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Eight synthesized 3-(1-aminoethylidene)chroman-2,4-diones and 4-hydroxy-3-(1-iminoethyl)-2H-chro-
men-2-ones were evaluated as in vivo anticoagulants by intraperitoneal application to adult male Wistar
rats in order to examine their pharmacological potential, evaluate ther toxicity and propose the mecha-
nism of action. Two of them, 2f and 2a, in concentration of 2 mg/kg of body weight, presented remarkable
activity (PT = 130 s; PT = 90 s) upon seven days of continuous application. The results of rat serum and
liver biochemical screening, as well those of histopathological studies, proved the compounds to be
non-toxic. Activity of the compounds was further examined on the molecular level. Here, molecular dock-
ing studies were performed to position the compounds in relation to the active site of VKORC1 and deter-
mine the bioactive conformations. Docking results suggested a non-covalent mode of action during which
the proton transfer occurs from Cys135 SH towards 4-carbonyl group of anticoagulant. All crucial inter-
actions for anticoagulant activity were confirmed in generated structure-based 3-D pharmacophore
model, consisted of hydrogen bond acceptor and hydrophobic aromatic features, and quantified by a best
correlation coefficient of 0.97.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Among all well documented biological activities of coumarin
compounds (Rodríguez et al., 2011; Satyanarayan et al., 2008;
Karali et al., 2002; Natala et al., 2004), the anticoagulant activity
of 4-hydroxycoumarins and related derivatives is of the greatest
importance (Au and Rettie, 2008). As anticoagulants, 4-hydrox-
ycoumarins act as competitive inhibitors of vitamin K-2,3-epoxide
reductase subunit 1 (VKORC1), a liver endoplasmic reticulum pro-
tein with transmembrane topology (Oldenburg et al., 2007). They
prevent the reduction of vitamin K-2,3-epoxide, which is formed
at the end of the coagulation cycle, to vitamin K hydroquinone,
which begins the new cycle. Consequently, vitamin K-dependent
synthesis of biologically active forms of clotting factors II (pro-
thrombin), VII, IX, and X is temporarily blocked (Ridker et al.,
2003). With the inhibition of prothrombin production there is a de-
lay in the formation of thrombin from prothrombin known as pro-
thrombin time, which is used as a measure of the ability of an
anticoagulant to prolong the formation of blood clot. Patients suf-
fering from venous thrombosis, pulmonary embolism, or heart at-
tack (Hirch et al., 2003) benefit from taking oral anticoagulants like
warfarin. The treatment with anticoagulants includes continuous
administration of compounds and constant monitoring of pro-
thrombin time (Jaffer and Bragg, 2003).

Drugs like warfarin are transferred to the active site of VKORC1
by serum albumin in the open side chain form (Petitpas et al.,
2001). Since there is still no available co-crystallized structure of
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the warfarin–VKORC1 complex, the active form of the drug during
anticoagulant activity is so far unknown. To perform inhibition of
the coagulation cycle, it is believed that warfarin (or any 4-
hydroxycoumarin structure, in general) must be transformed into
the deprotonated open side chain form (Karlsson et al., 2007; Hen-
schel et al., 2010), i.e., the chroman-2,4-quinone form, in which the
drug shares structural similarities with vitamin K-2,3-epoxide and
acts as a competitive inhibitor. The formation of a chroman-2,4-
quinone represents the crucial moment in the prolongation of clot-
ting. Based on what is known so far, two steps are involved in the
anticoagulant activity of warfarin. The first is binding of the side
chain 3-(3-oxo-1-phenylbutyl) functional group to amino acids
Thr138, Tyr139, and Ala140 in the VKORC1 active site (Oldenburg
et al., 2007). The second step is interaction between the 4-carbonyl
oxygen of the newly formed chroman-2,4-quinone and the cata-
lytic center amino acids Cys132–Cys135 (Oldenburg et al., 2007).
On the basis of recent molecular docking and DFT mechanistic
studies, it was proposed that the SH group of Cys135 interacts with
carbonyl oxygen, which results in proton transfer from the amino
acid side chain to the chroman-2,4-quinone (Mladenović et al.,
2012). The reaction ends when a coumarin 4-hydroxyl group and
disulfide bond are formed (Oldenburg et al., 2007). Apart from
the fact that the biochemical mechanism of warfarin’s anticoagu-
lant activity is essentially oxido-reduction, it is known that the
reaction occurs on the enzyme itself without any cofactor (Deer-
field et al., 2006).

Despite of the long-established clinical usage of warfarin and
related drugs as anticoagulants, unfavorable side effects like in-
duced internal hemorrhage (Fang et al., 2011) or bone damage
(Sugiyama et al., 2007) are well documented. There is a need there-
fore to discover new highly potent chroman-2,4-quinone and 4-
hydroxycoumarin anticoagulants which will present no undesir-
able effects. The above mentioned study (Mladenović et al., 2012)
showed that 4-hydroxycoumarins which bear polar C-3 substitu-
ents and are therefore structurally different from warfarin in a
low dose can exhibit significant in vivo anticoagulant activity. In
the light of that discovery, the present paper summarizes efforts
to evaluate eight novel chroman-2,4-diones and 4-hydroxy-2H-
chromen-2-ones hitherto untested as in vivo anticoagulants. Chro-
man-2,4-diones (chroman-2,4-quinones) are usually cited as a
sub-class of 4-hydroxycoumarins, since they are products of 4-hy-
droxyl group intramolecular tautomerisation (Khoobi et al., 2011).
Anticoagulant activity was evaluated by measuring the prothrom-
bin time after the application to adult male Wistar rats. Afterwards,
chemically induced hepatic toxicity was determined by measuring
the values of various biochemical markers and by performing his-
topathological evaluation. In order to understand in vivo activity on
the molecular level, molecular docking studies were performed on
an in-house constructed homology model of rat VKORC1 (Mlade-
nović et al., 2012). Monitoring of in vivo activity was accompanied
by construction of a structure-based 3-D pharmacophore model
that explained it in great detail.
2. Materials and methods

2.1. General

For the preparation of compounds, two synthetic procedures
were used: conventional and microwave-assisted. All reagents
and solvents were of analytical grade and used directly. All melting
points of the synthesized compounds were recorded on a Kofler
hot-stage apparatus (C. Reichert, Vienna, Austria) and uncorrected.
Microwave-assisted reactions were carried out in a MICROSYNTH
Microwave Synthesis System (serial number: 130486, terminal:
T640, serial number: 0804000100), manufactured by Milestone
Inc. 25 Controls Dr. Shelton, CT 06484, USA. The microwaves were
generated by a magnetron (serial number: 133462/13346) at a fre-
quency of 2450 MHz, having an output energy range of 100–
500 W. The purity of obtained compounds was checked routinely
by TLC using Merck Kieselgel 60 PF254+366 and Merck Kieselgel G.
The TLC spots were visualized by exposing the dry plates in iodine
vapors. Purity was also checked by gas-chromatography/mass
spectrometry. Microanalysis of carbon, hydrogen, nitrogen, and
sulfur was carried out with a Carlo Erba 1106 microanalyzer (Carlo
Erba, Milan, Italy). The IR spectra were recorded on a Perkin–Elmer
grating spectrophotometers Model 137 and Model 337, in cm�1

(Perkin Elmer, Beaconsfield, UK). The NMR spectra were recorded
on a Varian Gemini 200 spectrometer (1H at 200 MHz; 13C at
50 MHz; Varian Inc., Palo Alto, CA, USA) in DMSO as solvent using
TMS (SiMe4) as the internal standard. Chemical shifts are given in
ppm (abbreviations: s-singlet, d-doublet, t-triplet, q-quartet, ABq-
AB quartet, m-multiplet). GC/MS analyses were carried out in an
Agilent 6890N/5975B gas chromatograph. All NMR spectral data
are supplied in Supplementary information, Figs. S6–S22.

2.2. General procedure for preparation of chroman-2,4-dione and 4-
hydroxy-2H-chromen-2-one derivatives

2.2.1. Conventional synthesis
2.2.1.1. (E)-3-(1-(2-aminoethylamino)ethylidene)chroman-2,4-dione
(2a). To a mixture of ethylenediamine hydrochloride (0.326 g,
2.45 mmol) and Et3N (0.248 g, 2.45 mmol) in 50 mL of MeOH, 3-
acetyl-4-hydroxycoumarin (1) (0.5 g, 2.45 mmol) was added par-
tially. Synthesis of 3-acethyl-4-hydroxycoumarin was described
elsewhere (Sukdolak et al., 2005). The reaction solution was mixed
with magnetic stirrer at room temperature for 30 min. After com-
pletion of the reaction, the reaction mixture was evaporated under
reduced pressure to a third of the volume and 2a was filtered and
re-crystallized from methanol. White crystals, yield: 94%, mp:
163.5–164.0 �C. IR (KBr): tmax cm�1 3414, 3139, 3012, 2948,
2805, 1671, 1609, 1563, 1504, 1462; 1H NMR (200 MHz, DMSO-
d6): d ppm 11.08 (br s, 1H, NH), 8.36–7.55 (m, 4H, CAH-5, CAH-
6, CAH-7, CAH-8), 3.40 (br s, 2H, NH2), 3.21 (t, 2H, CH2AC,
3JHH = 9.4 Hz), 2.97 (t, CH2, CH2AC, 3JHH = 9.4 Hz), 2.62 (s, 3H, CH3

AC). 13C NMR (50 MHz, DMSO): d ppm 183.66, 176.82, 163.60,
154.23, 133.60, 126.26, 124.56, 121.72, 118.40, 100.30, 60.60,
45.62, 18.26. MS: m/z 246 (M+), 247 (M++1). Anal. calcd. (%) for
C13H14N2O3: C, 63.40; H, 5.73; N, 11.38; Found: C, 61.56; H, 5.48;
N, 11.02.

2.2.1.2. (E)-3-(1-(2-hydroxyethylamino)ethylidene)chroman-2,4-
dione (2b). To a mixture of 2-aminoethanol (0.149 g, 2.45 mmol)
and Et3N (0.248 g, 2.45 mmol) in 50 mL of MeOH, 3-acetyl-4-
hydroxycoumarin (1) (0.5 g, 2.45 mmol) was added fractionally
and reaction mixture was refluxed for 2 h. The solvent was then
evaporated under reduced pressure to a third of the volume and
left standing at 5 �C for 24 h. Afterwards, the precipitated white
compound 2b was collected by filtration and re-crystallized from
methanol. White crystals, yield: 97%, mp: 157.2–159.4 �C. IR
(KBr): tmax cm�1 3550–3200, 3412, 3050, 2948, 2894, 1661,
1615, 1592, 1573, 1487. 1H NMR (200 MHz, DMSO-d6): d ppm
14.00 (br s, 1H, NH), 8.36–7.55 (m, 4H, CAH-5, CAH-6, CAH-7,
CAH-8), 4.48 (br s, 1H, OH), 3.61 (t, 2H, CH2AO, 3JHH = 8.4 Hz),
3.48 (t, 2H, CH2AC, 3JHH = 7.9 Hz), 2.62 (s, 3H, CH3AC). 13C NMR
(50 MHz, DMSO): d ppm 183.06, 176.82, 163.60, 154.23, 133.60,
126.26, 124.56, 121.72, 118.40, 100.30, 60.60, 45.62, 18.24. MS:
m/z 281 (M+). Anal. calcd. (%) for C13H13NO4: C, 63.15; H, 5.30; N,
5.67. Found: C, 62.78; H, 5.10; N, 5.87.

2.2.1.3. (E)-3-(1-(2-mercaptoethylamino)ethylidene)chroman-2,4-
dione (2c). To a mixture of 2-mercaptoethanolamine hydrochloride
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(0.189 g, 2.45 mmol) and Et3N (0.248 g, 2.45 mmol) in 50 mL of
MeOH, 3-acetyl-4-hydroxycoumarin (1) (0.5 g, 2.45 mmol) was
added fractionally and the reaction mixture was refluxed for 2 h.
After 30 min of reflux, the appearance of a white precipitate was
observed. The solvent was than evaporated under reduced pres-
sure to a third of the volume and left standing at 5 �C for 24 h.
Afterwards, the precipitated white compound 2c was collected
by filtration and re-crystallized from methanol. White crystals,
yield: 86%, mp: 172–174 �C. IR (KBr): tmax cm�1 3414, 3051,
3015, 2973, 2782, 2530, 1687, 1607, 1574, 1483. 1H NMR
(200 MHz, DMSO-d6): d ppm 11.08 (br s, 1H, NH), 8.37–7.55 (m,
4H, CAH-5, CAH-6, CAH-7, CAH-8), 3.40 (m, 2H, CH2AC,
3JHH = 8.1 Hz), 3.18 (m, 2H, CH2AC), 2.62 (s, 3H, CH3AC), 1.40 (br
s, 1H, SH). 13C NMR (50 MHz, DMSO): d ppm 183.06, 176.82,
163.60, 154.23, 133.60, 126.26, 124.56, 121.72, 118.40, 100.30,
42.40, 29.42, 18.26. MS: m/z 265 (M++2), 263 (M++1). Anal. calcd.
(%) for C13H13NO3S: C, 59.30; H, 4.98; N, 5.32. Found: C, 59.21; H,
5.07; N, 5.35.

2.2.1.4. (E)-3-(1-(2-(methylamino)ethylamino)ethylidene)chroman-
2,4-dione (2d). Minor modifications of the conventional procedure
were performed in order to obtain compound 2d in crystalline
state. Thus, 3-acetyl-4-hydroxycoumarin (1) (0.5 g, 2.45 mmol)
was added to 25 mL of heated MeOH solution. The solution was
cooled to room temperature, after which 10 mL of MeOH contain-
ing N1-methylethane-1,2-diamine (0.182 g, 2.45 mmol) was added.
The mixture was heated for 10 more min until the initial color of
the coumarin compound disappeared. The solvent was then evap-
orated under reduced pressure to a third of the initial volume and
left standing at 5 �C for 24 h. Afterwards, the precipitated yellow
compound 2d was collected by filtration and re-crystallized from
methanol. White crystals, yield: 82%, mp: 180–182 �C. IR (KBr):
tmax cm�1 3412, 3308, 3051, 3017, 2923, 1663, 1614, 1573, 1524,
1484. 1H NMR (200 MHz, DMSO-d6): d ppm 11.08 (br s, 1H, NH),
8.36–7.55 (m, 4H, CAH-5, CAH-6, CAH-7, CAH-8), 3.29 (t, 2H,
CH2AC, 3JHH = 8.9 Hz), 2.66 (t, 2H, CH2AC, 3JHH = 8.9 Hz), 2.62
(s, 3H, CH3AC), 2.40 (br s, 1H, NHACH3), 2.29 (s, 3H, CH3AN). 13C
NMR (50 MHz, DMSO): d ppm 183.06, 176.82, 163.60, 154.23,
133.60, 126.26, 124.58, 121.72, 118.40, 100.30, 50.73, 43.11,
36.30, 18.26. MS: m/z 260 (M+). Anal. calcd. (%) for C14H16N2O3:
C, 64.60; H, 6.20; N, 10.76. Found: C, 64.66; H, 6.11; N, 11.16.

2.2.1.5. (3E,30E)-3,30-(1,10-(propane-1,3-diylbis(azanediyl))bis(ethan-
1-yl-ylidene))dichroman-2,4-dione (2e). To a mixture of 1,3-diami-
nopropane hydrochloride (0.182 g, 2.45 mmol) and Et3N (0.496 g,
4.50 mmol) in 50 mL of MeOH, 3-acetyl-4-hydroxycoumarin
(0.5 g, 2.45 mmol) was added fractionally. The reaction mixture
was refluxed for 30 min, during which the appearance of a white
precipitate was observed. White solid, yield: 41%, mp: 243–
246 �C. IR (KBr): tmax cm�1 3420, 3037, 2936, 2871, 2873, 1707,
1608, 1572, 1485, 1467. 1H NMR (200 MHz, DMSO-d6): d ppm
11.08 (br s, 1H, NH), 8.28–7.48 (m, 4H, CAH-5, CAH-6, CAH-7,
CAH-8), 3.23 (t, 2H, CH2AC, 3JHH = 9.4 Hz), 3.08 (t, CH2, CH2AC,
3JHH = 9.4 Hz), 1.51 (s, 3H, CH3AC). 13C NMR (50 MHz, DMSO): d
ppm 183.06, 176.82, 163.60, 154.23, 133.60, 126.26, 124.56,
121.72, 118.40, 100.30, 41.24, 28.55, 18.26. MS: m/z 446 (M+),
447 (M++1), 448 (M++2). Anal. calcd. (%) for C25H22N2O6: C,
67.26; H, 4.97; N, 6.27. Found: C, 67.56; H, 4.33; N, 6.97.

2.2.1.6. (3E,30E)-3,30-(1,10-(ethane-1,2-diylbis(azanediyl))bis(ethan-1-
yl-1-ylidene))dichroman-2,4-dione (2f). To a mixture of ethylenedi-
amine hydrochloride (0.326 g, 2.45 mmol) and Et3N (0.496 g,
4.50 mmol) in 50 mL of MeOH, 3-acetyl-4-hydroxycoumarin
(0.5 g, 2.45 mmol) was added fractionally. The reaction mixture
was refluxed for 30 min, during which the appearance of a white
precipitate was observed. White solid, yield: 47%, mp: 238–
241 �C. IR (KBr): tmax cm�1 3414, 3050, 3015, 2923, 2853, 1699,
1609, 1571, 1486, 1466. 1H NMR (200 MHz, DMSO-d6): d ppm
11.08 (br s, 1H, NH), 8.21–7.39 (m, 4H, CAH-5, CAH-6, CAH-7,
CAH-8), 3.27 (m, 2H, CH2AC, 3JHH = 9.4 Hz), 3.11 (s, 3H, CH3AC).
13C NMR (50 MHz, DMSO): d ppm 183.06, 175.82, 163.60, 154.23,
133.60, 126.26, 124.56, 121.72, 118.40, 100.30, 43.99, 18.26. MS:
m/z 432 (M+), 433 (M++1), 434 (M++2). Anal. calcd. (%) for
C24H20N2O6: C, 66.66; H, 4.66; N, 6.48. Found: C, 66.87; H, 4.31;
N, 6.52.

2.2.2. Microwave-assisted synthesis
2.2.2.1. N-[(1E)-1-(4-hydroxy-2-oxo-2H-chromen-3-yl)ethyli-
dene]aminosulfonamide (2g). An equimolar amount of sulfamide
was added to a 50 mL methanol solution of 3-acetyl-4-hydroxy-
chromene-2-one (1) (0.5 g, 2.45 mmol). The mixture was heated
under microwaves for 10 min. After cooling, the solvent was re-
moved and the obtained solid filtered and re-crystallized from
methanol. Yellow crystals, yield: 76%, mp: 189–191 �C. IR (KBr):
tmax cm�1 3423, 3132, 3054, 3018, 2928, 2856, 1699, 1674, 1611,
1579, 1484, 1466, 1386, 1131, 698. 1H NMR (200 MHz, DMSO-
d6): d ppm 13.86 (br s, 1H, OH), 7.87–6.96 (m, 4H, CAH-5,
CAH-6, CAH-7, CAH-8), 4.32 (br s, 2H, S-NH2), 2.38 (s, 3H, CH3AC).
13C NMR (50 MHz, DMSO): d ppm 174.68, 173.42, 161.64, 153.37,
132.23, 124.69, 123.84, 116.46, 115.77, 100.65, 17.86. MS: m/z
282 (M+), 283 (M++1), 284 (M++2). Anal. calcd. (%) for C11H10N2O5S
C, 46.81; H, 3.57; N, 9.92; S, 11.36. Found: C, 46.32; H, 3.46; N,
9.94; S, 11.42.

2.2.2.2. 4-Hydroxy-3-[(1E)-1-({[(1E)-1-(4-hydroxy-2-oxo-2H-chro-
men-3-yl)ethylidene]sulfamoyl}imino)ethyl]-2H-chromen-2-one (2h).
Two equivalents of sulfamide were added to a 50 mL methanol
solution of 3-acetyl-4-hydroxychromene-2-one (1) (0.5 g,
2.45 mmol). The mixture was heated under microwaves for
10 min. After cooling, the solvent was removed and the obtained
solid filtered and re-crystallized from methanol. Yellow crystals,
yield: 44%, mp: 276–277 �C. IR (KBr): tmax cm�1 3428, 3052,
3016, 2929, 2848, 1694, 1678, 1613, 1574, 1482, 1459, 1382,
1146. 1H NMR (200 MHz, DMSO-d6): d ppm 14.48 (br s, 1H, OH),
7.73–6.96 (m, 4H, CAH-5, CAH-6, CAH-7, CAH-8), 2.97 (s, 3H,
CH3AC). 13C NMR (50 MHz, DMSO): d ppm 175.90, 173.42,
161.64, 153.37, 132.23, 124.69, 123.84, 115.77, 116.46, 100.65,
17.86. MS: m/z 452 (M+), 453 (M++1), 454 (M++2). Anal. calcd. (%)
for C23H20N2O6S: C, 61.05; H, 4.46; N, 6.19; S, 7.05. Found:
C, 61.32; H, 4.39; N, 6.17; S, 6.99.

2.3. Procedures for in vivo experiments

2.3.1. Animal treatment
Experiments were performed on 2.5-month-old adult albino

Wistar rats, weighing 220–250 g, kept at 12 h dark/light intervals,
22±2�C, and 50% relative humidity. The animals were fed with
commercial rat food that was available ad libitum. All the animal
procedures were approved by the Committee for Ethical Animal
Care and Use of the Institute for Biological Research, Belgrade,
which acts in accordance with the Guide for the Care and Use of
Laboratory Animals, published by the US National Institute of
Health (NIH Publication No. 85/23, revised in 1986). Compounds
were dissolved in 0.9% NaCl solution, and three different concen-
trations, 0.5, 1, and 2 mg/kg of body weight (Kataranovski et al.,
2007), were applied to obtain the proper dose–response. The posi-
tive control was warfarin solution, while the negative one was 0.9%
NaCl. Each concentration of a single compound and each control
were applied intraperitoneally (i.p.) to five animals. Animals were
treated for seven days and received one dose of compounds per
day. On the eighth day the animals were sacrificed and plasma, ser-
um, and liver samples were collected.
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2.3.2. Determination of prothrombin time
The plasma for determination of prothrombin time was pre-

pared by the Quick method (Quick et al., 1935), immediately im-
mersed in liquid nitrogen, and stored until usage at -80�C.
Coagulation experiments were performed on a MYTHIC 22-Orphee
hematology analyzer. Prothrombin time (PT) was measured by
Quick method (Quick et al., 1935) and results are presented in sec-
onds (Table 1). For the purpose of 3-D pharmacophore generation,
the results of anticoagulant activity determinations were con-
verted into EC200 values, i.e., the concentrations that will increase
prothrombin time values by 200%. They were calculated from the
dose–response curve (Bhatia et al., 2009) by taking the highest
activity value of the most active compound as 100% of activity,
after the results having been expressed as kg/kg values. The
EC200 values were calculated with OriginPro 8 statistical software
(OriginLab Corporation, Northampton, MA, USA, 2009) using the
Linear Dose–response function for compounds 2a and 2f (Fig. 1)
and the Nonlinear Curve Fit Growth/Sigmoidal Dose–response
function for the remaining derivatives (Fig. 1 and Table 1). The
EC200 values were then converted into pEC200 by taking Log (1/
EC200).
Fig. 1. Dose–response curve of in vivo anticoagulant activity of compounds 2a–2h.
2.3.3. Measurement of serum biochemical markers
The serum for determination of biochemical parameters, aspar-

tate transaminase (AST), alanine transaminase (ALT), alkaline
phosphatase (ALP), and bilirubin was prepared by the Quick meth-
od (Quick et al., 1935), immediately immersed in liquid nitrogen,
and stored until usage at -80�C. The catalytic activities of AST and
Table 1
Coagulation parameters and values of serum biochemical markers after seven days of intr

Comp. Conc. (mg/kg) PT (s) AST (U/l)

2a 0.5 a24.2 ± 0.5*� 81.89 ± 0.24*�

1 48.4 ± 0.5*� 103.89 ± 0.28*�

2 90.0 ± 0.9* 58.58 ± 0.32*§

2b 0.5 22.0 ± 0.2* 52.60 ± 0.46*�

1 25.3 ± 0.7*� 73.50 ± 0.25*�

2 84.3 ± 0.9*§ 52.47 ± 0.18*§

2c 0.5 29.5 ± 0.3*� 59.89 ± 0.47*�

1 21.5 ± 0.4*� 79.18 ± 0.25*�

2 20.5 ± 0.4*§ 123.09 ± 0.23*§

2d 0.5 25.8 ± 0.4*� 85.55 ± 0.24*�

1 32.8 ± 0.6*� 78.57 ± 0.15*

2 33.4 ± 0.8*§ 80.32 ± 0.16*§

2e 0.5 22.1 ± 0.3* 105.20 ± 0.24*�

1 78.4 ± 0.6*� 115.24 ± 0.21*�

2 79.4 ± 0.6* 139.24 ± 0.22*§

2f 0.5 25.8 ± 0.5*� 94.80 ± 0.15*�

1 79.3 ± 0.6*� 107.51 ± 0.24*�

2 130.0 ± 1.1*§ 108.41 ± 0.14*§

2g 0.5 25.1 ± 0.2*� 90.42 ± 0.23*�

1 23.1 ± 0.2*� 98.28 ± 0.14*�

2 29.6 ± 0.2*§ 98.21 ± 0.27*§

2h 0.5 19.55 ± 0.3*� 92.69 ± 0.52�

1 21.7 ± 0.4*� 93.85 ± 0.43*�

2 30.25 ± 0.4*§ 106.51 ± 0.35*§

W 0.5 21.95 ± 0.2* 92.10 ± 0.24
1 49.8 ± 0.6* 97.48 ± 0.22*

2 89.8 ± 0.4*§ 106.07 ± 0.32*§

C 14.5 ± 0.1 92.80 ± 0.21

a Values are presented as means ± SD (standard deviation) obtained from 3 independ
* p < 0.05 When compared with negative control group.
� p < 0.05 When compared with warfarin in concentration of 0.5 mg/kg.
� p < 0.05 When compared with warfarin in concentration of 1 mg/kg.
§ p < 0.05 When compared with warfarin in concentration of 2 mg/kg.
ALT at 340 nm, and ALP at 405 nm, were determined by UV–Vis ki-
netic methods according to the recommendations of the Expert Pa-
nel of the IFCC (International Federation of Clinical Chemistry)
aperitoneal application of compounds 2a–h to adult male Wistar rats.

ALT (U/l) ALP (U/l) Bilirubin (lmol/l)

31.86 ± 0.14* 383.10 ± 0.25*� 28.42 ± 0.25*�

39.29 ± 0.23*� 355.41 ± 0.14*� 44.08 ± 0.32*�

26.63 ± 0.24*§ 412.82 ± 0.38*§ 30.49 ± 0.17*

43.65 ± 0.22*� 348.45 ± 0.45*� 44.11 ± 0.35*�

46.71 ± 0.41*� 345.05 ± 0.35*� 26.51 ± 0.41*�

29.25 ± 0.15*§ 353.27 ± 0.26*§ 33.07 ± 0.36*§

27.06 ± 0.26*� 289.85 ± 0.42*� 39.80 ± 0.32*�

30.99 ± 0.24*� 323.56 ± 0.13*� 25.85 ± 0.41*

29.25 ± 0.17*§ 551.59 ± 0.18*§ 32.31 ± 0.35*§

44.96 ± 0.19*� 446.54 ± 0.46*� 27.93 ± 0.21*�

34.48 ± 0.16*� 439.74 ± 0.24*� 39.67 ± 0.41*�

30.99 ± 0.35*§ 389.13 ± 0.32*§ 35.89 ± 0.32*§

43.65 ± 0.42*� 456.13 ± 0.21*� 32.10 ± 0.41*�

41.90 ± 0.16*� 545.47 ± 0.24*� 29.13 ± 0.21*�

53.69 ± 0.27*§ 414.26 ± 0.56*§ 54.04 ± 0.41*§

47.58 ± 0.34*� 388.28 ± 0.52*� 41.47 ± 0.25*�

54.56 ± 0.24*� 520.68 ± 0.61*� 33.43 ± 0.21*�

48.89 ± 0.35*§ 415.20 ± 0.34*§ 37.96 ± 0.21*§

40.81 ± 0.41*� 445.69 ± 0.33*� 21.46 ± 0.16*�

37.32 ± 0.35*� 572.65 ± 0.18*� 27.09 ± 0.21*�

26.98 ± 0.51*§ 374.43 ± 0.25*§ 16.17 ± 0.41*§

48.02 ± 0.15*� 370.70 ± 0.47*� 29.22 ± 0.35*�

35.79 ± 0.26*� 341.48 ± 0.26*� 28.42 ± 0.36*�

43.87 ± 0.27*§ 474.65 ± 0.51*§ 43.06 ± 0.25*§

31.65 ± 0.41* 479.15 ± 0.21* 46.97 ± 0.52*

31.43 ± 0.31* 313.97 ± 0.33* 25.35 ± 0.23*

39.29 ± 0.47*§ 417.49 ± 0.14*§ 30.30 ± 0.45*§

29.25 ± 0.42 376.18 ± 0.35 15.73 ± 0.36

ent experiments; n = 50 rats; 5 rats/group.
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(Bergmeyer et al., 1976; Bergmeyer and Hørder, 1980; Walters and
Gerarde, 1970). Colorimetric methods were used to determine to-
tal bilirubin on 550 nm (Jendrassik and Gróf, 1938). All kinetic
and colorimetric measurements were recorded using a Perkin–El-
mer Lambda 25 UV/Vis spectrophotometer.

2.3.4. Determination of antioxidant markers in liver homogenate
Rat liver samples were homogenized in phosphate buffer

(5 mM, pH = 7.4) to give a 10% (w/v) liver homogenate and then
centrifuged at 4000 rpm for 15 min at 4 �C. The supernatant of liver
homogenate was used for estimation of reduced glutathione (GSH)
(Ellman, 1959) and catalase (CAT) (Góth, 1991) levels by the
colorimetric method. The content of malonyldialdehyde (MDA)
(Ohkawa et al., 1979) in the liver homogenate supernatant was
determined using the standard compound 1,1,3,3-tetraethoxypro-
pane. Total proteins concentration was determined according to
the method of Lowry using the bovine serum albumin as the
standard (Lowry et al., 1951). All colorimetric measurements
were performed using a Perkin–Elmer Lambda 25 UV/Vis
spectrophotometer.

2.3.5. Histopathological studies
Liver slices were fixed with 10% formalin in phosphate buffered

saline for 24 h and embedded in paraffin. The 5 lm thick sections
were made using a microtome, stained with haematoxylin–eosin,
and observed under a microscope to determine histopathological
changes in the liver (Mihailović et al., 2013). Photographs of each
slide were taken at 100� magnification.

2.3.6. Statistical evaluations
Statistical evaluation of the data was performed by 1-way AN-

OVA analysis. Variance homogeneity and data distribution were
determined with the Levene and Kolmogorov–Smirnov tests,
respectively. Post-hoc comparison between the control and treated
groups was performed with the T3 Dunnett’s test or with the Bon-
ferroni test when the variance was not homogeneous. Statistical
analysis was performed using the SPSS statistical software pack-
age, version 13.0 for Windows (Coakes et al., 2006). The results
were considered to be statistically significant at p < 0.05.

2.4. Molecular modeling studies

2.4.1. Molecular optimization of tested compounds
Molecular optimizations were performed to predict the bioac-

tive conformations of tested compounds 2a–h. The initial struc-
tures were built in Spartan 2008 (Wavefunction Inc., Irvine, USA,
2006) and imported into MacroModel 9.5 (Mohamadi et al.,
1990) via graphical interface Maestro 9.0. Conformations were
obtained by using the simulated annealing molecular dynamics
procedure implemented in MacroModel as follows (Ragno et al.,
2008). Each structure was energy minimized to a low gradient.
The non-bonded cutoff distances for van der Waals interactions
were set to 8 Å, while distances for electrostatic ones were set to
20 Å. An initial random velocity was applied to all atoms corre-
sponding to 310 K. Three subsequent molecular dynamics simula-
tions were then performed. The first was carried out for 10 ps with
a 1.5 fs time-step at a constant temperature of 310 K for equilibra-
tion purposes. The next molecular dynamics simulation was car-
ried out for 20 ps, during which the system was coupled to a
150 K thermal bath with the time constant of 5 ps. The time con-
stant represents approximately the half-life for equilibration with
the bath; consequently the second molecular dynamics command
caused the molecule to slowly cool to approximately 150 K. The
third and last dynamics simulation cooled the molecule to 50 K
over 20 ps. A final energy minimization was then carried out for
250 iterations using a conjugate gradient. The minimizations and
molecular dynamics were in all cases performed by implicit solva-
tion in a simulated aqueous solution using GB/SA (Generalized
Born solvent accessible surface area) keyword and the OPLS2005
force field. All ligands were furthermore individually inspected
and the correct protonation states at pH 7.4 were considered and
adjusted according to results obtained with the Protonation Major
Microspecies tool of the MarvinSketch program (ChemAxon, Buda-
pest, Hungary, 2012).

2.4.2. Molecular docking studies and energy minimization of ligand–
enzyme complexes

The complete crystallized three-dimensional structure of trans-
membrane rat VKORC1 is currently not available from the Brook-
haven Protein Data Bank. The structure of homology-modeled rat
VKORC1 built in our laboratory was therefore used as a molecular
target in docking experiments. The homology modeling protocol in
the complete membrane-aqueous system consisted of the 1,2-
dimiristoyl-SN-3-phosphorylcholine (DMPC) model, was described
in detail in our previous paper (Mladenović et al., 2012). The pro-
tein structure was prepared for molecular docking in the following
way. Hydrogen atoms were added using the leap module of the
Amber suite (Case et al., 2006) implemented in the UCSF Chimera
program (Pettersen et al., 2004). All amino acids in the protein
were additionally inspected individually and correct protonation
states at pH = 7.4 were considered, i.e., lysines, arginines, aspar-
tates and glutamates were assumed to be in the ionized form,
and parameters were calculated using the Antechamber module
of the Amber suite.

The protein structure was further incorporated into the Auto-
DockTools graphical user interface. Nonpolar hydrogen atoms were
removed, while Gasteiger charges and solvent parameters were
added. All of the tested compounds were used as ligands for dock-
ing. The rigid root and rotable bonds were defined using AutoDock-
Tools. The docking was performed with AutoDock 4.2 (Morris et al.,
1996). Dimensions of the grids were 16 Å � 22 Å � 30 Å, with a
spacing of 0.375 Å between the grid points and center grid box
coordinates x = 31.456, y = 65.386, and z = 13.274, referring to the
enzyme active site: Thr138, Tyr139, and Ala140. The Lamarckian
Genetic Algorithm was used to generate orientations or conforma-
tions of ligands within the binding site. The global optimization
started with a population of 200 randomly positioned individuals,
a maximum of 1.0 � 106 energy evaluations, and a maximum of
27.000 generations. A total of 100 runs were performed with
RMS Cluster Tolerance of 0.5 Å.

Finally, a molecular mechanics approach was applied to refine
the Autodock output. The computational protocol included the
application of 10.000 steps of the steepest descent algorithm until
the derivative convergence was 0.01 kcal/Å mol. An AMBER force
field with the continuum GB/SA salvation model (water as solvent)
implemented in MacroModel was used during minimization.
Moreover, because of the large number of atoms in the model,
some additional constraints had to be imposed to correctly opti-
mize the complexes obtained by the docking. A subset, comprising
only inhibitors and shells of residues possessing at least one atom
at a distance of 5 Å from any of the inhibitor atoms, was created
and subjected to energy minimization. The inhibitors and all the
amino acid side chains of the shell were unconstrained during en-
ergy minimization to allow for reorientation and proper hydrogen-
bonding geometries and van der Waals contacts. All the atoms not
included in the above-defined subset were fixed, but their
non-bond interactions with all of the relaxing atoms have been
calculated.

2.4.3. Alignment of 2a–h bioactive conformations
In order to reduce any geometric inaccuracy of the obtained li-

gand–VKORC1 complexes, all complexes were superimposed using
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the 2f–VKORC1 complex as a template. This complex was chosen
to be the template because compound 2f was the most active
one. Superimposition of the obtained complexes was carried out
with the aid of the UCSF Chimera program using the command-line
implementation of MatchMaker. By applying this protocol, all li-
gands were not actually atom-by-atom aligned, but were rather
placed in the equivalent positions with respect to their interaction
within the receptor. In this sense, much better representation of
alignment of the bioactive conformations was achieved.

2.4.4. Receptor-based pharmacophore model generation
The structures of 2a–2h in complex with VKORC1 (Fig. S2, Sup-

plementary information) were used as starting structures for the
generation of pharmacophore models in the present study. The
LigandScout 2.0 software was applied for the detection and inter-
pretation of crucial interaction patterns between VKORC1 and
the ligand. LigandScout (Wolber and Langer, 2005) extracts and
interprets the ligand and the macromolecular environment from
the PDB file, then automatically creates and visualizes an advanced
pharmacophore model. The pharmacophore was exported as a
hypoedit script and converted into Discovery Studio 2.5 (Accelrys
Software Inc., San Diego, USA, 2012) format with the Hypoedit tool.
The bound ligand was converted to shape query and merged with
the pharmacophore model to give a combined feature-shape query,
which was used for in silico screening.

All the pharmacophore modeling calculations were carried out
using the Catalyst 4.11 software package (Accelrys Software Inc.,
San Diego, USA, 2012). The common pharmacophore features nec-
essary for potent VKORC1 inhibitors were identified with the aid of
HipHop program, while quantitative pharmacophore models were
created by the HypoGen module within Catalyst. The common fea-
ture hypotheses, i.e., qualitative models, were produced by com-
paring the set of conformational models with a number of 3-D
configurations of chemical features shared among the training
set molecules. This analysis results in a qualitative model wherein
important chemical features can be easily identified. Activity of the
training set was predicted by creating a 3-D pharmacophore,
which was used for quantitative assessment of the best qualitative
model. The quality of models is best described in terms of fixed
cost, null cost, total cost, root mean square deviation, and other
statistical parameters.

2.4.5. External validation of the pharmacophore model using the test
set method

External validation of the obtained 3-D pharmacophore model
was performed using a test set that consisted of 16 4-hydrox-
ycoumarins, namely ts-1-10c (Fig. S5, Supplementary informa-
tion), which were previously announced as in vivo anticoagulants
(Mladenović et al., 2012). The test set compounds contain various
C-3 substituents like carbonyl and carboxyl groups linked to cou-
marin core via a 3-methylbut-2-en-yl scaffold on one side and thi-
azole-N-phenyl residues on the other. Their anticoagulant activity
in vivo was obtained previously in similar experimental conditions
(Mladenović et al., 2012), and pEC200 values were calculated for the
purpose of this study. The test set molecules were optimized in
MacroModel and docked into the active site of rat VKORC1 by
Autodock 4.2 using the same setup as described here. By means
of this procedure, docking assessment was performed (Fig. S6, Sup-
plementary information) to align the test set compounds into the
VKORC1 active site. External validation on structurally very differ-
ent compounds confirmed the quality of the training set 3-D phar-
macophore model.

The generated hypothesis was validated mainly to check
whether the best hypothesis selected active compounds of the test
set during the screening process by means of determining the cor-
relation between experimental and predicted activity.
2.4.6. ADMET prediction
ADMET descriptors allow us to eliminate compounds with unfa-

vorable ADMET characteristics so as to avoid expensive reformula-
tion later. They also enable us to evaluate proposed structural
refinements designed to improve ADMET properties prior to re-
source expenditure on synthesis (Zhang et al., 2012). The pharma-
cokinetic profile of tested compounds was predicted by the ADMET
descriptors protocol in Discovery Studio 2.5. The ADMET descrip-
tors were intestinal absorption, aqueous solubility, blood–brain
barrier (BBB) penetration, Cytochrome P450 2D6 enzyme inhibi-
tion, hepatotoxicity, plasma-protein binding (PPB), atom-based
LogP (AlogP), and polar surface area (PSA).
3. Results and discussion

3.1. Synthesis

Two synthetic procedures, conventional and microwave-as-
sisted, were used for preparation of the examined compounds. Dif-
ferent synthetic procedures resulted in different types of products.

Using the conventional procedure, 3-(1-aminoethylidene)chro-
man-2,4-diones, 2a–f, were synthesized in the presence of Et3N
by the condensation of starting compound 3-acetyl-4-hydroxy-
coumarin (1) with the corresponding primary amine (Scheme 1).
The condensation reaction induced intramolecular tautomeriza-
tion of the 4-hydroxyl group of the coumarin core. Thus, instead
of an imino group, a secondary amino group was formed, along
with an external double carbon bond. The reaction between equi-
molar amounts of all reagents yielded compounds 2a–d which
contain one chroman-2,4-quinone ring. On the other hand, two
equivalents of Et3N gave 2e and 2f, compounds with two chro-
man-2,4-quinone cores in the structure. Accordingly, it must be
acknowledged that the synthesis of 2b is not new (Małecka et al.,
2004; Budzisz et al., 2003). However, the applied experimental
procedure significantly improved the yield of the product. Elemen-
tal analysis and spectral data (IR, 1H NMR, 13C NMR, GC/MS) of the
synthesized compounds were in full agreement with the suggested
molecular structures. The absence of a signal for the hydroxyl
group at position C-4 in 1H NMR spectra, as well as the presence
of low intensity bands at 3420–3412 cm�1 in IR and broad singlets
at 14.00–11.08 ppm in 1H NMR spectra that correspond to an NH
proton, confirmed the tautomerization of compounds 2a–f. In
addition to this conclusion, 13C NMR showed signals corresponding
to two different carbonyl groups and carbons which form an exter-
nal double bond.

On the other hand, the reaction under microwave irradiation in
the absence of Et3N and presence of sulfamide as a reagent led to
the formation of 4-hydroxycoumarin Schiff base adducts 2g and
2h (Scheme 1), without intramolecular tautomerization. Using
equimolar amounts of reagents, monosubstituted sulfamide deriv-
ative 2g was formed, while the presence of two equivalents of sulf-
amide yielded disubstituted 2h. 1H NMR showed broad singlets at
13.86 and 14.48 ppm, assigned to 4-OH of 2g and 2h, respectively.
The formation of an imino group was confirmed by a strong C@N
band in the IR spectra at 1678–1674 cm�1.

The main advance of the conventional synthetic approach is its
high efficiency in terms of product yield and in particular one-step
formation of compounds that are structurally similar to vitamin K-
2,3-epoxide and are therefore recognized by the ligand-based ap-
proach as inhibitors of the coagulation cycle in vivo. On the other
hand, by utilizing the microwave-assisted procedure, novel 4-
hydroxycoumarins were synthesized, i.e., compounds were formed
that can undergo the required tautomerization in an in vivo envi-
ronment (Mladenović et al., 2012).



Scheme 1. General synthetic procedure for compounds 2a–f and 2g–h.
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3.2. In vivo anticoagulant activity

Table 1 summarizes anticoagulant activity of the tested com-
pounds applied intraperitoneally (i.p.) to adult Wistar rats in three
different concentrations, viz., 0.5, 1, and 2 mg/kg of body weight.
Three different doses were chosen since we wanted to obtain the
correct dose response, calculate the concentration of compounds
that increase prothrombin time by 200%, and avoid the death of
experimental animals (as much as the LD50 of our compounds is
unknown). Moreover, seven-day continuous treatment was chosen
because warfarin and other clinically used anticoagulants exhibit
anticoagulant activity only upon long-term application (Jaffer
and Bragg, 2003).

Although clinically used anticoagulants are applied orally, i.p.
administration was chosen in the current stage of evaluation as a
way of treatment in order to obtain the full effect of the tested
compounds in the applied concentrations. The full effect is realized
because anticoagulants inhibit the liver enzyme VKORC1, and i.p.
applied compounds are transferred directly into the liver (Lukas
et al., 1971). Owing to this, instant interaction between the com-
pounds and VKORC1 was induced. Even though i.p. delivery is con-
sidered to be a parenteral route of administration, the primary
route of absorption is into the mesenteric vessels that drain into
the portal vein and pass through the liver (Lukas et al., 1971). Lukas
and co-workers also demonstrated that compounds administered
i.p. are absorbed primarily through the portal circulation and,
therefore, must pass through the liver before reaching other or-
gans. In our study, i.p. injection (an acceptable alternative method
of introducing substances into an animal) was chosen instead of
oral administration to ensure that each animal received an accu-
rate dose, in a manner less likely to cause injury.

The activity of compounds was examined only in vivo since the
pharmacology of inhibition of the coagulation cycle by coumarin
and related anticoagulants is meaningful only when the activity
is considered on the molecular level, i.e., if anticoagulants inhibit
the vitamin K cycle. Compounds 2a–2f are by structure competi-
tive inhibitors of vitamin K-2,3-epoxide and therefore are recog-
nized as VKORC1 inhibitors. On the other hand, compounds 2g–h
contain a 4-hydroxycoumarin ring, which also exists in the struc-
ture of warfarin. Thus, they represent potential anticoagulants. In-
sight into the structural features that determined activity of each
compound was obtained upon examination of results relating to
each applied concentration.

After the administration of compounds in a concentration of
0.5 mg/kg, the following decreasing order of activity was observed:
2c > 2d = 2f > 2g > 2a > 2e > 2b > W > C > 2h. As many as seven
compounds presented better anticoagulant activity than warfarin.
That was unsurprising since warfarin is known to exert good anti-
coagulant activity after continuous several-day application in high-
er concentrations (Jaffer and Bragg, 2003). In comparison with
saline (0.90% w/v of NaCl, C) as the negative control (PT = 14.5 s)
and warfarin, W (PT = 21.95 s) as the positive control, the range
of activity of active compounds was PT = 22.0–29.5 s. Some infor-
mation about structure–activity relationships was obtained. It
was clear that the compounds containing a chroman-2,4-quinone
core (2a–f) were generally better anticoagulants than 4-hydrox-
ycoumarins (2g–h).

With increase of the dose, compounds containing ethane-1,2-
diamine (2f, PT = 79.3 s) and propane-1,3-diamine (2e,
PT = 78.4 s) residues as integral parts of C-3 scaffolds were better
anticoagulants than warfarin (PT = 49.8 s). It should be noted that
compounds 2e and 2f contain an additional chroman-2,4-dione
ring as a substituent of the terminal amino group. The rest of the
compounds did not present better anticoagulant activity in com-
parison with warfarin. The activity of 2a (which contains an eth-
ane-1,2-diamine scaffold) was slightly lower and comparable to
that of warfarin.

In the highest concentration, only 2f (PT = 130.0 s) and 2a
(PT = 90.0 s) showed better anticoagulant activity than that of
wafarin. From the obtained results, it is clear that the presence of
chroman-2,4-dione on the one hand, and ethylenediamine as an
integral part of C-3 residues on the other is of crucial importance
for high in vivo activity of the tested compounds.

The arbitrary decision to treat the animals with three different
doses was validated by the obtained distinctly linear dose–re-
sponse curve for the most active compounds, 2a and 2f (Fig. 1).
The presented results are in accordance with the well-known anti-
coagulant behavior of warfarin, whose anticoagulant behavior is
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linked with its ability to increase prothrombin time with an in-
crease of the applied concentration (Jaffer and Bragg, 2003). Since
only 2a and 2f showed a linear dose–response, as discerned by
close inspection of Fig. 1, the other compounds cannot be classified
as anticoagulants, inasmuch as their activity dropped with increase
of concentration. We intend to investigate oral application of the
most active compounds and evaluate their anticoagulant activity
in future work.

3.3. Estimation of chemically induced hepatocyte damage after
administration of the compounds

Chemically induced hepatic toxicity in rats was evaluated by
determining the catalytic activities of serum AST, ALT, and ALP as
hepatocellular markers, and by monitoring the bilirubin concentra-
tion as a hepatobiliary marker (Singh, 2000; Tennant, 1999; Marsc-
hall et al., 2005). The AST, ALT, and ALP catalytic activities are
sensitive indicators of acute liver damage (Singh, 2000). Upon
chemically induced damage to hepatocytes of the cell membrane,
the catalytic activity of AST and ALT is increased and the enzymes
are released into the extracellular environment (Nalpas et al.,
1986). Since ALP is an extracellular enzyme, its catalytic activity
is not so reliable as an indicator of necrosis (Kaplan and Righetti,
1970). Biochemical screening was performed on serum samples
obtained after the application of compounds in all three concentra-
tions (Table 1). Bilirubin concentration is a useful clinical parame-
ter for the diagnosis of bile damage (Manokaran et al., 2008).

The catalytic activity of AST grew with increase in the applied
concentration of 2f, but it was quite comparable with the positive
control. Thus, in serum containing 2f, the catalytic activity of AST
was increased in comparison with the negative control and warfa-
rin: 1.02-, 1.16-, and 1.17-fold above values measured in the neg-
ative control; and 1.02-, 1,10-, and 1.02-fold above those in the
positive one. This indicated that 2f induced little or no inflamma-
tion of hepatocytes. In addition, the slight change in catalytic
activity of ALP with an increase of concentration (1.03-, 1.52-, and
1.11-fold above the negative control value, respectively) suggested
that 2f induced inflammation but no severe necrosis of hepatocytes.
On the other hand, 2a behaved in an anti-inflammatory manner,
since the catalytic activity of AST decreased with increase in concen-
tration of the compound. Thus, in serum containing 2 mg/kg of 2a,
the catalytic activity of AST was even lower than in the negative
control, 63.13% of the basic value. A similar pattern was observed
for the catalytic activity of ALT. To judge from the concentration
of total bilirubin, there was no damage to bile after the application
of 2a and 2f. The maintained or even decreased catalytic activity of
enzymes with increase of concentration may be associated with the
fact that the compounds probably are easily excreted (Killard et al.,
1996) in the form of 7-hydroxy-glucuronides, i.e., they are not
accumulated in the rat body.

A second evaluation of toxicity of 2f and 2a was performed by
determining the level of induced oxidative stress using the GSH,
CAT, and MDA as antioxidant markers. These additional tests were
performed because consumption of compounds that might gener-
ate free radicals can induce pathogenesis of a wide range of dis-
eases: hypertension (Lassegue and Griendling, 2004), Alzheimer’s
and Parkinson’s diseases (McIntosh et al., 1997), and cancer (Festa
et al., 2001) after radical-induced DNA double-strain breaks. The
concentrations of GSH and MDA and catalytic activity of CAT (Ta-
ble 2) in liver homogenate were expressed as equivalents of total
protein concentration (TP).

If the presence of a xenobiotic induces generation of oxidative
species in the cell, the concentration of GSH decreases, since the
thiol group of cysteine is able to donate a reducing equivalent to
reduce the quantity of other unstable molecules (Scholz et al.,
1989). Thus, with increase of 2f concentration in liver homogenate,
a minor decrease in GSH concentration was recorded: 1.40-, 1.24-,
and 1.12-fold in relation to the basal value measured in the nega-
tive control. The results suggested that 2f could be involved in the
generation of oxidative stress. On the other hand, GSH concentra-
tion increased in samples containing 2a: 1.34-, 1.32-, and 1.37-fold
above the basal value in the negative control, suggesting that this
compound is not an inducer of oxidative stress. The results ob-
tained for 2f raised the question of whether or not the examined
compounds form a covalent bond with GSH. A coumarin or chro-
men ring itself not substituted at position C-3 can form a covalent
bond with GSH via the thiol group (Zhuo et al., 2009). This
metabolic pathway results in the formation of 3-glutathionyl-4-
hydroxy-3,4-dihydroxycoumarin and 4-glutathionyl-4-hydroxy-3,
4-dihydroxycoumarin, species that arise after the addition of a
thiol group to coumarin-3,4-epoxide. That particular epoxide is
singled out as the primary toxic reactive intermediate for liver
microsomes, as inasmuch epoxidation of the coumarin core by
CytP450 is the main bioactivation pathway. Analysis of the data
presented in Table 2 reveals that with an increase in concentration
of the compounds, there is a decrease in the level of GSH. This fur-
ther implies that there is no production of the 3,4-epoxide as a
reactive intermediate during the metabolic activation of our com-
pounds. These results correlate with the in vivo toxicology findings,
which suggest that there is no tissue-selective toxicity induced by
activation of the target compounds. The above statement is further
supported by the fact that there are no literature data describing
the genesis of warfarin-3,4-epoxide in the metabolic activation of
this clinical anticoagulant. It follows that coumarin or chromen-
based compounds substituted in the C-3 position are most cer-
tainly not susceptible to condensation with GSH and do not repre-
sent potential toxicity on that level.

Additional information about whether or not 2f and 2a can pro-
duce reactive oxygen species was obtained with the remaining
antioxidant markers. Loss of CAT activity is associated with in-
creased susceptibility to oxidative stress (Milton, 2008). It follows
that, CAT can be a sensitive indicator of oxidative cell damage. In
liver homogenate samples containing 2f and 2a, catalytic activity
of CAT rose progressively with increase in concentration of the
compounds concentration: 2.45-, 2.50-, and 2.67-fold above the
basic value measured in the negative control in samples of 2f;
and 1.62-, 2.04-, and 2.19-fold above that value in samples of 2a.
This was strong evidence indicating that the most active com-
pounds are not oxidative stress inducers.

Final evaluation was obtained by measuring the concentration
of malonyaldehyde (MDA). MDA is a product of increasing lipid
peroxidation, which occurs after oxidative damage to lipoproteins
in the cell membrane (Aitken et al., 1993). Increase of MDA concen-
tration therefore suggests severe damage to the cell membrane.
MDA concentration decreased in samples of 2f and remained
similar in samples of 2a in comparison with the negative control,
providing final proof that the most active compounds are non-toxic
and incapable of causing oxidative stress.

3.4. Histopathological studies

To complete the estimation of chemically induced liver damage,
thorough histopathological examination was performed on liver
samples taken from animals that were treated with 2f, 2a, and W
in the highest dose of 2 mg/kg. Only the highest concentration
was taken into account since it led to the best dose–response for
2a and 2f. The results of histopathological analyses are summa-
rized in Table 3 and Fig. 2. In comparison with the negative control
(Table 3 and Fig. 2d), where only passive hyperemia (congestion)
was perceived, warfarin (Fig. 2c) induced severe liver damage re-
flected by moderate enlargement of portal spaces and followed
by infiltration of lymphocytes, leukocytes, and macrophages



Table 2
Total protein content and catalytic activity of liver antioxidant enzymes after seven days of intraperitoneal application of compounds 2a–h to adult male Wistar rats.

Comp. Conc. (mg/kg) TP (g/l) GSH (mg/g) CAT (lmol/mg) MDA (nmol/mg)

2a 0.5 26.86 ± 0.14a 9.44 ± 0.22*� 11.27 ± 0.24*� 0.47 ± 0.06�

1 26.02 ± 0.12 9.19 ± 0.14*� 14.23 ± 0.12*� 0.47 ± 0.03*�

2 25.52 ± 0.23 9.54 ± 0.21* § 15.30 ± 0.15* § 0.48 ± 0.01* §

2b 0.5 23.56 ± 0.16 8.18 ± 0.23*� 18.22 ± 0.13*� 0.60 ± 0.02*�

1 20.86 ± 0.32 10.02 ± 0.21*� 20.59 ± 0.24*� 0.56 ± 0.12*�

2 26.61 ± 0.17 7.68 ± 0.17*§ 23.52 ± 0.13*§ 0.52 ± 0.06*§

2c 0.5 29.53 ± 0.28 9.30 ± 0.36* � 9.35 ± 0.17* 0.63 ± 0.03* �

1 25.67 ± 0.16 9.08 ± 0.14*� 15.48 ± 0.62*� 0.63 ± 0.01*

2 27.29 ± 0.14 10.22 ± 0.16*§ 12.35 ± 0.32*§ 0.78 ± 0.08*§

2d 0.5 15.22 ± 0.32 12.36 ± 0.51*� 30.16 ± 0.45*� 1.09 ± 0.10*�

1 16.09 ± 0.14 10.99 ± 0.41*� 26.96 ± 0.24*� 1.09 ± 0.15*�

2 14.67 ± 0.45 11.93 ± 0.31*§ 29.29 ± 0.37*§ 1.31 ± 0.24*§

2e 0.5 29.24 ± 0.16 6.29 ± 0.23*� 13.02 ± 0.31*� 0.41 ± 0.02�

1 20.60 ± 0.13 8.86 ± 0.13*� 18.43 ± 0.25*� 0.40 ± 0.02*�

2 15.99 ± 0.27 12.94 ± 0.16*§ 23.24 ± 0.31*§ 0.82 ± 0.26*§

2f 0.5 22.12 ± 0.24 9.52 ± 0.14*� 17.08 ± 0.36*� 0.52 ± 0.25*�

1 21.18 ± 0.23 8.68 ± 0.32*� 17.44 ± 0.25*� 0.52 ± 0.32*�

2 23.29 ± 0.14 7.84 ± 0.15*§ 18.69 ± 0.26*§ 0.42 ± 0.12*§

2g 0.5 20.61 ± 0.13 11.98 ± 0.61*� 16.08 ± 0.31*� 0.85 ± 0.15*

1 24.33 ± 0.17 10.50 ± 0.31*� 13.68 ± 0.22*� 0.87 ± 0.09*�

2 25.18 ± 0.23 9.34 ± 0.38*§ 13.06 ± 0.28*§ 0.70 ± 0.07*§

2h 0.5 21.78 ± 0.15 10.36 ± 0.42*� 15.54 ± 0.31*� 0.83 ± 0.06*

1 26.70 ± 0.16 10.83 ± 0.21*� 8.74 ± 0.36*� 0.84 ± 0.03*�

2 28.81 ± 0.18 8.76 ± 0.24*§ 10.76 ± 0.25*§ 0.64 ± 0.04*

W 0.5 25.44 ± 0.34 10.28 ± 0.35* 9.40 ± 0.26* 0.84 ± 0.01*

1 21.34 ± 0.41 11.85 ± 0.23* 16.49 ± 0.34* 0.62 ± 0.05*

2 29.06 ± 0.34 9.92 ± 0.42* 7.56 ± 0.15* 0.64 ± 0.05*

C 30.75 ± 0.14 6.97 ± 0.21 12.23 ± 0.36 0.45 ± 0.03

a Values are presented as means ± SD obtained from 3 independent experiments; n = 50 rats; 5 rats/group.
* p < 0.05 When compared with negative control group.
� p < 0.05 When compared with warfarin in concentration of 0.5 mg/kg.
� p < 0.05 When compared with warfarin in concentration of 1 mg/kg.
§ p < 0.05 When compared with warfarin in concentration of 2 mg/kg.

Table 3
Morphological parameters of the rat liver upon seven-day continuous i.p. application
of compounds 2a–2h, warfarin, and the negative control in a concentration of 2 mg/kg
of body weight.

Comp. Morphological parameters

Ca DHLb BDc SRd Ie FNf PNg BDRh Fi

2a +j + +
2b + + ++
2c + + + + +
2d ++ ++ +
2e + ++ + +
2f + +
2g + ++ ++
2h + + ++
W + + ++ ++ +
C +

a Congestion (passive hyperemia).
b Discontinued hepatocyte lines.
c Balloning degradation.
d Signs of regeneration (rosettes, hypertrophy of nucleus).
e Infiltrations of lymphocytes, leukocytes and macrophages.
f Focal necrosis.
g Piecemal necrosis.
h Biliary ductular reaction.
i Fibrosis.
j +: minimal damage; ++: moderate damage; +++: massive damage; blank col-

umns are referred to no visual damage.
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(Table 3). Moreover, areas with moderate focal necrosis as well as
ones with moderate piecemeal necrosis were spotted. In compari-
son with warfarin, 2f (Fig. 2a) induced minor liver damage in the
guise of infiltration of lymphocytes, leukocytes, and macrophages.
The liver change noticed after application of 2a (Fig. 2b) is charac-
terized by minimal focal necrosis. The rest of the compounds (Ta-
ble 3 and Fig. S1, Supplementary information) induced more liver
damage. The general conclusion is that the most active compounds
(2a and 2f) do not induce any significant hepatocyte damage, as
indicated by the observation of minor pathomorphological
changes.

Photomicrographs of liver sections treated with the examined
compounds and controls are presented in Fig. 2.
3.5. Insight into structural aspects required for anticoagulant activity

There is a great deal of controversy about the mechanism gov-
erning inhibition of the coagulation cycle by warfarin and related
compounds. As warfarin inhibits the reduction of vitamin K-2,3-
epoxide to vitamin K, where VKORC1 is converted from the re-
duced (active site sulfhydryl) to the oxidized (active site disulfide)
form, it is a question of whether or not warfarin is covalently
bound to the enzyme. The oxidized form is further reduced by
DTT (Tie and Stafford, 2007) under in vitro conditions, while in
the living cell the reduction is performed by microsomal NADH-
dependent lipoamide reductase (Thijssen et al., 1994). But in view
of the warfarin-mediated inhibition, preincubation of VKORC1
with DTT prior to warfarin incubation appears to diminish the inhi-
bition of VKORC1 activity (Fasco et al., 1983). Experimental data
suggest that warfarin rather binds to the oxidized form (Fasco
et al., 1983) of VKORC1 than to the reduced one (Silverman,
1980). The inactivation of VKORC1 by warfarin occurs more rapidly
when the enzyme is exposed to warfarin prior to DTT (Fasco et al.,



Fig. 2. Photomicrographs of liver sections treated with 2f (a), 2a (b), W (c), and C (d). Arrows: C – congestion; DHL – discontinued hepatocyte lines; BD – balloning
degradation; SR – signs of regeneration (rosettes, hyperthrophy of nucleus); I – infiltrations of lymphocytes, leukocytes, and macrophages; FN – focal necrosis; PN – piecemal
necrosis; BDR – biliary ductular reaction; F – fibrosis.
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1983). Reduced lipoamide reductase stimulates VKORC1 activity
in vivo with kinetics comparable with those of DTT, and is warfarin
sensitive (Thijssen et al., 1994). Apart from the fact that the bind-
ing of vitamin K-2,3-epoxide or warfarin occurs on the oxidized
form of VKORC1, the enzyme must be reduced in order to be acti-
vated prior to reaction with the epoxide or anticoagulant (Silver-
man, 1981). Only upon this activation is there an inhibition of
the coagulation cycle by warfarin and related compounds.

Present knowledge indicates that warfarin cannot form an
epoxide akin to vitamin K. Hence there is no possibility that the
inhibition is performed by a covalent mechanism analogous to
the one proposed for vitamin K 2,3-epoxide reduction (Tie and
Stafford, 2007; Oldenburg et al., 2008). Since warfarin binding to
VKORC1 is very tight, it was considered to be an irreversible pro-
cess (Fasco and Principe, 1982). In support of irreversible inhibi-
tion, Silverman et al. proposed that the deprotonated form of
warfarin is directly bound to reduced VKORC1 (Silverman, 1980).
Contrary to Silverman’s conclusion, it was recently confirmed that
the oxidized form of VKORC1 represents the target for warfarin
(Gebauer, 2007; Bevans et al., 2013). Furthermore, it has been pro-
posed that inhibition is not covalent.

A recent study of our group described the first ever molecular
docking studies of several 4-hydroxycoumarins into the active site
of homology-modeled rat VKORC1 (Mladenović et al., 2012). The
conformational analysis singled out Cys135 as a catalytic amino
acid during the interaction of anticoagulants with the receptor. It
was also maintained that hydrogen bonds and electrostatic inter-
actions formed between polar groups of C-3 residues of active
compounds and amino acids Thr138 and Tyr139 from the catalytic
site of VKORC1 can significantly contribute to binding of anticoag-
ulants into the active site and thereby increase the activity.

Performing similar molecular docking, we investigated the
binding of 2f and 2a by two proposed mechanisms, non-covalent
and covalent, respectively. The investigated compounds were
docked into the active site of rat VKORC1 using the described
methodology (Mladenović et al., 2012). When considering the
mechanism of action, we proceeded from the fact that inhibition
of the coagulation cycle occurs on reduced (activated) VKORC1.
Afterwards, we investigated the mode of binding of our com-
pounds to VKORC1 by means of irreversible or reversible
inhibition.

3.5.1. The binding mode of 2f and 2a according to the proposed non-
covalent mechanism

In the best-docked conformation of 2f, the carbonyl group of the
lactone part of the first chroman-2,4-dione ring is oriented towards
the formation of a weak hydrogen bond (dHB = 3.178 Å) with the N
atom of the Thr138–Tyr139 peptide bond (Fig. 3a). The chroman-
2,4-dione ring itself is positioned towards Tyr139 by strong face-
to-face hydrophobic p–p interactions between the ring and the
Tyr139 phenyl group. The NH group of the Thr138–Tyr139 peptide
bond additionally establishes important electrostatic interaction
with the carbonyl group at position 4 of the second chroman-
2,4-dione. A particular interaction greatly defines the conformation
of 2f within the active site, since its direct consequence is the
arrangement of a second chroman-2,4-dione behind Tyr139. In
that manner Tyr139 is encircled by 2f in a sandwich-like confor-
mation. The role of the ethylenediamine backbone in activity is
to complete the spatial pocket around Tyr139 formed between
the two chroman-2,4-dione cores and to additionally stabilize 2f
in the active site. Stabilization is accomplished because the amino
group neighboring the second chroman-2,4-dione is narrow en-
ough for electrostatic interaction with the hydroxyl group oxygen
of Tyr139. Furthermore, attractive interactions mediate between
the lactone carbonyl of the second chroman-2,4-dione and the
SH group of Cys135. The latter interaction indirectly ensures prop-
er orientation of the first C-4 carbonyl group of 2f towards the ami-
no acid hydrogen atom. Provided that the nature of interaction is a
hydrogen bond, the SH group hydrogen atom can be easily trans-
ferred towards the C-4 carbonyl group of 2f (Scheme 2), since
the measured distance of the transfer path is dHB = 2.688 Å, inas-
much as hydrogen bonds are involved in proton transfer via



Fig. 3. Binding of the best-docked bioactive conformations of 2f (a) and 2a (b) into the active site of rat VKORC1 (to ensure clarity of the presentation, only polar hydrogen
atoms are shown).
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transition-state stabilization in enzyme catalysis (Schowen et al.,
2000; Mladenovic et al., 2012). All of the quoted advantageous
interactions of 2f with the enzyme yield a low predicted Ki value
of 68.9 nM. Inhibition constants were predicted by the Lamarckian
Genetic Algorithm and collected from the AutoDock output.

The spatial arrangement of 2a (Fig. 3b) is comparable to that of
2f. The position of the chroman-2,4-dione ring itself is quite similar
to its position in 2f. But despite the fact that the same interactions
occur between Tyr139 and the molecule, it is in-plane rotated by
approximately 30� in relation to the first chroman-2,4-dione ring
Scheme 2. Proposed mechanism for non-covalent inhib
of 2f as a reference structure. Due to this rotation, there is no
hydrogen bond with the Thr138–Tyr139 peptide bond, since the
measured distance is d = 4.112 Å. Inspection of the binding mode
of 2a further reveals several positive interactions. The protonated
terminal amino group of ethylenediamine is narrowed to the hy-
droxyl group of Thr138, thus creating an electrostatic attraction.
The C-4 carbonyl group is in suitable hydrogen-bonding orienta-
tion towards Cys135 (dHB = 2.913 Å). Since both 2a and 2f have a
similar spatial arrangement within the active site, their anticoagu-
lant activity should be comparable. This raises the following
ition of coagulation cycle by compounds 2a and 2f.
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question: Why is 2f more active than 2a? A reasonable explanation
is that the positioning of 2a in the 2a–VKORC1 complex in not as
compact as the alignment of 2f in the corresponding complex.
For this reason, 2a is not stabilized enough to easily accept a
hydrogen atom from Cys135. The effect of the absence of strong
binding is an estimated Ki value of 2a equal to 498.8 nM, which
is lower than in 2f.

The rest of the compounds showed significantly lower activity.
Detailed structure-based explanations for the absence of the activ-
ity are presented in Supplementary information (Figs. S2–S4, and
section Molecular docking of non-active compounds).

Based on all the presented findings and conclusions, Scheme 2
summarizes the probable mode of action of 2f and 2a via the
non-covalent mechanism. Since Gebauer’s work produced no con-
clusion about the mechanism of warfarin inhibition but only
showed that the inhibition is reversible, our proposal for the mech-
anism is strictly structure-based, i.e., it is the result of understand-
ing of the docking poses. The premise that the reaction is mediated
by TS (transition state) is supported by the previous DFT mechanis-
tic study (Mladenovic et al., 2012).

3.5.2. Binding mode of 2f and 2a according to the proposed covalent
mechanism

When considering the covalent mechanism, it should be kept in
mind that upon the VKORC1 initial reduction warfarin is (like vita-
min K 2,3-epoxide) protonated by the active site, after which the
unstable tautomer chroman-2,4-dione is formed (Silverman,
1980). This intermediate is susceptible to nucleophilic attack at
the lactone carbonyl group when the VKORC1 active site is cova-
lently modified by sulfhydryl acylation (pathway a) or acylation
of the nearby nucleophile (pathway b). In the synthetic approach,
the compounds evaluated in this study are chroman-2,4-dione
derivatives that share structural similarities with vitamin K-2,3-
epoxide and act as competitive inhibitors of VKORC1.

Compounds 2f and 2a can exert anticoagulant activity as irre-
versible inhibitors of VKORC1 (Scheme 3, according to Silverman,
Scheme 3. Proposed mechanism for cova
1980) if the carbon atom of the lactone functional group undergoes
nucleophilic attack by acylation with sulfhydryl of Cys135 (path-
way a) or the hydroxyl group of Thr138 (pathway b).

The best-clustered docking pose of 2f (Fig. 4a) represents a con-
sequence of positioning of the second ring between Cys135 and
Thr138, while the first ring is in comparison to the best-docked
pose significantly relocated from Tyr139. Orientation of the second
ring is influenced by electrostatic attraction between lactone oxy-
gen and the hydroxyl group of Thr138. The carbonyl function at
the C-4 position faces the Cys135 anion, but there are no electro-
static interactions. The measured distances between the compound
and the active site amino acids suggest that there exists a possibility
that the second ring can be a target for nucleophilic attack only via
pathway b. The distance between the lactone carbonyl atom and
Thr138 anion amounts to d = 2.373 Å, while the distance towards
Cys135 anion equals d = 5.743 Å. On the other hand, relocation of
the first ring caused values of the required distances to be elevated
to values that cannot ensure covalent bonding, i.e., Cys135 and
Tyr138 are too far away from the corresponding lactone carbonyl
(d = 7.108 Å and d = 7.643 Å, respectively). The high value of the
compound’s predicted inhibition constant (Ki = 312 mM) is confir-
mation that the best-clustered pose of 2f is not the bioactive one.

The chroman-2,4-dione ring of 2a (Fig. 4b) is in an almost
orthogonal position with respect to Tyr139, a situation that leads
to electrostatic attraction between the amino acid hydroxyl group
and the lactone carbonyl of the chroman core. Additional stabiliza-
tion is achieved by the fact that there is p–p electron interference
between Tyr139 and the double bond of the C-3 residue. The lac-
tone functional group is oriented towards the exterior, facing the
membrane region. The protonated terminal amino group of ethy-
lenediamine is narrowed to the phenyl ring of Tyr139, thus creat-
ing hydrophobic interactions. The measured distances between the
lactone carbonyl atom and Cys132 or Thr138 anions are d = 6.805 Å
and d = 6.397 Å, suggesting that there is no possibility of covalent
bonding. In addition, the predicted inhibition constant of best-clus-
tered 2a is equal to Ki = 819 mM.
lent inhibition of coagulation cycle.



Fig. 4. Binding of best-clustered bioactive conformations of 2f (a) and 2a (b) into the active site of rat VKORC1 (for the sake of clarity, only polar hydrogen atoms are shown,
the distances between the first ring and Cys35 and Thr138 being presented by a full line, while the corresponding distances with the second ring are depicted by a dashed
line).
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There is no consistency between the best-cluster poses of the
tested compounds. It can therefore be concluded that the expres-
sion of anticoagulant activity by covalent binding to VKORC1 is dif-
ficult to achieve even for 2f, despite the fact that there is an
advantageous spatial alignment of the compound.
Fig. 5. The best pharmacophore model Hypo1 aligned to 2f (a) and 2a (b), the
HypoGen pharmacophore model of Hypo1 (c), and 3-D spatial relationship and
geometric parameters of Hypo1 (d). Pharmacophoric features are color coded: green
– hydrogen-bond acceptor; magenta – hydrogen-bond donor; blue: hydrophobic
aromatic. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
3.6. Pharmacophore modeling

The docking studies were further validated by the generation of
meaningful 3-D pharmacophore models. A 3-D pharmacophore
represents the relative position of important binding groups in
space and disregards the molecular skeleton that holds them there
(Patrick, 2009). Thus, the 3-D pharmacophore for a particular bind-
ing site should be common to all the various ligands which bind to
it. Once the 3-D pharmacophore has been identified, structures can
be analyzed to see whether they can adopt a stable conformation
that will contain the required pharmacophore. If they do, and there
are no steric clashes with the binding site, the structure should be
active.

Qualitative HipHop models (Sakkiah et al., 2010) (Table S1, Sup-
plementary information) were generated based on the best-docked
alignment of the training set within the active site of VKORC1.
Their purpose was to identify the crucial chemical features neces-
sary for potent compounds and thereby provide some information
for quantitative pharmacophore modeling. Compound 2f was con-
sidered to be the reference compound. Fig. 5 presents the mapping
of the best pharmacophore model onto 2f and 2a. For the sake of
clarity, even hydrogen donor features related to Cys135 and
Thr138 are depicted. The best HipHop hypothesis, Hypo1, shown
in Fig. 5a, exhibits four features: two hydrogen-bond acceptors
(HBA) and two hydrophobic aromatics (Hy), implying that these
features are necessary and important for potent VKORC1 inhibi-
tion. The top 10 hypotheses and statistical parameters are given
in Table S1 (Supplementary information).

In keeping with the information provided by Hypo1 in qualita-
tive pharmacophore modeling (Fig. 5a and b), the obtained chem-
ical features were chosen as the initial ones in quantification of the
model. Thus, the best quantitative hypothesis HypoGen (Fig. 5c and
d, Table S1, Supplementary information) is characterized by the
lowest total cost value (77.38), the highest cost difference
(56.06), the lowest RMSD (0.71), and the best correlation coeffi-
cient (0.97). The fixed cost and null cost are 77.38 and 133.42 bits.
All these parameters indicate that Hypo1 has 75–90% probability of
accurately predicting activity of compounds in the training set
(Table 4). The above validation confirmed that the Hypo1 hypoth-
esis was not derived by chance.

Used to further describe anticoagulant activity of the tested
compounds, the generated structure-based pharmacophore mod-
els confirmed all significant interactions established in the com-
pound–VKORC1 interaction mode. The best pharmacophore
hypothesis consisted of a series of volumes related to hydrophobic
aromatic (Hy) interactions, as well as hydrogen-bond acceptor
(HBA) and hydrogen-bond donor (HBD) features. The Hy interac-
tions (Fig. 5a and b, blue spheres) are crucial pharmacophore fea-
tures of 2f and 2a and are a consequence of stabilizations
between aromatic scaffolds of compounds and Tyr139. Moreover,
the 2f mode of action is characterized by two hydrogen-bond
acceptor (HBA, green spheres) features located on the 4-carbonyl



Table 4
Actual and estimated activities of the training set molecules based on the phramacophore model Hypo1.

Comp. Fit value EC200 Exp. pEC200
a Pred. pEC200

b Errorc Exp. scaled Pred. scalee

2a 7.46 3.98 2.40 2.41 +0.01 +++ +++
2b 3.31 4.18 2.38 2.36 �0.02 ++ ++
2c 5.44 4.23 2.37 2.34 �0.03 ++ ++
2d 3.72 5.43 2.26 2.35 +0.09 ++ ++
2e 4.12 8.93 2.05 2.22 +0.17 + +
2f 8.12 3.88 2.41 2.42 +0.01 +++ +++
2g 3.92 3.31 2.48 2.53 +0.05 + +
2h 4.12 6.06 2.22 2.27 +0.05 + +

a Fit value indicates how well the features in the pharmacophore overlap the chemical features in the molecule. Fit = weight � [max (0.1 � SSE)] where SSE = (D/T)2,
D = displacement of the feature from the center of the location constraints and T = the radius of the location constraint sphere for the feature (tolerance).

b Exp. pEC200 – experimental activity.
c Pred. pEC200 – predicted activity.
d Error – Difference between the experimental and predicted activity: + values indicates that the predicted pEC200 is higher than the experimental pEC200; � values

indicates that the predicted pEC200 is lower than the experimental pEC200.
e Activity scale – pEC200 < 2.22 = + (low active); 2.22 < pEC200 < 2.40 = ++ (moderately active); pEC200 > 2.40 = +++ (highly active).
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group and lactone oxygen from the pyrone moiety (Fig. 5a). The
prediction of those properties highlights the extreme importance
of the ability of the first 2f chroman ring to accept the proton from
Cys135 on the one hand, and the availability of a lactone carbonyl
to accept the hydrogen bond for Thr138 on the other. Compound
2a (Fig. 5b) is well aligned into Hypo1 and shares two crucial fea-
tures with 2f: hydrophobic interaction with Tyr138 and the de-
sired proton transfer from Cys135.

The Hypo1 model was used to estimate inhibitory activities of
the eight training set compounds. Table 4 shows experimental
and estimated pEC200 values of the entire training set. Clearly,
pEC200 values were correctly predicted, indicating that Hypo1 is a
good pharmacophore model.
3.7. Validation of pharmacophore model

The 3-D pharmacophore model derived from the excellent
structure-based alignment was further used to predict activity of
the test set. Hypo1 was regressed against the 16 test set com-
pounds, which gave a correlation coefficient of 0.810 between
experimental and estimated activities. The results are presented
in Fig. 6 and Table S2 (Supplementary information). It can be seen
that Hypo1 is well able to predict the activities of a wide variety of
rat VKORC1 inhibitors.
Fig. 6. Correlation plot between experimental and predicted pEC200 values of
training (purple triangles) and test (green circles) set molecules derived by
quantification of Hypo1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
3.8. Prediction of ADMET properties

Every time a new compound with excellent activity is discov-
ered, it is a question whether or not that compound can become
a drug candidate, depending on its water solubility or other drug-
gability properties. It is therefore necessary to predict the ADMET
properties of the leading compounds before further investigation.
Optimization of these properties during the early stage of drug dis-
covery is crucial for reducing ADMET problems in the later stage of
evaluation. In this paper, ADMET properties including intestinal
absorption, aqueous solubility, blood–brain barrier (BBB) penetra-
tion, Cytochrome P450 2D6 enzyme inhibition, hepatotoxicity,
plasma-protein binding (PPB), atom-based LogP (AlogP), and polar
surface area (PSA) were calculated in Discovery Studio (Zhang
et al., 2012) for the examined eight compounds.

According to the values presented in Table 5, all of the com-
pounds except 2h can be efficiently absorbed in the human intes-
tine. As the most active compounds, 2f and 2a can be classified as
water soluble. Compound 2a is more likely to be bound to carrier
proteins than 2f. They penetrate the BBB barrier with medium
ease. Since they do not inhibit the Cytochrome P450 2D6 enzyme,
the compounds can readily undergo hydroxylation in the first
phase of metabolism and will be excreted as glucuronides. Com-
pounds 2f and 2a are non-toxic, which is in accordance with the al-
ready presented results.
Table 5
Predicted ADMET properties for examined anticoagulants.

Comp. ADMET parameter

IAa Sb BBBc CYTP2D6d PPBe AlogP98f PSAg Hh

2a 0 3 2 0 2 �0.753 88.595 0
2b 0 4 3 1 2 0.541 77.171 1
2c 0 3 3 0 2 1.513 56.341 0
2d 0 4 3 0 2 �0.547 56.341 0
2e 0 3 2 0 0 2.226 112.683 0
2f 0 3 2 0 1 2.164 112.683 0
2g 0 3 4 0 2 �0.204 120.998 0
2h 3 3 4 0 1 1.996 151.341 1

a Intestinal absorption (0: good, 1: moderate; 2: poor; 3: very poor).
b Solubility level (0: extremely low; 1: no, very low, but possible; 2: yes, very

low; 3: yes, good; 4: yes, optimal; 5: no, too soluble).
c Blood–brain barrier penetration (0: very high; 1: high; 2: medium; 3: low; 4:

undefined).
d Cytochrome P450 2D6 enzyme inhibition (0: non-inhibitor; 1: inhibitor).
e Plasma-protein binding (0: <90%; 1: >90%; 2: >95%).
f Atom-based LogP (6�2.0 or P7.0: very low absorption).
g Polar surface area (>150: very low absorption).
h Hepatotoxicity (0: non-toxic; 1: toxic).
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4. Conclusions

In evaluation of the in vivo anticoagulant activity of compounds
2a–h, two of them, 2f, and 2a, presented high activity in concentra-
tion of 2 mg/kg of body weight. The prothrombin times of 2f and 2a
were 130 and 90 s, respectively. Biochemical screening of serum
and liver samples showed that the compounds do not cause hepa-
tocyte necrosis and oxidative stress, which was also confirmed by
histopathological studies. Molecular docking of compounds into
the rat VKORC1 active site provided insight into the structural as-
pects required for activity and indicated a non-covalent mecha-
nism of action. All important chemical features were confirmed
in the generated structure-based 3-D pharmacophore model. The
chroman-2,4-dione rings of both 2f and 2a are attracted by
Tyr139 through strong hydrophobic interactions. More compact
binding of 2f into the active site is attributed to the formation of
a spatial pocket around Tyr139 between the two chroman-2,4-
dione cores as a consequence of ethylenediamine backbone confor-
mation. The described hydrophobic attractions were characterized
in terms of Hy chemical features. Upon reversible binding, Cys135
releases a thiol group proton towards the 4-carbonyl group of the
first chroman-2,4-dione ring of 2f and to the corresponding 4-car-
bonyl group of 2a, which was confirmed by HBA 3-D pharmaco-
phore spheres. According to computational ADMET evaluation, 2f
and 2a are drug-like compounds.
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