0.0591
H29 0.0909 0.0361 0.1463 —0.0548 —0.0554 —0.0551 —0.0118 —0.0119 —0.0119 —0.0684 —0.0691 —0.0687
H30 0.0819 0.0280 0.1307 —0.0538 —0.0488 —0.0513 —0.0116 —0.0105 —0.0111 —0.0672 —0.0609 —0.0641
H31 0.1289 —0.0549 0.1682 —0.1838 —0.0393 —0.1115 —0.0396 —0.0085 —0.024 —0.2293 —0.049 —0.1392
H32 0.1198 —0.0578 0.1507 -0.1777 —0.0309 —0.1043 —0.0383 —0.0067 —0.0225 —0.2217 —0.0386 —0.1301
H33 0.1198 —0.0571 0.1507 —0.1769 —0.0309 —0.1039 —0.0381 —0.0067 —0.0224 —0.2207 —0.0386 —0.1297
H34 0.2885 0.3349 0.2851 0.0464 0.0034 0.0249 0.0100 0.0007 0.0053 0.0579 0.0042 0.0311
H35 0.2420 0.2507 0.2702 0.0086 —0.0282 —0.0098 0.0018 —0.0061 —0.0021 0.0108 —0.0352 —0.0122
H36 0.2286 0.4785 0.2786 0.2499 —0.0501 0.0999 0.0538 —0.0108 0.0215 0.3118 —0.0625 0.1247
06 B3LYP/6-311G(d,p)
04
02
=
=
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Fig. 3. The histogram of calculated Mulliken atomic charge of Hesperetin.

5.2. Vibrational analysis shown in (Fig. 2a and b) respectively. The measured (FTIR and FT-
Raman) wave numbers and assigned wave numbers of some selected
intense vibrational mode calculated at the B3LYP level with basis set 6-

311G (d,p) along with their PED are presented in Table 2.

The Hesperetin molecule consists of 36 atoms, assuming C; point
group of symmetry and has 102 normal modes of vibrations. All the
vibrations are active both in Raman and IR absorption spectra and are



M. Govindammal, et al.

Biocatalysis and Agricultural Biotechnology 18 (2019) 101086

LUMO plot First Excited State

]

Erumo = -0.164 eV

Eg=4.308 eV

MO Energy Levels

Enonmo = -4.473 eV

HOMO plot Ground State

Fig. 4. The HOMO and LUMO orbitals of Hesperetin.

Table 4
Calculated global reactivity descriptors for Hesperetin.

Molecular descriptors energy (eV) B3LYP/6-311G (d,p)

HOMO energy(Enomo) —4.4730
LUMO energy(E;ymo) —0.1643
Energy gap (Eg) 4.3086
Tonization potential (I) 4.4730
Electron affinity(A) 0.1643
Chemical potential () —2.3187
Chemical Hardness () 2.1543
Chemical softness (S) 0.2156
Electronegativity () 2.3187
Electrophilicity (w) 1.2478

5.2.1. O-H vibrations

The hydroxyl stretching vibrations are generally (Muthu, S., & Jsac
Paularj, E., .2012) observed in the region around 3000-3500 cm ™! O-H
stretching vibration is observed only in FTIR at 3427 cm ™' which oc-
curs as a broadband. The hydroxyl vibration is supported by B3LYP/6-
311G (d,p) method at 3558 cm ™ L. This pure mode shows 100% PED
contribution.

5.2.2. C-H vibrations

The aromatic C-H ring stretching vibrations are normally found in
the region 3100-3000cm™! (Sarojini, K et al., 2013). The GC-H
stretching modes generally appear with Raman intensity and are highly
polarized. In the theoretical frequency C-H stretching vibrations were
observed in peaks at 3104 cm ™! to 2898 cm ~ ! FT-Raman spectrum and
3061 cm ™~ 'to 2918 cm ~ 'in the FT-IR spectra. The peak corresponding
to C-H stretching vibration are observed at the range of 3117 cm ™! to
2897 cm ™~ ! in B3LYP/6-311G (d,p) method, shows good confirmation
with recorded experimental spectral values. The PED corresponding to

these vibrations are found to be in the range of 88-100%.

5.2.3. C-C vibrations

The aromatic ring vibrations give rise to attributed bands in peaks
observed in both FTIR and FT-Raman spectra, covering the spectral
range from 1600 to 1400 em” Y(Muthu,S. et al., 2014). In the present
work, the CC stretching vibration bands which are of different in-
tensities were observed at 1609, 1518, 1444,1402 and 1294cm ™! in
FTIR spectrum and Raman bands were identified at 1563, 1485,
1464,1454,1301 and 1291 cm ~'. The theoretical values were obtained
in the range of 1602 cm™! to 1046 cm ™! by B3LYP6-311G (d,p)
method. It shows that the theoretical values are in good agreement with
the experimental data.

5.2.4. O-C vibrations

In the present work, O-C stretching vibrations are observed in the
region 1260-1000 cm~*(Muthu, S. et al., 2003). The peaks corre-
sponding to O-C stretching vibration were observed in at 1344 to
1178 cm ™! in the theoretical method. Its supported well by the ex-
perimental intensity observed at 1294, 1204, 1184 and 1131 cm ™! in
FTIR spectrum and at 1291, 1311 and 1187 cm-1 in the FT-Raman
spectrum.

5.3. Fukui function

The electron density based on the local reactivity descriptors are
used to predict the positive reactive sites of the molecule and it is im-
portant in designing the pharmaceutical compound. The Fukui function
helps one to predict the most reactive site for electrophilic and nu-
cleophilic attack within a molecule (Morell, C. et al., 2006; Ayers, P.
et al.,, 2000). In the present study, the local descriptors such as Fukui
(£, £, £, local softness (S;, S;, S2) and electrophilicity indices (w;",
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Fig. 5. a) Total, b) Partial and c) Overlap population density of states of Hesperetin.

w;, ) were calculated for the Hesperetin molecule and are tabulated
in Table 3.

£ =q, N+1)-q, (N)
f;' =qr(N)'qr(N‘1)
£ = [q, (N+1)-q(N-1)]/2

In these equations, q, is the atomic charge at the rth atomic site in
the neutral (N), negatively charged (N+ 1), positively charged (N-1)
chemical species (Chattaraj, P. et al., 2003). Fukui function shows the
more reactive regions and leads to the chemical properties in a mole-
cule. From the calculated values, the reactivity order for the nucleo-
philic case was C2 > 06 > C15 > C12 > H36 > C8 > C4 > Cl6 >
C17 > H34 > H35, on the other hand electrophilic attack can be
observed in the order 020 > 022 > 021 > C18 > O11.

5.4. Mulliken charge distribution

The natural population analysis of Hesperetin molecule is obtained
by Mulliken (Mulliken, R.S., 1995) population analysis using B3LYP/6-
311G (d,p) method. Due to the general utility of atomic charges, various
methods have been developed for calculating them from quantum
chemical wave functions (Sidir L. et al., 2010). Distribution of positive
and negative charges is vital in increase or decrease of bond length
between the atoms. Atomic charge affects dipole moment, polariz-
ability, electronic structure and other molecular properties of the
system. The results can be represented better in illustrated form as
given (Fig. 3). Charge distribution of the Hesperetin Molecule shows
that all the hydrogen atoms are positively charged whereas the mag-
nitude of the atomic charges on carbon atoms were observed to be both
positive and negative ranging from 0.3731 to —0.6179. From Fig. 3, we
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a)

Table: 5
Thermodynamic properties for Hesperetin obtained by B3LYP/6-311G (d,p)
method.

T (K) S (J/mol.K) Cp (J/mol.K) H (kJ/mol)
100 371 124 8
200 487 222 25
298 593 317 52
300 595 318 52
400 699 406 88
500 798 480 133
600 891 539 184
700 978 587 240
800 1059 626 301
900 1135 658 365
1000 1205 685 432

—a— heat capacity C p(t:al mol'1 K'1)

—e— Entropy, (S) (cal mc»l'1 K-1]

J —&—Enthalpy, (H) (Kcal mol'1}

Termodynamical functions

L T L T s T A T ] T
0 200 400 600 800 1000
Temperture (K)

Fig. 7. Graphs representing dependence of Entropy, Heat capacity and
Enthalpy on temperature of Hesperetin.

B
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b)

Fig. 6. a) Molecular Electrostatic potential map of Hesperetin molecule and b) The contour map of electrostatic potential of the total density of Hesperetin.

Table 6

ADMET data and drug likeness of Hesperetin.
A B C D E F G H
302.27 90.9 0 2.14 Yes Yes Mutagen 0.222

A: Molecular Weight

B: ADMET Solubility (aqueous)
C: ADMET absorption level

D: ADMET _SK logP

E Lipniski's filter

F: Druglikeness, inference

G: Ames mutagenicity

H: ADMET _BBB

can see that the maximum atomic charges are obtained for O,y atom. In
addition to this, all oxygen atoms exhibit negative charge.

5.5. Global reactivity descriptors

The concept of highest occupied molecular orbit (HOMO) and
lowest unoccupied molecular orbit (LUMO) is an important tool as it
helps to understand the chemical stability and reactivity of the mole-
cule. The interaction of HOMO and LUMO results in the transition of
electrons (Subramanian, N. et al., 2010). The pictorial representation of
HOMO and LUMO for the Hesperetin is shown in (Fig. 4). The corre-
sponding energy values and energy gap (AE) which explains the overall
reactivity of the molecule is listed in Table 4. Further, the parameters
like electronegativity, chemical potential, global hardness and softness
were defined using the above mentioned energy values. They are re-
lated to each other using the following equations (Christina Susan
Abraham, et al 2017). The calculated band gap value 4.3086eV in-
dicates that the Hesperetin molecule has a stable structure. The He-
speretin molecule has a lower softness value of 0.2156. The softness
value helps in understanding the toxicity of various pollutants in terms
of their reactivity and site selectivity. The higher hardness and lower
softness value indicates the stability of the molecule. The lower che-
mical potential and electrophilicity index values reveal that the title
compound potentially bioactive molecule.
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Table 7
Hydrogen bonding and molecular docking with protein targets for Hesperetin.

Biocatalysis and Agricultural Biotechnology 18 (2019) 101086

Protein PDB ID  Bonded residues  Bond distance (A)

Estimated inhibition constant

Binding energy Kcal/mol  Intermolecular energy Kcal/mol  Reference RMSD A)

3096 GIn79 2.2 33.58
Thr211 2.0
Leu210 2.4

—6.10 —7.60 12.83
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Fig. 8. Hesperetin docked into the binding site (2D, 3D) of PI3K/AKT Inhibitor.

5.6. Density-of-states (DOS)

As a reasonable explanation of the frontier orbitals cannot be ob-
tained by simply analyzing HOMO-LUMO, TDOS, OPDOS and PDOS
spectra are employed and plotted with energies on the X-axis and the
calculated respective density values on the Y-axis (Hughbanks T., 1983;
Malecki J.G., 2010; Pople J.A. et al., 1993) using GaussSum 2.2 soft-
ware. The occupied and virtual levels are clearly indicated in the TDOS
plot, which provides the molecular orbital composition with respect to
their chemical bonding. The OPDOS plot determines the donor-acceptor
properties of the ligands and bonding and non-bonding interactions.
The overlap of hydrogen with carbon exhibits a positive value, which
clearly indicates the bonding interaction of hydrogen atoms. The
bonding nature of carbon atoms with hydrogen atoms is much higher
(because of positive overlap population).Since it is very difficult to
compare groups in terms of their bonding and anti-bonding properties,
the PDOS spectrais plotted and the spectras corresponding to density of
states are shown in (Fig. 5a—c). The PDOS plot mainly presents the
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composition of the fragmented orbitals contributing to the molecular
orbitals. The HOMO levels are localized on the ring, and their sub-
scriptions are about 90% and the LUMO orbitals are localized on the
ring and their subscriptions are 75% of the compound.

5.7. 7Molecular Electrostatic potential

MEP is an important tool for analyzing the active binding site of the
molecule by colour grading and to predict the interaction of the re-
active site of a molecule (Singh, S. et al., 2017; Okulik, N. et al., 2005).
Using Gauss view 5.0 software B3LYP/6-311G (d,p) method MEP sur-
face and contour map is drawn for the Hesperetin molecule as shown in
(Fig. 6a and b).The colour code of these maps ranges from
—6.791 x 10~ 2 t0 6.791 x 10? eV, where Blue indicates the strongest
attraction and red indicates repulsion. The electrophilic reactivity is
indicated by the red region of the MEP and the nucleophilic reactivity
by the blue region. For the Hesperetin molecule negative regions are
mainly localized over nitrogen atoms, which are the most reactive sites
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Fig. 9. Morphological changes of A549 cells under fluorescence microscope (EB/AO staining, 40x).

for electrophilic attack whereas the positive regions are around hy-
drogen atoms, which are the most reactive sites for nucleophilic attack.
Thus MEP is a very useful tool for giving information about inter-
molecular interactions.

5.8. Thermodynamic properties

The standard statistical thermodynamic parameters like Heat ca-
pacity (C), Entropy (S) and Enthalpy (H) for the Hesperetin molecule
were computed for a range of temperature from 100 K to 1000 K on the
basis of vibrational analysis at B3LYP/6-311G(d,p) level and the values
are listed in Table 5. The thermodynamic function increases with in-
creasing temperature due to the fact that the molecular vibrational
intensities increase with temperature, along with the increase in
translational and rotational energy in accordance with the equipartition
theorem (Shoba, D. et al., 2014).The linear and quadratic formulas are
used to fit the correlation equations between thermodynamic functions
and temperatures. The corresponding fitting factors (R?) for these
thermodynamic properties are 0.99963, 1.0000 and 0.99928, respec-
tively. The corresponding fitting equations are as follows and the cor-
relation graph is shown in (Fig. 7).

Cp = 7.50632 + 1.19832T-5.24993 x 10~ * T? (R? = 0.99963)
S = 250.34004 + 1.23586T - 2.8098 x 10~ * T? (R? = 1.0000)

H = —14.99739 + 0.14217-3.1008 x 10~ * T? (R? = 0.99928)

All thermodynamic data provide useful information for further
studies. To calculate the other thermodynamic energies in accordance
to relationships of thermodynamic functions and estimate directions of
chemical reactions according to the second law of thermodynamics in
thermochemical field (Zhang, R. et al., 2010).

5.9. Drug-likeness and ADMET prediction

Drug likeness of the molecule was investigated using Lipinski rule of
five (Lipinski, C.A et al., 1997). Also, the toxicity was predicted under
the Calculated Molecular Property module of Small molecule tool and
the results were summarized in Table 6.” Lipinski's rule states that poor
absorption is anticipated if the molecular weight is greater than 500; log P
greater than 5”(Lipinski, C.A et al., 1997). The Hesperetin molecule
satisfies the Lipinski's rule which indicates that the molecule is qualified
to be a drug and is presented in Table 6. The ADMET prediction for a
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drug is the combination of five operations (Absorption, Distribution,
Metabolism, Excretion and Toxicity) which the title compound under-
goes while given orally to a patient. The calculated ADMET properties
show that the title compound can be used as an effective drug in future.

6. Molecular docking

The molecular docking study was carried out for Hesperetin (Sledz,
P. et al., 2018). In drug discovery to reduce the time and cost and in-
crease the efficiency of the medicine Molecular Docking method has
been used. It is a current technique to get insight study of the exact
binding location of the ligand and protein (Kragh-Hansen, U 1981). In
this study, we can understand the transport of small molecule called
ligand in biological systems. The molecular modelling is used to predict
the ideal binding orientation, affinity and activity of drug molecules
and their protein targets which have the properties of AKT/PI3 Kinase
inhibitor (PDB ID: 3096) (Wen-I Wu. et al., 2010) downloaded from
RCSB from the PDB format. The ligand was docked in the functional
sites of the selected protein and minimum binding energy value was
examined. Docked conformation which had the lowest binding energy
was chosen to study the mode of binding. The docking parameters of
binding energy, Reference RMSD (A), inhibition constant and inter-
molecular energy of the molecule with respect to the targeted protein
were computed and tabulated in Table 7. The binding orientation of
Hesperetin with targeted protein is shown in (Fig. 8). The dotted yellow
lines show the formation of hydrogen bonds between the targeted
protein and ligand. The minimum binding energy of —6.10 kcal/mol
and intermolecular energy of —7.60kcal/mol were seen in the inter-
action. This protein has three residues hydrogen bond having such as
GIn79, Thr211 and Leu210 with bond distance 2.2, 2.0 and 2.4 A. This
lower binding energy shows that the PI3K Inhibitors (3096) is properly
bound with Hesperetin.

6.1. Inhibitory effects of hesperetin on the growth of A549 lung cancer cells

The cells underwent marked morphological changes such as be-
coming round in shape and apoptotic bodies were observed (Fig. 9b) by
treatment with 12.5uM of Hesperetin, compared with the untreated
control. Fluorescence microscopy morphological changes of ethidium
bromide/acridine orange stained A549 cells (Fig. 9a) showed that the
percentage of apoptotic cells after treatment with 12.5 pM and 25 pM of
Hesperetin increased drastically to 21%.
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7. Conclusion

The vibrational assignments and spectra of FT-IR and FT-Raman
were recorded for Hesperetin has been proposed, aided by the DFT/
B3LYP method using 6-311G (d,p) basis set. The geometrical para-
meters of bond length and bond angle were calculated using same level
of theory and compared with the experimental data. The HOMO-LUMO
and MEP studies revealed the active site of the molecule. The Fukui
functions and TDOS, OPDOS were also determined. The thermo-dy-
namic functions of the molecule at different temperatures have been
calculated. The heat capacity, entropy and enthalpy increased with
increase in temperature owing to the intensities of the molecular vi-
brations. Drug-likeness filters such as ADMET and Lipinski's rule of five
proposed that Hesperetin molecule have good biological reactivity.

Invivo study has been carried out to study the cytotoxicity and anti-
proliferative effect of Hesperetin towards human lung cancer cells
(A549) which revealed that Hesperetin drug can be used against gene
activated lung cancer. Molecular docking analysis was carried out to
explore the Lung cancer activity of the Hesperetin molecule. Docking
studies of the Hesperetin with PI3K/AKT Kinase showed that this ligand
is good molecule which docks well with AKT target. Therefore,
Hesperetin molecule plays an important role in inhibiting the PI3K/AKT
Kinase to regulate the lung cancer.
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