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Abstract

In order to investigate new potential therapeutically active agents, we investigated the

biological properties of two small libraries of quinoxalinones and 1,4-benzoxazin-2-

ones. The results obtained showed that compounds 5, 9–11 have good cytotoxic

activity against HeLa cells where the lowest IC50 value (10.46 ± 0.82 μM/mL) was

measured for compound 10. Additionally, the most active compounds (5, 9–11)

showed much better selectivity for MRC-5 cells (up to 17.4) compared to cisplatin. In

vitro evaluation of the inhibition of the enzyme α-glucosidase showed that compounds

10 and 11 exert significant inhibition of the enzyme at 52.54 ± 0.09 and

40.09 ± 0.49 μM, respectively. Competitive experiments with ethidium bromide (EB)

indicated that all tested compounds have affinity to displace EB from the EB-DNA

complex through intercalation, suggesting good competition with EB (Ksv = (3.1 ± 0.2),

(5.1 ± 0.1), (5.6 ± 0.2), and (6.3 ± 0.2) × 103M−1). A molecular docking study was also

performed to better understand the binding modes and to conclude the structure–

activity relationships of the synthesized compounds.
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1 | INTRODUCTION

Heterocycles such as quinoxalines[1,2] and benzoxazines[3] are

structural motifs of wide spectrum of biologically active compounds.

Quinoxalines display a broad spectrum of pharmacological activity

such as antimicrobial,[4] anti-inflammatory,[5] antidiabetic,[6] antivi-

ral,[7] anticancer,[8,9] and antituberculosis.[10] In fact, one of the primary

targets inmedicinal chemistry and one of the biggest health problem in

society nowdays is cancer. Since cisplatin was involved in clinical

practice, platinum-based drugs had been in center of researches as

chemotherapy agents.[11,12] Use of cisplatin in clinical therapy is limited

by several side effects such as neurotoxicity, nephrotoxicity,[13–15]

limited applicability, etc. Development and synthesis of new non-

platinum drugs with less side effects is the major interest in medicinal

chemistry.[16] Bearing in mind these facts, we developed synthesis of

novel 3,4-dihydro-2(1H)-quinoxalinones (1–12) and 3,4-dihydro-1,4-

benzoxazin-2-ones (13–20) (Figure 1) as potential drugs for cisplatin

replacement.[17] The new synthesized quinoxalinones and oxazines

were exposed to antitumor, anti-α-glucosidase and antiangiogenic

activities, DNA and BSA binding, and docking study. Investigation of
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the interaction between small molecules and DNA can be useful for

creating new cancer therapy treatments or anticarcinogens[18] or to

understand the toxic properties and mechanism of harmful chemicals.

Drugs and bioactive small molecules bind reversibly to albumin[19] that

plays a key role in the transportation and deposition of many

biologically active compounds.[20] Interactions between selected

compounds (5, 9–11) and DNA or bovine serum albumin (BSA) were

studied at normal physiological conditions using fluorescence spectral

techniques.[21] Also, the molecular docking study with DNA and BSA

was performed to support the interactions and to determine the

possible binding modes and binding sites.

Angiogenesis is a complex physiological process crucial for

pathogenesis, in all stages of cancer progression.[22–24] In the earlier

studies, antiangiogenesis has been described as crucial strategy for

tumor growth inhibition andmetastasis.[25,26] The development of new

blood vessels is essential for adequate blood supply in malignancy

expansion. Therefore, angiogenesis suppression is a promising

approach in current anti-cancer therapy.

2 | RESULTS AND DISCUSSION

2.1 | Anticancer activity

We investigated in vitro the cytotoxic activity of the novel previously

synthesized compounds 1–20[17] against human cervix adenocarci-

noma (HeLa), human colon carcinoma (LS174), non-small cell lung

carcinoma (A549), and normal human fetal lung fibroblast cell line

(MRC-5). Cisplatin was used as a reference control compound. Their

cytotoxicities are shown as IC50 values in Table 1. The evaluation was

conducted in accordance with the Protocol of the American Cancer

Institute (NCI).[27]

It is evident that a few compounds from this series showed a good

cytotoxic activity, while the other compounds have moderate to weak

effects. Compounds 5, 9–11 showed a significant cytotoxic activity

against all tested malignant cell lines. Likewise, we note a group of

several investigated substances (1, 12, 15, and 18) that possesses

moderate activity (Table 1). Also, the safety index (SI) of selected

compoundswas calculated versus normalMRC-5 cells (Table 2). As can

be seen, compounds 5, 9–11 possess better selectivity compared to

cisplatin, specially 10, were SI is 17.44 for HeLa cells. Based on

achieved results, we investigated mechanism of action of four

compounds that showed best anticancer activity.

The InChI codes of the investigated compounds together with

some antitumor activity data are provided as Supporting Information.

2.2 | Assessment of the cell cycle distribution

Results of cell cycle distribution onHela cells treatedwith compounds5,

9–11 for 24 h are shown on Figure 2. These compounds exhibited good

cytotoxicity and inhibition of all type of investigated cell line. Based on

previous we chose to examine their mechanism of action by

cytofluorimetric analysis using propidium iodide to label DNA. After

24 h incubation with the investigated compounds, a slight increase in

sub-G1 population was observed. However, certain dose-dependent

changes in the sub-G1 distribution of HeLa cells were recorded.

Regardless of the indicated good cytotoxic effect, there were any

relevant change and the basal level in the G1, S, and G2-M population.

Additionally, compound 11 showed better effects, leading to a notable

increase in G2/M phase in HeLa cells treated with both concentrations

of the compound, whichwas coupledwith a decrease in the percentage

of cells in G1 phase (Figure 2). The obtained results suggest that these

compounds probably have a different mode of action.

FIGURE 1 Structures of tested compounds 3,4-dihydro-2(1H)-quinoxalinones (1–12) and 3,4-dihydro-1,4-benzoxazin-2-ones (13–20)
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2.3 | Fluorescence quenching studies

2.3.1 | Fluorescence quenching on EB-DNA

In order to investigate the interaction of the compoundswithDNA, the

competitive binding experiment was realized. EB has low fluorescence

intensity but it can be enhanced in the presence of DNA. A complex's

competitive binding to EB-bound DNA can reduce the intensity due to

shifting of bound EB from DNA.[28] The fluorescence quenching

spectra of titration EB-DNA with 5, 9–11 solutions were recorded in

the range of 550–750 nm (Figure 3). The fluorescence emission

intensity at 610 nm of the EB-DNA solution showed a significant

decrease (hypochromism) by increasing of concentrations of 5, 9–11.

The observed quenching of in situ formed complex of EB-DNA species

indicates a competition between the quenchers 5, 9–11 and EB for

binding to DNA.

The fluorescence quenching of 5, 9–11was described bymeans of

the Stern–Volmer equation (Equation 1),[29] implying that the

dependence of I0/I on [Q] was examined

I0=I ¼ 1þ kqτ0 Q½ � ¼ 1þ KSV Q½ � ð1Þ

In Equation1, I0 and I are the emission intensities in the absence and

presenceof thequenchers, respectively, [Q] is the total concentrationof

the quenchers, kq is the bimolecular quenching rate constant, and τ0 is

the average lifetime of DNA in the absence of a quencher (10−8 s).Ksv is

the Stern–Volmer quenching constant whose values were obtained

from the slopes of the plots of I0/I versus [Q]. In Table 3 are presented

quenching parameters for 5, 9–11 [(6.3 ± 0.2) × 103, (5.6 ± 0.2) × 103,

(3.1 ± 0.2) × 103, and (5.1 ± 0.1) × 103M−1, respectively] and

these values indicate that the tested compounds have affinity

TABLE 1 Concentrations of compounds 1–20 that induced a 50% decrease in HeLa, LS174, A549, and MRC-5 cell survival rate (expressed as
IC50 ± SD (μM/mL))

IC50 (μM/mL)

Compound HeLa LS174 A549 MRC-5

1 68.90 ± 1.72 72.55 ± 1.63 96.85 ± 2.33 >200

2 >200 171.55 ± 4.26 188.11 ± 3.72 >200

3 169.61 ± 2.03 121.17 ± 1.92 95.26 ± 0.34 >200

4 23.38 ± 0.51 49.57 ± 1.22 154.33 ± 2.95 >200

5 25.12 ± 1.47 33.52 ± 1.66 86.21 ± 2.48 173.81 ±2.88

6 93.91 ± 2.22 107.45 ± 1.48 109.70 ± 0.64 196.45 ± 4.28

7 89.98 ± 0.43 111.52 ± 3.56 125.60 ± 2.09 >200

8 >200 176.23 ± 2.57 198.01 ± 1.86 >200

9 15.19 ± 0.47 24.31 ± 1.43 66.92 ± 1.73 190.32 ± 4.79

10 10.46 ± 0.82 16.77 ± 0.31 40.41 ± 1.32 182.43 ± 3.46

11 16.57 ± 0.48 19.11 ± 1.23 22.57 ± 0.76 174.22 ± 3.55

12 60.71 ± 2.96 63.48 ± 0.45 59.66 ± 1.15 >200

13 147.61 ± 3.58 151.66 ± 2.46 153.55 ± 4.71 >200

14 172.07 ± 3.69 141.22 ± 3.58 >200 >200

15 89.88 ± 1.56 91.43 ± 0.32 96.05 ± 0.51 >200

16 161.78 ± 3.35 153.48 ± 1.05 144.44 ± 2.83 >200

17 175.32 ± 1.32 164.39 ± 1.71 >200 >200

18 70.53 ± 2.47 55.49 ± 1.26 36.59 ± 0.45 181.22 ±1.71

19 >200 184.53 ± 1.39 191.58 ± 3.67 >200

20 68.35 ± 1.41 94.67 ± 2.79 177.52 ± 2.74 >200

Cisplatin 2.37 ± 0.28 4.83 ± 0.35 11.59 ± 1.64 14.32 ± 1.28

The compounds were incubated with cells for 72 h. IC50 values are expressed as the mean ± SD (standard deviation) determined from the results of MTT

assay in two independent experiments.

TABLE 2 Safety index

IC50 (MRC-5)/IC50 (cell line)

Compounds HeLa LS174 A549

5 6.92 5.18 2.01

9 12.53 7.83 2.84

10 17.44 10.88 4.51

11 10.51 9.12 7.72

Cisplatin 6.04 2.96 1.24
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to substitute EB from the EB-DNA complex and bind strongly with

DNA through intercalation. Also, measured Ksv clearly indicated that

these values are in order with the constants obtained for potential

metal-drugs.[30,31]

2.3.2 | Protein binding experiments
Bearing in mind that the efficiency of drugs strongly depends on

their ability to bind to protein, we decided to investigate the

affinity of compounds 5, 9–11 to bind to bovine serum albumin

FIGURE 2 PI-flow cytometric analysis of cell cycle. Histograms present cell cycle distribution in untreated cells (control) and cells treated
with 5, 9–11

4 of 13 | PETRONIJEVIĆ ET AL.



(BSA). The fluorescence emission titration of BSA with selected

compounds in the range of 300–500 nm was realized. It was

observed that BSA exhibited a strong fluorescence emission band

at 365 nm. The intensities of BSA reduced gradually with increasing

concentrations of 5, 9–11. Blue shift indicated that the fluores-

cence chromophore of serum albumin is placed in a more

hydrophobic environment after the addition of selected

compounds.[32]

FIGURE 3 Top: Emission spectra of EB bound to DNA in the absence (red lines) and presence of compounds 5, 9–11. The red lines denote
solutions: buffer + quencher. [EB] = 100 μM, [DNA] = 100 μM; [5], [9]–[11] = 0–100 μM; pH = 7.4; λex = 520 nm. The arrows show the emission
intensity changes with increasing the concentrations of the quenchers. Bottom: Plots of I0/I versus [Q]
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The fluorescence quenching data were analyzed by using

Equation 2[33]:

log I0 � Ið Þ=I½ � ¼ logKa þ nlog Q½ � ð2Þ

where I0 and I are the emission intensities in the absence and presence

of the quencher, K is the binding constant for 5, 9, 10, or 11-BSA

interaction, n is the number of binding sites to BSAmolecule, and [Q] is

the concentration of the quencher. The plots of log[(I0 − I)/I] versus

log[Q] are presented in Figure 4. The values of Ka and n are determined

from the intercept and slope of the obtained straight lines. The binding

parameters values for 5, 9–11BSA complexes are presented in Table 4.

The values of n indicate that there is approximately one binding site in

BSA for quinoxalinones during their interaction. The main factor in

drugs availability to diffuse to target is the binding strength of the drug

to BSA.[34] When values of constants are in the range 104–106 than

ligands bound reversibly to protein.[35] Hence, Ka values show that

binding between selected compounds and BSA is moderate. These

values also showed that a reversible 5, 9, 10-, or 11-BSA complex is

formed and 5, 9, 10, or 11 can be stored and carried by BSA.

2.4 | Viscosity measurements

The DNA-viscosity is sensitive to the DNA-length changes in the

presence of a DNA-binder.[36] The values of relative specific viscosity

(η/ηo)
1/3 relates to relative DNA-length (L/Lo) via Equation 3[37,38]:

η=ηoð Þ1=3 ¼ L=Loð Þ ð3Þ

where ηo and η are the specific viscosity contributions of DNA in the

absence and in the presence of the ligands. In general, the DNA-viscosity

enhances when the DNA-length increases as a result of separation

distance of the DNA bases in order to host an intercalating compound.

When intercalation is present, a planar ligand fragment is placed between

adjacent base pairs, which induces lengthening of the helix.[39–41] These

interactions that result in the increase of the DNA length generate an

increaseofviscosity.On theotherhand,non-classic intercalation (external

interaction such as electrostatic interaction or groove-binding), does not

lead to increase of the viscosity of the DNA solutions because the DNA-

bases separation distance remains almost same. Moreover, as a result of

such interaction a bend or kink of theDNA-helixmay occur followed by a

slightdecreaseofDNA-lengthandsubsequently theDNAviscositywill be

slightly affected or even decreased.[42–44]

The values of relative specific viscosity (η/ηo)
1/3 versus R

(R = [ligand]/[DNA]) in the absence and in the presence of complex

in Tris-HCl buffer were plotted (Figure 5). Figure 5 shows that the

addition of the ligands into a 0.01mM DNA solution (up to R = 1.0)

resulted in a significant increase of the relative viscosity of DNA

sample. This increase was more pronounced upon addition of ligand

11. On the basis of these results, we may deduce that the both ligands

bind to the DNA in the mode of intercalation.[45]

Li et al.[46] showed that in presence of ethidium bromide, well

known organic intercalator, the relative viscosity of DNA increased

and the slope of the graph of (η/ηo)
1/3 versus R was 0.96.

Consequently, we would expect that the relative viscosity of DNA

increases with a slope between 0 and 0.96 if the intercalation of the

ligands was either only one interaction mode or much stronger than

other interaction(s). In our case, the relative viscosity of DNA

increase with a slope of 0.97 (ligand 11) and 0.789 (ligand 10)

(Figure 5) due to lengthening of the DNA helix as base pairs are

separated to accommodate the aromatic chromophore of ligands.

High value of the slope for ligand 11 corresponding to complexes of

DNA with classical intercalating ligands. On the other hand, value of

the slope for ligand 10 is slightly lower and it is reasonably believed

that maybe other interactions between DNA and this ligand

occurred, which leads to kinks or bends the DNA helix and reduces

its effective length. Obtained results are in accordance with higher

values of binding constant for this ligand, obtained from molecular

docking, presented in next section.

2.5 | DNA and BSA docking

Molecular docking study with DNA dodecamer was performed to

support the interactions and to find out the preferred binding

modes of ligands (5, 9–11) with DNA, as well reference compound,

cisplatin. The best docked poses of the compounds with DNA

dodecamer are displayed in Figure 6, and calculated results for

binding energies and docked inhibition constant are summarized in

Table 5. Docking analysis shows that all compounds interact with

DNA through intercalation, which is in accordance with experi-

mental results. As shown in Figure 6, the compounds comfortably

fit in between the DNA nucleotides without rupturing the DNA

double helix . The ligands 5 and 9 interact with DNA base pairs due

to van der Waals and hydrophobic interactions as well as hydrogen

bond with DT:B20. On the other hand, ligand 5, more comfortably

fits between DNA chains, due to smaller size, and intercalation

is additionally stronger due to formation of hydrogen bond with

DT:B20. The 11 ligand interacts with DNA base pairs through van

der Waals interaction and hydrophobic interactions, and 10 ligand

has additionally formation of two hydrogen bonds with DT:B19 and

DG:A4. The existence of stronger interactions, primarily hydrogen

bonds between oxygen atom from methoxy group of ligand 10 and

guanine base in DNA molecule, and between ─NH from pyrazine

ring of ligand 10 and thymine, is in accordance with results of

viscosity measurements, due to lower values of the slope of ligand

10 compared to ligand 11 (Figure 5).

TABLE 3 The bimolecular quenching rate constant (kq), Stern–
Volmer constant (Ksv), and correlation coefficient (R) for the quenchers
5, 9–11

Quencher kq (M−1 s−1) Ksv (M−1) R

5 (6.3 ± 0.2) × 1011 (6.3 ± 0.2) × 103 0.9964

9 (5.6 ± 0.2) × 1011 (5.6 ± 0.2) × 103 0.9944

10 (3.1 ± 0.2) × 1011 (3.1 ± 0.2) × 103 0.9940

11 (5.1 ± 0.1) × 1011 (5.1 ± 0.1) × 103 0.9935
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As can be seen from Table 5, 11 has higher negative value of free

binding energy (ΔG) and has the highest binding affinity toward DNA

compared to 10. These results lead to conclusion that additional

formation of H-bonds has a less influence on binding of ligands toDNA

molecule comparing to geometrical fitting. It is also interesting to note

that lowest value of free binding energy was obtained for ligand 5,

probably due to smallest size which leads to most comfortable fit

between DNA chains. Comparing results with cisplatin, similar values

for ΔG are obtained for ligand 11.

Molecular docking analysis of ligands with BSA were also

conducted to validate the experimental results and to determine the

possible binding modes and binding sites. The results of docking

FIGURE 4 Top: Emission spectra of BSA in the absence (blue lines) and presence of compounds 5, 9–11. The red lines denote solutions:
buffer + quencher. [BSA] = 10 μM; [5], [9]–[11] = 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0; pH = 7.4; λex = 280 nm
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studies of the compounds with BSA receptor are summarized in

Table 5 and 3D binding environment are presented in Figure 7.

Analysis of results shows that all ligands interact with BSA in same

binding pocket (Figure 7), located between two sub-domains IIa and

IIIa, and this binding site is relatively exposed to solvent.[47] The ligand

5 forms two H-bonds, one with Arg 185 and one with Tyr 160. The

interaction between ligand 9 and BSA is stabilized due to hydrogen

bond formation with Lys 136 and Thr 121. The interactions between

11 and the binding site of BSAoccur through hydrogen bond formation

between oxygen atoms from ─CO group of ligand and guanidinium

group of Arg 185 and NH2 group of Leu 115. Binding is additionally

stronger because of π–π interactions between Lys 114 and aromatic

ring of ligand. On the other hand, 10 forms two H-bonds with Leu 115,

and one H-bond with Arg 185 and Lys 114, respectively.

Comparing all the results, it is obvious that for synthesized ligands

5, 9, and 10 the most important role in binding with BSA has Arg 185.

Additionaly, ligand 11 has lower values of ΔG than 10, which indicates

stronger binding affinity toward BSA, which is in accordance with

results from fluorescence quenching. In comparison with results

obtained for cisplatin docking, ΔG values for cisplatin were the lowest,

probably due to less amount of H-bonds.

2.6 | Assessment of anti-α-glucosidase activity

Evaluation of the inhibition of the α-glucosidase showed that two of

the tested compounds expressed significant in vitro inhibition of the

enzyme (Table 6). After absorbencies were read and blanks subtracted,

the IC50 values of the compounds were calculated from dose response

curves. Compound 11 showed the highest inhibition activity with IC50

value of 40.09 ± 0.49 μM, while compound 10 exhibited the lowest

inhibition activity overall with IC50 166.09 ± 9.80 μM. IC50 values for

compounds 9–11 were less than IC50 values of standard antidiabetic

drug (acarbose). These results are in concordance with some previous

studies with quinoxalinones, that indicated that this type of scaffolds

can inhibit α-glucosidase[48] and have antidiabetic properties.[49] The

results suggest that compounds 10 and 11 could be further analyzed as

new potential control postprandial hyperglycemia compounds.

2.7 | Assessment of anti-angiogenic effects

In order to assess the effect of the investigated compounds on in vitro

angiogenesis, the tube formation assay was performed. As shown in

Figure 8, EA.hy926 cells in the control aligned to form tube-like

structures and crossing tubes withmulticentric junctions. On the other

hand, the treatment with sub-toxic IC20 dose of the investigated

compounds of 5 (45 μM), 9 (8 μM), 10 (5 μM), and 11 (9.5 μM) resulted

in a significant anti-angiogenic effect, which is reflected in the

decrease in capillary tube formation. There is an apparent inhibition of

the association of cells and formation of tubules and polygon

structures. There are also literature data that show that benzoxazines

and quinoxalinones are angiogenesis inhibitors.[50,51]

3 | CONCLUSIONS

The cytotoxic activity of the compounds 1–20 against human cervix

adenocarcinoma (HeLa), human colon carcinoma (LS174), non-small

cell lung carcinoma (A549), and normal human fetal lung fibroblast cell

line (MRC-5) was investigated. Compounds 5, 9–11 showed a

significant cytotoxic activity against all tested malignant cell lines.

Based on these results, cell cycle distribution on HeLa cell line for

5, 9–11was evaluated. Compound 11 exerted the best effects, leading

to a notable increase in G2/M phase in HeLa cells treated with both

concentrations of the compound, which was coupled with a decrease

in the percentage of cells in G1 phase. Values of quenching parameters

for 5, 9–11 indicate that these compounds have large affinity to

substitute EB from the EB-DNA complex and bind strongly with DNA

through intercalation that is in order with the constants obtained for

potential metal-drugs. Molecular docking study with DNA dodecamer

and BSAwas performed to support the interactions and to find out the

preferred binding modes of ligands (5, 9–11) with DNA or BSA.

Docking results shows that all compounds interact with DNA and BSA

through intercalation, which is in accordance with experimental

results. The results of the inhibition of the α-glucosidase suggest

that compounds 10 and 11 could be further analyzed as new potential

control postprandial hyperglycemia compounds.

TABLE 4 Binding parameters (Ka and n) and the correlation
coefficient (R) for interaction of 5, 9–11 with BSA

Quencher Ka (M) n R

5 (1.9 ± 0.1) × 103 1.06 0.9954

9 (2.0 ± 0.1) × 103 1.08 0.9908

10 (1.1 ± 0.1) × 104 1.16 0.9505

11 (3.4 ± 0.1) × 104 1.38 0.9906

FIGURE 5 Relative viscosity (η/ηo)
1/3 of DNA (0.01mM) in buffer

solution (50mM NaCl and 5mM Tris-HCl at pH 7.4) in the presence
of the ligands 10 (red circle) and 11 (black square) at increasing
amounts (R). Dashed lines represent the fitted linear regression
curve
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TABLE 5 Docking parameters for 5, 9–11

Compound Docking score Free energy of binding (ΔG)/kJ/mol Docked inhibition constant (Ki)/μM

DNA

5 −5.783 −39.17 0.137

9 −6.664 −46.09 0.008

10 −6.663 −33.16 1.553

11 −7.018 −37.11 0.315

Cisplatin −6.345 −37.06 0.304

BSA

5 −5.879 −31.43 3.114

9 −6.119 −33.63 1.282

10 −6.794 −21.73 155.986

11 −7.225 −28.11 11.894

Cisplatin −5.321 −20.18 291.35

FIGURE 6 Docking results for DNA docking with ligands: (a) 5, (b) 9, (c) 10, (d) 11, and (e) cisplatin
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4 | EXPERIMENTAL

4.1 | Biological activity

4.1.1 | Cell culture

Cervix adenocarcinoma cell line (HeLa), human colon carcinoma

(LS174), non-small cell lung carcinoma (A549) and a normal cell line,

human fetal lung fibroblast cell line (MRC-5)were grown in RPMI-1640

medium (Sigma) at 37°C. Media were supplemented with 10% fetal

bovine serum, L-glutamine, and penicillin-streptomycin (Sigma).

4.1.2 | Treatment of cells

Stock solutions (10mM) of the compounds, made in DMSO, were

dissolved in a corresponding medium to the required working

concentrations. Target cells HeLa (2000 cells per well), LS174 (7000

cells per well), A549 (5000 cells per well), and MRC-5 (5000 cells per

well) were seeded into wells of a 96-well flat-bottomed microtiter

plate. Twenty-four hours later, after the cell adherence, different

concentrations of investigated compounds were added to the wells,

except for the control cells to which only nutrient medium was added.

Final concentrations reached in treated wells were in the range of

12.5–200 μM. The final concentration of DMSO solvent never

exceeded 0.5%, which was non-toxic to the cells. All investigated

concentrations were set up in triplicate. Nutrient medium with

corresponding concentrations of investigated compounds, but without

cells, was used as a blank, also in triplicate. The cultureswere incubated

for 72 h.

4.1.3 | Determination of IC50 value

The effect of the investigated compounds on survival of the specified

cell lines was determined by the microculture tetrazolium test (MTT)

according toMosmann[52] with modification by Ohno and Abe[53] 72 h

TABLE 6 IC50 ± SD values of anti-α-Gls activity of the investigated
compounds 5, 9–11

Compounds IC50 (μM)

5 166.09 ± 9.80

9 133.85 ± 8.05

10 52.54 ± 0.09

11 40.09 ± 0.49

Acarbose 145.43 ± 3.88

Results are expressed as mean ± standard deviation (SD).

FIGURE 7 Docking results for BSA docking with ligands: (a) 5, (b) 9, (c) 10, (d) 11, and (e) cisplatin
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after addition of the compounds, as described earlier. Briefly, 20 mL of

MTT solution (5 mg/mL phosphate-buffered saline) was added to each

well. Samples were incubated for a further 4 h at 37°C in a humidified

atmosphere of 95% air/5% CO2 (v/v). Then 100 μL of 100 g/L sodium

dodecyl sulfate was added to dissolve the insoluble product formazan

resulting from conversion of the MTT dye by viable cells. The

absorbance (A) at 570 nm was measured 24 h later. The number of

viable cells in each well was proportional to the intensity of the

absorbance of light, which was read in an enzyme-linked immunosor-

bent assay (ELISA) plate reader. To determine cell survival (%), the A of

a sample with cells grown in the presence of various concentrations of

the investigated compounds was divided by the control optical density

(the A of control cells grown only in nutrientmedium) andmultiplied by

100. In each experiment, the A of the blank was always subtracted

from the A of the corresponding sample with target cells. IC50 is

defined as the concentration of an agent inhibiting cell survival by 50%

comparedwith a vehicle-treated control. All experiments were done in

triplicate.

4.1.4 | Cell cycle analysis

Cervix adenocarcinoma (HeLa) cells, were seeded in six-well plates

(3 × 105 cells/well), and after 24 h treated with investigated

compounds, except control cells, and incubated at 37°C for the

next 24 h. Concentrations used corresponded to IC50 and 2× IC50

values. After the incubation, the cells were collected by trypsini-

zation, and fixed in ice-cold 70% ethanol for 1 h on ice, then at

−20°C for at least a week. After fixation, the cells were washed in

PBS and pellets obtained by centrifugation were treated with

RNase (100 µg/mL) at 37°C temperature for 30 min and then

incubated with propidium iodide (PI) (40 µg/mL) for at least 30 min.

DNA content and cell-cycle distribution were analyzed using a

Becton Dickinson FACSCalibur flow cytometer. Flow cytometry

analysis was performed using CellQuestR (Becton Dickinson, San

Jose, CA, USA) software on a minimum of 10000 cells per

sample.[54]

4.1.5 | Tube formation assay

Twenty-four well plates were coated with 200 µL of Corning®

Matrigel® basement membrane matrix (Corning: cat. number

356234). Plates were incubated for 2 h. After that, suspensions of

EA.hy926 cells were added into plates. In control cell sample

complete nutrient medium was added, while solutions of sub-toxic

concentrations (IC20) of extracts with nutrient medium were added

to other samples. Those concentrations were obtained by MTT test

after 24 h treatment of EA.hy926 cells with investigated extracts.

The 24 h incubation in the assay was at 37°C in an atmosphere of 5%

CO2 and humidified air. After incubation, photomicrographs of

target cells were captured under the inverted phase-contrast

microscope.[55]

4.1.6 | α-Glucosidase inhibitory activity

The α-glucosidase inhibitory activity was estimated by the modifica-

tion of the procedure described by McCue et al.[56] with some

modification. The enzyme solution was set at 400mU/mL of α-

glucosidase (Sigma–Aldrich) in a 0.1 mol phosphate buffer (pH = 6.7).

For each well, we used 50 µL of the tested extract in DMSO, diluted in

a 0.1 mol phosphate buffer (pH = 6.7) so that the final concentrations

of the extracts in each well were 166.67, 83.33, 41.67, 20.83, 10.42,

5.21 µg/mL. In 96-well plates, we preincubated 50 µL of extract

dilutions with 50 µL of enzyme solution for each well at 37°C for

15min. The reaction was started by adding 50 µL of substrate solution

(1.5mg/mL PNP-G (p-nitrophenyl α-D-glucopyranoside, Sigma–Al-

drich) in the buffer), and after measuring absorbance A1 at 405 nm, the

solution was incubated at 37°C for 15min. Then second absorbance

A2 was measured at 405 nm. Acarbose (Sigma–Aldrich) was used as a

positive control. Percent of the enzyme inhibition was calculated as

100 × (A2S –A1S)/(A2B –A1B), where A1B, A2B and A1S, A2S

represent the absorbance of the blank (phosphate buffer, DMSO,

enzyme dilution, and PNP-G dilution) and the sample, respectively. All

tests were done in duplicate.

Calf-thymus DNA (CT-DNA), BSA (bovine serum albumin),

ethidium bromide (EB), and [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide (MTT)] were purchased from Sigma. Phos-

phate buffered saline (PBS) tablets were purchased from Fisher

BioReagents. A solution of CT-DNA and EB in distilled water was

prepared in 10mM PBS buffer (pH = 7.4). A solution of CT-DNA in the

above buffer with a ratio of about 1.8–1.9:1 corresponding to the

absorbance at 260–280 nm, indicating the sufficient protein free

nature of DNA. Concentration of CT-DNAwasmeasured at 260 nmby

UV absorbance.

FIGURE 8 Effects of investigated compounds 5, 9, 10 and 11 on
angiogenesis of endothelial cells. The IC20 values of these
compounds on tube formation inhibition of EA.hy926 ranged from 5
to 45 μM. Representative photomicrographs from one of three
independent experiments
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4.2 | Fluorescence experiments for a protein binding
study

BSA solution (200μM)was prepared in 10mMPBS buffer at pH=7.4 and

stored in the dark at 4°C for 3 days. The 5, 9–11-BSA complexes were

prepared by independently incubating a constant amount of BSA with

increasing amounts of tested compounds. The molar ratios of BSA:

quenchers (5, 9, 10, or 11) followed the order: 1:0 (control), 1:0.1, 1:0.2,

1:0.3, 1:0.4, 1:0.5, 1:0.6, 1:0.7, 1:0.8, in a total volumeof5.0mL, pH=7.4, at

25°C. The quencher-BSA solutions were incubated for 3 h and the

absorption spectra were recorded in the range of 300–450nm and the

maximal fluorescence intensities were used to calculate quenching

parameters.

4.3 | Fluorescence experiments for a DNA binding
study

All the DNA binding experiments were carried out in 10mM PBS

buffer at pH = 7.4. The absorption titration with CT-DNA was by

keeping the concentration of the DNA constant while varying the

concentrations of tested compounds. The solution of 5, 9–11-DNA

were incubated 24 h before the spectra were recorded. The

fluorescence intensities were measured with the excitation wave-

length set at 527 nm and the fluorescence emission at 610 nm.

4.4 | Viscosity measurements

The viscosity of a DNA solution was measured in the presence of

increasing amounts of complexes using Ubbelohde viscosimeter (SI

AnalyticsGmbH,Mainz,Germany, typeno. 52503)bymeasuring the flow

rate of the liquid. Viscosimeter was filled with experimental liquid and

placedvertically in glass sided thermostatmaintainedconstant to±0.01K,

with standard uncertainty of controlled temperature of ±0.02K. After

thermal equilibrium is attained, the flow time of liquidswas recordedwith

a digital stopwatch with an accuracy of ±0.001 s. All measurements were

performed at 310.15K. Results were obtained as the mean value of at

least 10 viscosity measurements and data were presented as (η/ηo)
1/3

against R, where η is the viscosity of DNA in the presence of ligand, ηo is

the viscosity of DNA alone in the buffer solution, and R is mole ratio of

ligands/DNA. TheDNAconcentrationwas fixed at 1 · 10−5mol/dm3. The

viscosity valueswere calculated from theobserved flow timeof theDNA-

containing solutions (t) corrected for the flow time of the buffer alone (to),

η = (t – to)/to. Relative standard uncertainty of determining the viscosity

with Ubbelohde viscosimeter was found to be less than 1%.

4.5 | Computational method

For DNA docking study structure of B-DNA dodecamer was extracted

from the crystal structure (pdb: 1BNA) and for bovine serum albumine

(BSA) crystal structure with pdb 3V03 was used. The structures were

processed with the Protein Preparation Wizard in the Schrödinger

2015-02 suite package.[57] The structures integrity was checked and

adjusted, and missing residues and loop were added using Prime.[58,59]

Hydrogen atoms were added after deleting any original ones, followed

by adjustment of bond orders for residues and the ligands. The

protonation and tautomeric states of residues were adjusted to match

a pH of 7. Active site water molecules beyond 5.0 Å from the ligand

were deleted. Hydrogen bond sampling with adjustment of active site

watermolecule orientations was performed using PROPKA at pH 7.[60]

Then, the enzyme was subjected to geometry refinement using an

OPLS-2005[61] force field restrainedminimizationwith convergence of

heavy atoms to an RMSD of 0.3 Å.

All ligand structures have been firstly geometrically optimized

employing empirically dispersion-corrected B3LYP exchange-correla-

tion functional (B3LYP-D3) with 6-31 + G(d,p) basis set using Macro

Model/Conformational Search and adequately prepared for further

docking using LigPrep with force field OPLS-2005.[62]

The receptor grid for each target was prepared using the OPLS-

2005 force field, and dockingwas performed using Glidewith standard

precision.[63] Flexible ligand sampling was considered in the docking

procedure. All poseswere subjected to post-dockingminimization. The

best-docked structures for each ligand were determined, based on the

model energy score which combines the energy grid score, the binding

affinity, the internal strain energy and the Coulomb-van der Waals

interaction energy scores.
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