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Cathepsins, intracellular proteases, are known to be involved in a number of physiological processes
ranging from degradation of extracellular proteins, prohormone processing, progressions of atherosclero-
sis, etc. High levels of cathepsins have been indicated in various pathological conditions like arthritis, can-
cer and other tissue degenerative disorders. One of the reasons attributed to these high levels is decrease
in inhibitor concentration. Therefore, the work on the identification of small molecular weight com-
pounds as inhibitors of cysteine proteases is of great therapeutic significance. Exploring this work in
the same direction, we here present the synthesis of substituted N-formylpyrazolines and N-benzoylpy-
razolines and study these as inhibitors to cysteine proteases. After a preliminary screening of the com-
pounds as inhibitors to cysteine proteases in general, studies were carried out to study their inhibitory
effects on cathepsin B and cathepsin H. SAR studies show that N-formylpyrazolines were better inhibitors
than N-benzoylpyrazolines. The most potent inhibitors among the two series were nitro substituted com-
pounds 1i and 2i with Ki values of �1.1 � 10�9 M and 19.5 � 10�8 M for cathepsin B and Ki values of
�5.19 � 10�8 M and 9.8 � 10�7 M for cathepsin H, respectively. Docking experiments showing interac-
tion between N-formylpyrazolines and N-benzoylpyrazolines with enzyme active sites structures also
provided useful insights.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cysteine proteases are the center of attention in synthetic pro-
tease inhibitor development for chemotherapy of a number of dis-
eases. It has been revealed through literature studies that
cathepsin B is by far the most abundantly expressed mammalian
cathepsin. Increased expression of cathepsin B levels in patients
with heart failure suggests its role in the genesis and development
of cardiac disease [1]. Furthermore, cathepsin B is negatively corre-
lated with other pathological conditions like pancreatitis [2,3]
osteoarthritis [4], gastric cancer [5], oral cancer metastasis [6],
colorectal cancer [7] and ovarian cancer [8,9]. Cathepsin H, an ami-
nopeptidase, is also associated with various pathological condi-
tions like human fibrous meningioma [10], colorectal cancer [11],
arthritis [12], human prostate tumor [13] and lung cancer [14].

Literature survey suggests that a large work has been
accomplished on peptides or peptidyl analogues as inhibitors to
cysteine proteases [15,16]. Various compounds such as flavones
[17] (I), aldehyde [18] (II), acyloxymethyl ketone [19] (III),
cyclopropenones [20] (IV) and nitriles [21] (V) as peptidyl or thi-
adiazoles [22] (VI) and epoxide [23] (VII) have also been reported
as (peptidyl and non peptidyl) inhibitors of cathepsin B are shown
in Fig. 1.

Peptidyl inhibitors are not considered to be viable drug candi-
dates for treating diseases like cancer, apoptosis, etc. because of
gastric instability or the possibility of immunogenic reactions.
Keeping in view the involvement of cathepsins B and H in different
inflammatory and cancerous conditions research on non-peptidyl
drugs has become an important aspect in drug research and devel-
opment [24,25].

Low molecular weight compounds with different functionalities
have also been identified as cysteine protease inhibitors and their
potential use as anti parasitic agents [26–29] has been reported.

Pyrazole nucleus having two aryl substituent increased in vitro
cytotoxic activity against human cancer cell lines [30]. Pyrazolines
have also been reported to possess antibacterial [31], antifungal
[32], antiviral [33], antiparasitic [34], antitubercular [35], insecti-
cidal agents [36], antipyretic [37], diuretic [38], antidiabetic [39],
tranquillizing [40], muscle relaxant [41], psychoanaleptic [42],
anticonvulsant [43], antihypertensive [44], antidepressant [45]
and anticancer [46] activities. They have also been found to be
Nitric oxide synthase (NOS) inhibitors and had shown Cannabinoid
CB1 receptor antagonist activity [47].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioorg.2014.07.012&domain=pdf
http://dx.doi.org/10.1016/j.bioorg.2014.07.012
mailto:nraghav.chem@gmail.com
http://dx.doi.org/10.1016/j.bioorg.2014.07.012
http://www.sciencedirect.com/science/journal/00452068
http://www.elsevier.com/locate/bioorg


%
re

si
du

al
 a

ct
iv

it
y

Fig. 1. Effect of substituted N-formylpyrazolines and N-benzoylpyrazolines on the
endogenous proteolytic activity for 3 h and 24 h reaction. The data in each bar
represents the % residual activity in presence of individual compound w.r.t. control
taken as 100.
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We have previously reported the effect of some semicarba-
zones, thiasemicarbazones, pyrazoles and pyrazolines as inhibitors
of endogenous proteolytic activities [48–53]. Recently we have
reported bischalcones and their derivatives [54]; acylhydrzides
[55]; o-hydroxychalcones and their cyclized derivatives [56] as
novel inhibitors of cathepsins B and H. Evaluation of pyrazolines
as anti-inflammatory and anticancer agents and role of cathepsins
B and H in these diseased conditions emphasize the importance of
study of pyrazoline derivatives as inhibitors [57] of these enzymes.
Toward this endeavor, in the present study we report the synthesis
and screening of N-formyl and N-benzoylpyrazolines as cathepsins
B and H inhibitors not reported earlier. The present study may pro-
vide new therapeutic opportunities in cancer treatment. The
results are further compared with in silico studies which support
the postulation that synthesized compounds may act as enzyme
inhibitors.

2. Materials and methods

All the chemicals (analytical grade) and biochemicals Fast Gar-
net GBC (o-aminoazotoluene diazonium salt, substrate a-N-ben-
zoyl-D,L-arginine-2-naphthylamide (BANA) and Leu-ßNA were
purchased either from Sigma Chemical Co., USA or from Bachem
Feinchemikalien AG, Switzerland. The protein sample was concen-
trated using Amicon stirred cells with YM 10 membrane under
nitrogen pressure of 4–5 psi. The source of enzyme, fresh goat liver,
was obtained from local slaughter house.

2.1. General procedure

Melting points were determined in open capillary tubes and are
thus uncorrected. All the chemicals and solvents used were of lab-
oratory grade. IR spectra (KBr, cm�1) were recorded on a Perkin
Elmer spectrometer. 1H NMR spectra was recorded on Bruker
300 MHz NMR spectrometer (chemical shifts in d ppm) using
TMS as an internal standard. Thin layer chromatography on alumi-
num plates percoated with silica gel G (Merck) in various solvent
systems using iodine vapors as detecting agent or by irradiation
with ultraviolet lights (254 nm) were used to monitor progress of
reaction. ELISA plate reader was used for measuring absorbance
in the visible range. Refrigerated ultracentrifuge Remi C-24BL
was used for centrifugation purpose.

2.2. Synthesis of compounds

2.2.1. General method for the synthesis of N-formylpyrazolines [58]
A mixture of chalcone (0.01 moles), hydrazine hydrate

(0.02 moles) and formic acid (0.01 moles) was refluxed for 6 h in
absolute ethanol (50 mL). The solution was kept for cooling at
room temperature, and the solid formed was filtered off, washed
with water, dried and recrystallized from ethanol.

2.2.2. General method for the synthesis of N-benzoylpyrazolines [59]
Equimolar mixture of chalcone and benzoic hydrazide was

refluxed for 6 h in absolute ethanol in the presence of a few drops
of acetic acid as catalyst. The solution was kept for cooling at room
temperature, and the solid formed was filtered off, washed with
water, dried and recrystallized from ethanol.

The characterization of all the compounds has been done on the
basis of literature melting points, IR and 1H NMR spectral data
which has been provided in the Supplementary data.

2.3. Proteolytic studies

2.3.1. Preparation of liver homogenate
Goat liver, purchased fresh from the local slaughter house was

washed with cold isotonic saline solution. The tissue was then
homogenized in 0.1 M acetate buffer pH 5.5 containing 0.2 M NaCl
in a mixer-cum-blender to obtain 10% (w/v) homogenate and was
stored at 4 �C.

2.3.2. Assay for proteolytic activity
The proteolytic activity was estimated at pH 5.0, 37 �C using

0.1 M acetate buffer as the incubation medium. The homogenate
prepared above was incubated with the buffer at 37 �C for 3 h
and 24 h, separately. The reaction was stopped by the addition of
TCA and the resulting solution was centrifuged to precipitate pro-
teins. The acid soluble proteins were quantitated in the superna-
tant using Bradford method [60]. The experiments were
conducted in triplicate and the results are presented in Table 1
(Fig. 1).

2.3.3. Purification of goat liver cathepsin B and cathepsin H
All the purification steps were carried out at 4 �C. Cathepsin B

and H were isolated, separated and purified as reported previously
[54] including the steps of acetone powder preparation, homogeni-
zation, acid-autolysis, 30–80% ammonium sulfate fractionation,
molecular sieve chromatography on Sephadex G-100 column chro-
matography and finally ion-exchange chromatographies on CM-
Sephadex C-50 and DEAE Sephadex A-50 column. The enzymes
were sufficiently pure to carry out enzyme assays in order to see
the inhibitory effects of synthesized compounds with the help of
specific synthetic substrates. The purity of enzymes after the above
mentioned procedure has been checked by electrophoresis to a sin-
gle band homogeneity and has been reported [61,62]. The specific
activities of the cathepsin B and cathepsin H obtained were �11.15
and �22.91 nmol/min/mg, respectively.

2.3.4. Effect of synthesized compounds on the activity of cathepsin B
and cathepsin H

The activities of cathepsin B were estimated at varying concen-
trations of synthesized compounds (Fig. 2a and b), separately. First
of all, enzyme was equilibrated in 0.1 M phosphate buffer, pH 6.0
at 37 �C. The stock solutions of compounds were prepared in
DMSO. Appropriate amount of individual compounds at different
concentrations were added in the reaction mixture separately.
After incubation time of 30 min. residual enzyme activity was esti-
mated by the usual enzyme assay [54] at pH 6.0 using a-N-ben-
zoyl-D,L-arginine-2-naphthylamide (BANA) as substrate. The
experiments were performed in triplicate for each concentration
and averaged before further calculations. The % activity in each
case has been calculated with respect to the control where no com-
pound was added but an equivalent amount of solvent was pres-
ent. The results are presented in Table 1. Similar experiments



Table 1
Enzyme inhibition studies in presence of substituted N-formylpyrazolines and N-benzoylpyrazolines.

S. no. Compound name (Protease activity) Enzyme inhibition studies

% Residual activity at
10�4 M concentration of
compounds

Cathepsin B Cathepsin H

3 h
incubation

24 h
incubation

% Residual
activity at
(Z) � 10�6 M
concentration of
compounds

Ki (10�8 M) % Residual
activity at
(Z) � 10�5 M
concentration of
compounds

Ki (10�8 M)

Control 100 100 100 100
1. N-formyl-3,5-diphenylpyrazoline (1a) 67.2 ± 5.9 69.20 ± 6.2 67.21 ± 6.6 (0.1) 2.27 ± 0.21 76.78 ± 6.9 (0.1) 17.4 ± 1.74
2. N-formyl-5-(-20-chlorophenyl)-3-phenylpyrazoline (1b) 34.43 ± 3.2 37.75 ± 3.4 57.12 ± 3.5 (0.1) 1.80 ± 0.17 61.38 ± 4.9 (0.1) 13.5 ± 1.35
3. N-formyl-5-(-30-chlorophenyl)-3-phenylpyrazoline (1c) 32.40 ± 3.2 35.10 ± 3.4 34.610 ± 0.3 (0.1) 1.46 ± 0.14 49.57 ± 3.0 (0.1) 13.0 ± 1.30
4. N-formyl-5-(-40-chlorophenyl)-3-phenylpyrazoline (1d) 52.29 ± 5.8 61.77 ± 6.0 66.25 ± 5.7 (0.1) 2.11 ± 0.20 69.38 ± 6.1 (0.1) 13.7 ± 1.32
5. N-formyl-5-(-20-methoxyphenyl)-3-phenylpyrazoline (1e) 89.11 ± 7.7 89.87 ± 8.9 91.82 ± 0.9 (0.1) 6.68 ± 0.66 92.97 ± 8.6 (0.1) 38.7 ± 3.86
6. N-formyl-5-(-30-methoxyphenyl)-3-phenylpyrazoline (1f) 81.92 ± 6.7 82.00 ± 7.7 89.76 ± 8.3 (0.1) 4.55 ± 0.45 86.03 ± 8.0 (0.1) 27.2 ± 2.70
7. N-formyl-5-(-40-methoxyphenyl)-3-phenylpyrazoline (1g) 76.20 ± 7.5 77.20 ± 7.6 82.87 ± 0.7 (0.1) 4.48 ± 0.44 80.06 ± 7.6 (0.1) 22.1 ± 2.20
8. N-formyl-5-(-20-nitrophenyl)-3-phenylpyrazoline (1h) 22.17 ± 1.8 22.24 ± 2.1 28.89 ± 0.2 (0.1) 1.41 ± 0.14 30.20 ± 2.7 (0.1) 9.63 ± 0.96
9. N-formyl-5-(-30-nitrophenyl)-3-phenylpyrazoline (1i) 6.000 ± 0.5 6.280 ± 0.6 10.410 ± 0.9 (0.1) 0.11 ± 0.01 14.15 ± 1.0 (0.1) 5.19 ± 0.51

10. N-formyl-5-(-40-nitrophenyl)-3-phenylpyrazoline (1j) 8.140 ± 0.7 8.20 ± 0.7 23.47 ± 1.1 (1.0) 1.13 ± 0.11 27.64 ± 1.4 (1.0) 5.80 ± 0.58
11. N-benzoyl-3,5-diphenylpyrazoline (2a) 33.10 ± 3.2 36.20 ± 3.6 40.17 ± 3.3 (1.0) 115.2 ± 11.0 66.19 ± 6.6 (1.0) 320 ± 3.20
12. N-benzoyl-5-(-20-chloro phenyl)-3-phenylpyrazoline (2b) 51.19 ± 4.1 53.10 ± 5.0 29.28 ± 2.8 (1.0) 77.5 ± 7.75 55.13 ± 4.4 (1.0) 189 ± 0.18
13. N-benzoyl-5-(-30-chloro phenyl)-3-phenylpyrazoline (2c) 75.51 ± 6.5 76.01 ± 3.3 27.51 ± 2.7 (1.0) 67.7 ± 6.76 44.20 ± 3.5 (1.0) 181 ± 1.80
14. N-benzoyl-5-(-40-chloro phenyl)-3-phenylpyrazoline (2d) 65.19 ± 5.2 66.20 ± 3.2 32.54 ± 3.0 (1.0) 92.5 ± 9.25 62.47 ± 5.5 (1.0) 301 ± 3.00
15. N-benzoyl-5-(-20-methoxyphenyl)-3-phenylpyrazoline (2e) 90.21 ± 8.9 91.21 ± 7.6 82.66 ± 5.9 (1.0) 490.1 ± 49.0 79.37 ± 7.6 (1.0) 965 ± 9.61
16. N-benzoyl-5-(-30-methoxy phenyl)-3-phenylpyrazoline (2f) 80.20 ± 7.5 81.10 ± 7.4 58.17 ± 5.2 (1.0) 159.4 ± 15.90 76.06 ± 7.0 (1.0) 503 ± 50.1
17. N-benzoyl-5-(-40-methoxy phenyl)-3-phenylpyrazoline (2g) 82.59 ± 8.0 88.20 ± 7.5 51.85 ± 4.0 (1.0) 127.7 ± 12.77 69.69 ± 6.7 (1.0) 410 ± 41.1
18. N-benzoyl-5-(-20-nitrophenyl)-3-phenylpyrazoline (2h) 28.34 ± 2.2 31.08 ± 1.8 26.46 ± 2.1 (1.0) 57.2 ± 5.72 34.77 ± 2.9 (1.0) 144 ± 1.42
19. N-benzoyl-5-(-30-nitrophenyl)-3-phenylpyrazoline (2i) 7.90 ± 0.8 8.000 ± 0.5 20.77 ± 1.8 (1.0) 19.5 ± 1.95 27.49 ± 2.7 (1.0) 98 ± 9.80
20. N-benzoyl-5-(-40-nitrophenyl)-3-phenylpyrazoline (2j) 8.20 ± 0.8 8.27 ± 0.7 21.46 ± 2.1 (1.0) 28.7 ± 2.87 28.77 ± 2.6 (1.0) 127 ± 12.65

The TCA soluble peptides were estimated at 630 nm using Bradford method [48] and the results are the mean and S.M.D. of the experiment conducted in triplicate and is
calculated as % residual protease activity in 0.1% liver homogenate w.r.t. control where no compound was added but an equivalent amount of solvent was present. Cathepsin B
and cathepsin H activities were calculated using BANA and Leu-bNA as substrates at pH 6.0 and 7.0, respectively. The enzyme activity was determined at minimum inhibitory
concentration of each compound given in parenthesis. The specific activity of the cathepsin B and cathepsin H were �11.15 nmol/min/mg and �22.91 nmol/min/mg,
respectively. In order to determine Ki values, experiments were conducted in triplicates in presence and absence of a fixed concentration of different compound, separately.
The results were then plotted between 1/V and 1/S to obtain Line-weaver Burk plots and all the compounds were established as competitive inhibitors. The Ki values were
calculated using Line-weaver Burk equations for competitive inhibition.
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were designed to evaluate the effect of varying concentrations of
synthesized compounds separately on cathepsin H using LeußNA
as substrate [54] at pH 7.0 (Fig. 2c and d).

2.3.5. Kinetic studies of synthesized compounds on cathepsin B and
cathepsin H

After establishing the inhibitory action of synthesized com-
pounds on cathepsin B, experiments were designed to evaluate
the type of inhibition and to determine the Ki value of these com-
pounds on respective enzymes. For that, enzyme activities were
evaluated at different substrate concentrations in presence and
absence of a fixed concentration of inhibitor. The enzyme concentra-
tion was kept constant in all the experiments. Line-weaver Burk plot
were drawn between 1/S and 1/V in presence and absence of differ-
ent series of compounds on cathepsin B (Fig. 3a and b) and cathepsin
H (Fig. 3c and d). And the Ki values were calculated using the Line-
weaver Burk equation for competitive inhibition Km

0 = Km(1 + I/Ki).

2.4. Drug modeling studies

All docking studies were performed using iGemdock. For these
studies, small molecular weight ligands and enzyme active site
structure is required. The structure of cathepsin B [63] and cathep-
sin H [64] were retrieved from Protein Data Bank as (cav2IPP
B_PYS.pdb), and (cav8PCH H_NAG.pdb), respectively. The active
site box was selected as such provided in the pdb file of 8 Å radius
excluding the reference ligands. The structures were prepared in
Marvin sketch, minimized and were saved as MDL Mol File. The
prepared ligands and the binding site were loaded in the iGemdock
software and docking was started by setting the GA-parameters at
drug screening setting with population size 200, generation 70 and
no of solutions 3. The results presented in Table 2 pertain to the
interaction data. Fitness is the total energy in kcal/mol of a pre-
dicted pose in the binding site. The empirical scoring function of
iGemdock is the sum total of Van der Waal, H-bonding and electro-
static energy. The best docked pose of the substrates in the active
site of cathepsins B and H along with the most inhibitory or the ref-
erence compounds are shown in Fig. 4.

3. Result and discussion

All the synthesized substituted N-formylpyrazolines and substi-
tuted N-benzoylpyrazolines (Scheme 1) show a characteristic IR
absorption peak. The structure elucidation of compounds was based
on the spectral data (IR & 1H NMR). The IR spectra showed mainly
stretching bands at 1610–1580, 1600–1450 and 2950–2800 cm�1

assigned to (C@N), aromatic (C@C) and (CAH) functionalities,
respectively. In the 1H NMR spectrum, an ABX pattern was observa-
ble; Ha, Hb and Hx appear as double doublets at d 3.10–3.30, 3.75–
3.80 and 5.40–5.50 ppm with (Jab = 16.2–18.0 Hz, Jax = 4.5–7.2 Hz,
Jbx = 10.8–12.3 Hz). The protons of the aromatic ring were observed
at 7.03–7.76 ppm in case of N-benzoylpyrazolines and the formyl
proton appeared as a singlet at 8.90 ppm in case of N-
benzoylpyrazolines.

3.1. Effect of synthesized compounds on in vitro endogenous
proteolysis in liver homogenate

Table 1 presents the results of proteolytic studies conducted at
pH 5.0 on endogenous protein substrate in presence of different



Fig. 2. Effect of N-formylpyrazolines, 1a–1j, (a) and N-benzoylpyrazolines, 2a–2j, (b), on cathepsin B activity. Effect of N-formylpyrazolines, 1a–1j, (c) and N-
benzoylpyrazolines, 2a–2j, (d) on cathepsin H activity. Results are mean of experiments conducted in triplicate. % Residual activities are presented w.r.t. control which contain
equivalent amount of solvent.

Fig. 3. Line-weaver Burk plot for cathepsin B at varying concentrations of BANA in presence of 1 � 10�7 M concentration of N-formylpyrazolines (a), 1 � 10�6 M
concentration of N-benzoylpyrazolines (b), respectively at pH 6.0. The Km value for control have been found to be 3.64 � 10�4 M. Line-weaver burk plot for cathepsin H on
varying concentrations of leu-ßNA in presence of 1 � 10�6 M concentration of N-formylpyrazolines (c), 1 � 10�5 M concentration of N-benzoylpyrazolines (d), respectively at
pH 7.0. The Km value for control have been found to be 5.34 � 10�4 M. The Ki values as calculated from this graph are presented in Table 1.
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compounds separately at 10�4 M. It can be observed that proteolytic
activity is inhibited appreciably in presence of these compounds.
Further, it was found that the inhibition was more at 3.0 h and less
at 24.0 h suggesting that inhibition caused by the compounds is of
reversible type because initial inhibition caused by the compounds
is reversed when incubated for a longer time. The compounds bear-
ing nitro group led to a dramatic decrease in proteolytic activity and
showed higher inhibition than those of the corresponding



Fig. 4. Docking results showing the alignment of most inhibitory compounds along with the substrate in the active site of cathepsin B (cav2IPP B_PYS.pdb) and LeußNA in the
active site of cathepsin H (cav8PCH H_NAG.pdb). Here (a and b) show alignment of 1i and 2i, along with BANA in the active site of cathepsin B (cav2IPP B_PYS.pdb),
respectively; and (c and d) show the alignment of 1i and 2i along with Leu ßNA in the active site of cathepsin H (cav8PCH H_NAG.pdb), respectively.
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compounds with methyl or methoxy group at the same position
indicating that activity decreases in presence of electron withdraw-
ing groups whereas it is less affected by the presence of electron
donating groups. A similar trend has previously been reported for
semicarbazones [49], phenylhydrazones [50] and arylhydrazones
[51]. Concrete conclusions about the structure activity relationship
and the potency of compounds cannot be drawn at this stage
because at this pH a large number of proteases are present in the
homogenate which are responsible for hydrolysis of proteins. At
pH 5.0, where most of the proteolytic activity is attributed to cys-
teine proteases it was thought proper to study the effect of synthe-
sized compounds on purified cathepsin B and cathepsin H.

3.2. Effect of synthesized compounds on the activities of cathepsin B
and cathepsin H

The activities of cathepsin B and cathepsin H were estimated at
varying concentrations of title compounds (Fig. 2a–d), respectively.
The figures show the relationship between the enzyme activity and
concentration of different compounds. It can be observed that at
10�4 M concentration of each compound, where proteolytic activ-
ity was not completely blocked, cathepsins B and H were com-
pletely inhibited emphasizing the importance of study on
individual enzymes. The results also imply that in addition to
cathepsins B and H other cysteine proteases are also active at pH
5.0 and are responsible for the proteolytic activities which are
insensitive toward the designed compounds signifying that the
compounds act as specific inhibitors of cathepsins B and H. Among
the various compounds tested, N-formyl-5-(-30-nitrophenyl)-3-
phenylpyrazoline (1i) was found to be most inhibitory to cathep-
sin B and cathepsin H activity in series of N-formylpyrazolines.
Similar trend was observed in case of N-benzoylpyrazolines where
2i was evaluated as most inhibitory. It has been found that cathep-
sin B and cathepsin H activity is maximally inhibited by the nitro
substituent in both the series.

3.3. Enzyme kinetic studies

Line-weaver Burk plots drawn in presence and absence of inhib-
itors for cathepsin B (Fig. 3a and b) and for cathepsin H (Fig. 3c and
d) separately show that the plots of 1/V vs 1/S were straight lines
intersecting at the Y-axis with constant Vmax values in all the com-
pounds whereas the value of Km changed in presence of each com-
pound. These studies suggested a competitive type of inhibition
exhibited by these compounds. Using the Line-weaver Burk equa-
tion for competitive inhibition the Ki values were calculated, which



Table 2
Docking studies showing decrease in different energies of cathepsin B & H in presence of substituted N-formylpyrazolines and N-benzoylpyrazolines.

Compound Enzyme

Cathepsin B Cathepsin H

Total energy, kcal/
mol

VDW, kcal/
mol

HBond, kcal/
mol

Electronic, kcal/
mol

Total energy, kcal/
mol

VDW, kcal/
mol

HBond, kcal/
mol

Electronic, kcal/
mol

BANA �128.61 �87.34 �38.19 �3.08 – – – –
Leupeptin �113.44 �88.45 �25.00 0 – – – –
Leu-bNA – – – – �77.01 �61.81 �15.21 0
LeuCH2Cl – – – – �59.12 �46.12 �13 0
1a �80.16 �63.99 �16.18 0 �77.06 �70.16 �6.89 0
1b �83.90 �68.50 �15.40 0 �77.60 �68.09 �9.5 0
1c �82.27 �65.47 �16.80 0 �80.82 �73.84 �6.97 0
1d �81.27 �64.33 �16.94 0 �79.40 �69.18 �10.22 0
1e �84.11 �66.30 �17.82 0 �79.63 �69.13 �10.50 0
1f �82.33 �71.85 �10.49 0 �83.50 �76.50 �7.00 0
1g �83.66 �66.27 �17.39 0 �84.89 �72.98 �11.92 0
1h �93.63 �65.00 �28.63 0 �94.42 �68.37 �25.66 �0.38
1i �89.40 �59.53 �30.36 0.49 �93.28 �70.78 �22.50 0
1j �84.79 �67.80 �17.28 0.29 �90.38 �71.08 �18.66 �0.64
2a �91.38 �77.80 �13.57 0 �82.09 �71.16 �10.92 0
2b �99.23 �84.80 �14.43 0 �84.34 �73.93 �10.41 0
2c �96.42 �82.94 �13.48 0 �82.04 �71.028 �11.02 0
2d �96.36 �82.24 �14.12 0 �84.54 �74.94 �9.60 0
2e �97.53 �83.87 �13.66 0 �88.21 �76.21 �12.00 0
2f �95.52 �78.43 �17.09 0 �87.09 �76.59 �10.50 0
2g �96.89 �82.44 �14.44 0 �88.37 �74.59 �13.78 0
2h �102.48 �73.86 �29.07 0.46 �93.00 �76.90 �15.70 �0.39
2i �110.71 �81.43 �29.28 0 �99.53 �68.57 �30.43 �0.52
2j �106.98 �78.58 �28.10 �0.30 �95.23 �76.90 �18.34 0

The results are one of the docking experiments run using iGemdock under drug screening settings. The ligands were loaded as MDL mol file. The active site was extracted
from the structure of cathepsin B and cathepsin H were retrieved from Protein Data Bank (http://www.rcsb.org/) as cav2IPP B_PYS.pdb [48], and (cav8PCH H_NAG.pdb) [49],
respectively.
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have been compiled in Table 1. The Ki value of most inhibiting
compound for cathepsin B in the corresponding series i.e. N-form-
ylpyrazolines and N-benzoylpyrazolines has been evaluated as
�1.1 � 10�9 M and 19.5 � 10�8 M for compounds 1i and 2i, respec-
tively; similarly for cathepsin H, these compound showed maxi-
mum inhibition with Ki values �5.19 � 10�8 M and 9.8 � 10�7 M
respectively. We have demonstrated here that in general, these
compounds showed more inhibition on cathepsin B activity in
comparison to cathepsin H. Analysis of the effect of these com-
pounds on cathepsin B and cathepsin H by the combination of ser-
endipitous biological selectivity with target-directed chemical
specificity suggests an optimistic future for their use as cysteine
protease inhibitors as therapy in a number of disease processes.
In order to ascertain inhibition ability of the studied compounds,
results were compared with potential inhibitors of cathepsin B
e.g. Leupeptin and cathepsin H e.g. Leu-CH2ACl, respectively. As
reported in literature, Leupeptin being a potential peptide inhibitor
of cathepsin B [65], inhibited the goat brain cathepsin B [61] com-
petitively with Ki value of 12.5 � 10�9 M whereas Ki value for
human liver cathepsin B [66] was reported to be 7.0 � 10�9 M. In
contrast, Ki value for human liver cathepsin [67] H was reported
to be 9.2 � 10�6 M. Inhibition by leupeptin has been attributed to
the exact complementarily of peptidyl side chain and the active
site directed formyl group that is susceptible to nucleophilic attack
by the thiol group present at the active site of both these enzymes.
It can be observed that leupeptin showed �98.8% inhibition at
10�6 M concentration for cathepsin B whereas it showed �51.8%

inhibition at 10�5 M concentration for cathepsin H which is in
accordance with the previously reported results. Similarly, Leu-
CH2ACl showed �9.3% inhibition at 10�5 M concentration for
cathepsin B whereas it showed �93.5% inhibition at 10�5 M con-
centration for cathepsin H. The results obtained are comparable
with earlier results reported for brain cathepsin B [68] and cathep-
sin H [62]. In the present context, we observed that the inhibition
of cathepsin B caused by the compound, 1i, is quite comparable to
leupeptin where the Ki value for the title compound has been
found to be 1.1 � 10�9 M. Inhibition caused by 1i is quite signifi-
cant where there is no complementary binding site in the molecule
as is present in leupeptin. N-formylated pyrazolines show more
inhibition due to better electrophilic center as compared to N-ben-
zoylated pyrazolines and therefore are better inhibitors for these
enzymes. In addition, the significance of benzoylated pyrazolines
can be well correlated with indomethacin which is p-chloro ben-
zoyl derivatives of indole acetic acid, the compound act as a non
steroid anti-inflammatory drug and is known to inhibit cyclooxy-
genase enzyme responsible for inflammation. It may be worth
mentioning here that lysosomes have long been reported as agents
of inflammation in polyarthritis, bacterial endotoxicity and rheu-
matoid arthritis [69–71]. The anti-inflammatory activity of indo-
methacin can be assigned due to cyclooxygenase inhibition as
well as inhibition of cathepsins [72]. The synthesized pyrazoline
derivatives have been found to inhibit cathepsin B and H up to
sub nanomolar range indicating the possible use of title com-
pounds as anti-inflammatory compounds.

3.4. Molecular docking experiment

Docking methods can provide valuable insight into the binding
mode between the ligand and the enzyme active site thereby have
an important role in the understanding of ligand–enzyme interac-
tions. On the basis of the interaction data of docking experiments

http://www.rcsb.org/
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that include total energy and individual energy terms, an indicative
of the fitness of a predicted pose in the binding site, it is suggested
that the level of interaction is highest for N-benzoylpyrazolines
(2a–2j) followed by N-formylpyrazolines (1a–1j) with the active
site of cathepsin B and the same order is found in case of cathepsin
H (Table 2). In cathepsin B, all the compounds showed a lesser
interaction than the peptidyl inhibitor, leupeptin. Decrease in total
energy (kcal/mol) for leupeptin–cathepsin B has come out be
�113.44 which is quite close to substrate BANA-128.61 in compar-
ison to the compounds under consideration. This is due to peptide
protein interaction. Leupeptin is peptidyl in nature and flexibility
in the peptide molecule provide better interactions and therefore
binds effectively with the enzyme active site resulting in higher
binding energy. The synthesized compounds are smaller in struc-
ture and provide lesser interaction area. This is further explained
while discussing the docking results of cathepsin H. From molecu-
lar docking experiments, it can be interpreted that the compounds
should inhibit cathepsin B to a lesser extent in comparison to leu-
peptin. We have found that the most inhibitory compound, 1i,
inhibited the enzyme with the Ki value of 1 � 10�9 M which is
equivalent to leupeptin (detailed before). Thus, the present study
justifies its importance that mere computational data may not be
helpful in designing the enzyme inhibitors that eventually can
evolve as therapeutic agent. An experimental in vitro study is
equally or more informative.

Fig. 4a and b shows the docked view of most inhibitory com-
pounds, 1i and 2i along with the substrate BANA in the active site
of cathepsin B. The docked view of standard inhibitor leupeptin
along with BANA has been displayed in Fig. 4c for comparison.
The amino acid of the active site involved in the H-bonding with
the compound is detailed as green, the structure of the compound
is shown as thin lines. It can be observed that active site amino
acids Cys-29, His-199 interact with the most inhibitory compound
as well as with the leupeptin. Therefore, we can observe that inter-
action of designed compounds with the active site of the enzyme is
similar to that of leupeptin. Literature reports that leupeptin is a
competitive inhibitor of the enzyme cathepsin B therefore we
expect that the compounds should also inhibit the enzyme in a
competitive manner. Docking experiments supports the in vitro
studies. It can further be distinguished from these figures that
the compounds and leupeptin are in alignment with substrate
BANA and bind at the same site of enzyme. On comparing the
docking energies of the most inhibitory formyl and benzoyl pyraz-
olines, 1i and 2i, with the most inhibitory previously reported [57]
most inhibitory 1,3,5-triphenylpyrazolines and 3,5-diphenylpyraz-
olines we found that for cathepsin B compounds, 2d and 4d, which
are also nitro substituted show a decrease in total energy of inter-
action approx 90–86 kcal/mol. It can further be observed that func-
tionalization of pyrazolines resulted in significant inhibition of
cathepsin B thus validating the significance of present study. The
most inhibitory 1,3,5-triphenylpyrazolines and 3,5-diphenylpyraz-
olines, 2d and 4d, previously reported from our work exhibited Ki

values for cathepsin B in 42 nM and 53 nM, respectively however
in the present study we have found that formylated pyrazoline
1i, exhibited a Ki value in 1 nM, equivalent to leupeptin, is also a
formylated peptidyl inhibitor.

In cathepsin H, the decrease in total energy for the reference
inhibitor Leu-CH2Cl was less as compared to all the designed com-
pounds (Table 2). Here, it can be seen that though Leu-CH2Cl is spe-
cific inhibitor for cathepsin H [71], but possess only one amino acid
residue as compared to leupeptin–cathepsin B complex. Therefore,
the leu-CH2Cl-cathepsin H interaction causes a lesser decrease in
energy of �59.12 kcal/mol only. The interaction energy data sug-
gest the compounds are better inhibitors than the standard leu-
CH2Cl. The docked view of most inhibitory compounds, 1i and 2i
along with leu-bNA in the active site of cathepsin H are presented
in Fig. 4d and e. For comparison Fig. 4f, detailing the interaction of
leu-CH2Cl along with leu-bNA is also provided here. All these com-
pounds interact with amino acyl acceptor site of the enzyme.
Amino acids Ser-69, Gln-78 and Asn-112 interact with the 1i, 2i
and leu-CH2Cl as well as leu-bNA, therefore indicating a competi-
tive inhibition caused by these compounds, which is confirmed
by enzyme kinetic studies. The results reported here are slightly
different from previously reported 1,3,5-triphenylpyrazolines and
3,5-diphenylpyrazolines, where 2b and 4b which are chloro-
substituted were the most inhibitory compounds with the Ki val-
ues of 1.17 and 1.56 lM, respectively. However the corresponding
nitro substituted compounds were also found to exhibit significant
Ki values of 2.3 and 3.3 lM. Overall we can conclude that electron
withdrawing groups affected the inhibitory potential of the
compounds.

In the present work we can see that although the in vitro inhibi-
tion and in silico interaction data do not correlate well but type of
inhibition exhibited by these compounds can be visualized from
the docked poses and interacting amino acids. In both the enzymes,
the enzyme–ligand interaction data is more for benzoylated pyraz-
olines than formylated pyrazolines. A plausible explanation can be
proposed on the basis of more interaction surface area provided by
phenyl group in computational studies and a prone electrophilic
center of formyl group responsible for more inhibitory potential
of formyl group. In these two series of compounds, benzoyl group
can provide more interaction sites due to the larger surface area
as compared to H-present in formylated compounds, therefore
the decrease in energy as found in computational study is more
as compared to formyl group. However in formylpyrazolines, the
electrophilic center i.e. HAC@O is more susceptible to ASH nucleo-
philic attack when compared with C6H5AC@O site present in ben-
zoylpyrazolines. The in vitro studies show the actual inhibitory
potency of the compounds therefore evaluation of formylated pyr-
azolines as more potent inhibitors of these thiol enzymes, cathepsin
B and cathepsin H is properly justified.

In order to explore nonpeptidyl novel inhibitors to cathepsin B
& H, we here for the first time report the comparative study of
these compounds on clinically significant enzymes cathepsin B &
H. Such studies are important where the structurally related com-
pounds showing potential biological activities are evaluated for
their inhibitory effect on physiologically significant enzyme
cathepsin B and cathepsin H.

Conflict of interest

The authors have declared no conflict of interest.

Acknowledgments

One of the authors, Shweta Garg is thankful to UGC New Delhi,
India for award of JRF and also to Kurukshetra University, Kuruksh-
etra for providing necessary research laboratory facilities.

Appendix A. Supplementary material

The data regarding the characterization of compounds can be
found in the supplementary file. Supplementary data associated
with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.bioorg.2014.07.012.

References

[1] J. Ge, G. Zhao, R. Chen, S. Li, S. Wang, X. Zhang, Y. Zhuang, J. Du, X. Yu, G. Li, Y.
Yang, Eur. J. Heart Fail. 8 (2006) 284–289.

[2] B. Lindkvist, I. Fajardo, G. Pejler, A. Borgstrom, Pancreatology 6 (2006) 224–
231.

http://dx.doi.org/10.1016/j.bioorg.2014.07.012
http://dx.doi.org/10.1016/j.bioorg.2014.07.012
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0005
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0005
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0010
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0010


50 N. Raghav, S. Garg / Bioorganic Chemistry 57 (2014) 43–50
[3] G.J. Van Acker, A.K. Saluja, L. Bhagat, V.P. Singh, A.M. Song, M.L. Steer, Am. J.
Physiol. Gastrointest. Liver Physiol. 283 (2002) G794–G800.

[4] A. Baici, A. Lang, R. Zwicky, K. Muntener, Semin. Arthritis Rheum. 34 (2005)
24–28.

[5] M.P. Ebert, S. Kruger, M.L. Fogeron, S. Lamer, J. ChenM, H.U. Pross, H. Schulz, S.
Lage, A. Heim, P. Roessner, P. Malfertheiner, C. Rocken, Proteomics 5 (2005)
1693–1704.

[6] N.S. Wickramasinghe, N.S. Nagaraj, N. Vigneswaran, W. Zacharias, Arch.
Biochem. Biophys. 436 (2005) 187–195.

[7] K.G. Ustymowicz, B. Zalewski, I. Kasacka, Z. Piotrowski, E. Skrzydlewska,
Anticancer Res. 24 (2004) 2847–2851.

[8] H. Nishikawa, Y. Ozaki, T. Nakanishi, K. Blomgren, T. Tada, A. Arakawa, K.
Suzumori, Gynecol. Oncol. 92 (2004) 881–886.

[9] I. Podgorski, B.F. Solane, Biochem. Soc. Symp. 70 (2003) 263–276.
[10] V. Chornavya, O.L. Lyannaya, Exp. Oncol. 26 (2004) 278–281.
[11] A. Schweiger, I.J. Christensen, H.J. Nielsen, S. Sorensen, N. Brunner, J. Kos, Int. J.

Biol. Markers 19 (2004) 289–294.
[12] H. Taubert, D. Riemann, A. Kchlenjohn, J. Brandt, M. Bache, P. Wurl, H. Schimdt,

E. Weber, Autoimmunity 35 (2002) 221–224.
[13] A. Waghray, D. Keppler, B.F. Solane, L. Schuger, Y.Q. Chen, J. Biol. Chem. 277

(2002) 11233–11538.
[14] A. Schweiger, A. Staib, B. Werle, M. Krasovec, T.T. Lah, W. Ebert, V. Turk, J. Kos,

Br. J. Cancer 82 (2000) 782–788.
[15] H.H. Otto, T. Schirmeister, Chem. Rev. 97 (1997) 133–171.
[16] D. Steverding, Open Enzyme Inhib. J. 4 (2011) 11–16;

V. Turk, J. Kos, B. Turk, Cancer Cell 5 (2004) 409–410.
[17] X. Pan, N. Tan, G. Zeng, Y. Zhang, R. Jia, Bioorg. Med. Chem. 13 (2005) 5819–

5825.
[18] N. Fusetani, M. Fujita, Y. Nakao, S. Matsunaga, Bioorg. Med. Chem. Lett. 9

(1999) 3397–3402.
[19] D.H. Pliura, B.J. Bonaventura, R.A. Smith, P.J. Coles, A. Krantz, Biochem. J. 288

(1992) 759–762.
[20] R. Ando, T. Sakaki, Y. Morinaka, C. Takahashi, Y. Tamao, N. Yoshii, S. Katayama,

K.I. Saito, H.M. Tokuyama, M. Isaka, E. Nakamura, Bioorg. Med. Chem. 7 (1999)
571–579.

[21] R. Frlan, S. Gobec, Curr. Med. Chem. 13 (2006) 2309–2327.
[22] R. Leung-Toung, J. Wodzinska, Li. Wanren, J. Lowrie, R. Kukreja, D. Desilets, K.

Karimian, T.M. Tam, Bioorg. Med. Chem. 11 (2003) 5529–5537.
[23] K. Hanada, M. Tamai, M. Yamagishi, S. Ohmura, J. Sawada, I. Tanaka, Agr. Biol.

Chem. 42 (1978) 523–528.
[24] D. Dana, A.R. Davalos, S. De, P. Rathod, R.K. Gamage, J. Huestis, N. Afzal, Y.

Zavlanov, S.S. Paroly, S.A. Rotenberg, G. Subramaniam, K.J. Mark, E.J. Chang, S.
Kumar, Bioorg. Med. Chem. 21 (2013) 2975–2987.

[25] P. Schenker, P. Alfarano, P. Kolb, A. Caflisch, A. Baici, Protein Sci. 17 (2008)
2145–2155.

[26] X. Du, C. Guo, E. Hansell, P.S. Doyle, C.R. Caffrey, T.P. Holler, J.H. McKerrow, F.E.
Cohen, J. Med. Chem. 45 (2002) 2695–2707.

[27] D.C. Greenbaum, Z. Mackey, E. Hansell, P. Doyle, J. Gut, C.R. Caffrey, J. Lehrman,
P.J. Rosenthal, J.H. McKerrow, K. Chibale, J. Med. Chem. 47 (2004) 3212–
3219.

[28] N.C. Romeiro, G. Aguirre, P. Hernández, M. González, H. Cerecetto, I. Aldana, S.
Pérez-Silanes, A. Monge, E.J. Barreiro, L.M. Lima, Bioorg. Med. Chem. 17, 641–
652.

[29] K. Brak, I.D. Kerr, K.T. Barrett, N. Fuchi, M. Debnath, K. Ang, J.C. Engel, J.H.
McKerrow, P.S. Doyle, L.S. Brinen, J.A. Ellman, J. Med. Chem. 53 (2010) 1763–
1773.

[30] B.A. Bhat, K. Dhar, S.C. Puri, A.K. Saxena, M. Shanmugavel, G.N. Qazi, Bioorg.
Med. Chem. Lett. 15 (2005) 3177–3180.

[31] S. Kini, A.M. Gandhi, Indian J. Pharm. Sci. 70 (2008) 105–108.
[32] S.Y. Hassan, Molecules 18 (2013) 2683–2711.
[33] D. Havrylyuk, B. Zimenkovsky, O. Vasylenko, C.W. Day, D.F. Smee, F. Grellier, R.
Lesyk, Eur. J. Med. Chem. 66 (2013) 228–237.

[34] A. Singh, S. Rathod, B.N. Berad, S.D. Patil, A.G. Dosh, Orient. J. Chem. 16 (2005)
315.

[35] M.A. Ali, M.S. Yar, M. Kumar, G.S. Pandian, Nat. Prod. Res. 21 (2007) 575–579.
[36] A.C. Grosscurt, R.V. Hes, K. Wellinga, J. Agric. Food Chem. 27 (1979) 406–409.
[37] S. Sridhar, R.Y. Parsad, E-J. Chem. 9 (2012) 1810–1815.
[38] P. Malhotra, S. Pattan, P.A. Nikalje, Int. J. Pharm. Pharm. Sci. 2 (2010) 21–26.
[39] J.B. Wright, E.D. William, H.M. John, J. Med. Chem. 7 (1964) 10.
[40] M. Abid, A. Azam, Bioorg. Med. Chem. 13 (2005) 2213–2220.
[41] Y.M. Batulin, Farmakol Toksikol 31 (1968) 533–536.
[42] S.S. Parmar, B.R. Pandey, C. Dwivedi, R.D. Harbinson, J. Pharm. Sci. 63 (1974)

1152.
[43] N. Soni, K. Pande, R. Kalsi, T.K. Gupta, S.S. Parmar, J.P. Barthwal, Res. Commun.

Chem. Pathol. Pharmacol. 56 (1987) 129.
[44] G. Turan-Zitouni, P. Chevallet, F.S. Kilic, K. Erol, Eur. J. Med. Chem. 35 (2010)

635.
[45] E. Palaska, D. Erol, R. Demirdamar, Eur. J. Med. Chem. 31 (1996) 43–47.
[46] D. Havrylyuk, B. Zimenkovsky, O. Vasylenko, L. Zaprutko, A. Gzella, R. Lesyk,

Eur. J. Med. Chem. 44 (2009) 1396–1404.
[47] S. Kumar, S. Bawa, S. Drabu, R. Kumar, H. Gupta, Drug Discov. 4 (2009) 154–

163.
[48] N. Raghav, R. Kaur, M. Singh, Suman, Priyanka, Asian J. Chem. 22 (2010) 7097–

7101.
[49] N. Raghav, M. Singh, R. Kaur, Suman, Priyanka, Int. J. Pharm. Tech. 2 (2010)

743–749.
[50] N. Raghav, M. Singh, R. Kaur, Suman, Priyanka, Asian J. Chem. 23 (2011) 1409–

1410.
[51] R. Kaur, M. Singh, S. Jangra, N. Raghav, Int. J. Chem. Sci. 10 (2012) 1698–1704.
[52] M. Singh, N. Raghav, Int. J. Pharm. Pharm. Sci. 5 (2013) 80–86.
[53] M. Singh, N. Raghav, Int. J. Pharm. Pharm. Sci. 5 (2013) 365–368.
[54] M. Singh, N. Raghav, Eur. J. Pharm. Sci. 54 (2014) 28–39.
[55] M. Singh, N. Raghav, Eur. J. Med. Chem. (2014), http://dx.doi.org/10.1016/

j.ejmech.2014.03.007.
[56] N. Raghav, S. Garg, Eur. J. Pharm. Sci. 60 (2014) 55–63.
[57] N. Raghav, M. Singh, Bioorg. Med. Chem. (2014), http://dx.doi.org/10.1016/

j.bmc.2014.05.037.
[58] P. Singh, J.S. Negi, G. Joshi, M.S.M. Rawat, Molbank (2010) M650.
[59] B. Dipankar, P. Panneerselvam, B. Asish, Am. J. Pharm. Clin. Res. 5 (2012) 42–

46.
[60] M.M. Bradford, Anal. Biochem. 72 (1976) 248–254;

C.M. Stoschek, Enzymology 18 (1990) 250–268.
[61] R.C. Kamboj, S. Pal, H. Singh, J. Biosci. 15 (1990) 397–408.
[62] N. Raghav, R.C. Kamboj, S. Parnami, H. Singh, Indian J. Biochem. Biophys. 32

(1995) 279–285.
[63] C.P. Huber, R.L. Campbell, S. Hasnain, T. Hirama, R. To. <http://www.ebi.ac.uk/

pdbe-srv/view/entry/2ipp/citation.html> (31st–1 May 2013).
[64] G. Guncar, M. Podobnik, J. Pungercar, B. Strukelj, V. Turk, D. Turk, Structure 6

(1998) 51–61.
[65] A. Baici, M. Gyger-Marazzi, Eur. J. Biochem. 129 (1982) 33–41.
[66] C.G. Knight, Biochem. J. 189 (1980) 447–453.
[67] A. Azaryan, A. Galoyan, Neurochem. Res. 12 (1987) 207–213.
[68] R.C. Kamboj, Proteolytic Enzymes in Brain Tissue, Ph.D. Thesis, Kurukshetra

University, Kurukshetra, India, 1989.
[69] L.J. Ignarro, J. Slywka, Biochem. Pharmacol. 21 (1972) 875.
[70] G. Weissmann, L. Thomas, (1962) 602.
[71] G. Weissmann, I. Spilberg, K. Krakauer, Biochem drug interaction, in: Proc

International Symposium (Excerpta, Amsterdam), vol. 12, 1968.
[72] N. Raghav, R. Sadana, H. Singh, R.C. Kamboj, Indian J. Heterocycl. Chem. 13

(2003) 41–44.

http://refhub.elsevier.com/S0045-2068(14)00065-0/h0015
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0015
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0020
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0020
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0025
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0025
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0025
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0030
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0030
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0035
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0035
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0040
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0040
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0045
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0050
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0055
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0055
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0060
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0060
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0065
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0065
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0070
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0070
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0075
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0080
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0085
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0090
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0090
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0095
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0095
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0100
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0100
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0105
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0105
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0105
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0110
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0115
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0115
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0120
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0120
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0125
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0125
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0125
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0130
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0130
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0135
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0135
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0140
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0140
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0140
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0150
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0150
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0150
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0155
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0155
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0160
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0165
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0170
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0170
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0175
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0175
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0180
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0185
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0190
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0195
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0200
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0205
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0210
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0215
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0215
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0220
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0220
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0225
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0225
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0230
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0235
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0235
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0240
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0240
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0245
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0245
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0250
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0250
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0255
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0255
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0260
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0265
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0270
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0275
http://dx.doi.org/10.1016/j.ejmech.2014.03.007
http://dx.doi.org/10.1016/j.ejmech.2014.03.007
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0285
http://dx.doi.org/10.1016/j.bmc.2014.05.037
http://dx.doi.org/10.1016/j.bmc.2014.05.037
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0295
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0300
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0300
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0305
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0310
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0315
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0320
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0320
http://www.ebi.ac.uk/pdbe-srv/view/entry/2ipp/citation.html
http://www.ebi.ac.uk/pdbe-srv/view/entry/2ipp/citation.html
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0330
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0330
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0335
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0340
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0345
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0355
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0370
http://refhub.elsevier.com/S0045-2068(14)00065-0/h0370

	N-formylpyrazolines and N-benzoylpyrazolines as novel inhibitors of mammalian cathepsin B and cathepsin H
	1 Introduction
	2 Materials and methods
	2.1 General procedure
	2.2 Synthesis of compounds
	2.2.1 General method for the synthesis of N-formylpyrazolines [58]
	2.2.2 General method for the synthesis of N-benzoylpyrazolines [59]

	2.3 Proteolytic studies
	2.3.1 Preparation of liver homogenate
	2.3.2 Assay for proteolytic activity
	2.3.3 Purification of goat liver cathepsin B and cathepsin H
	2.3.4 Effect of synthesized compounds on the activity of cathepsin B and cathepsin H
	2.3.5 Kinetic studies of synthesized compounds on cathepsin B and cathepsin H

	2.4 Drug modeling studies

	3 Result and discussion
	3.1 Effect of synthesized compounds on in vitro endogenous proteolysis in liver homogenate
	3.2 Effect of synthesized compounds on the activities of cathepsin B and cathepsin H
	3.3 Enzyme kinetic studies
	3.4 Molecular docking experiment

	Conflict of interest
	Acknowledgments
	Appendix A Supplementary material
	References


