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INTRODUCTION
Inflammation and pain are some of the main 

health problems worldwide [1], which makes nonsteroidal 
anti-inflammatory drugs (NSAIDs) the most dispensed 
pharmacological group worldwide [1]. 

Although the use of NSAID drugs is quite popular 
and available over the counter, chronic use of these types of 
drugs can cause a wide variety of side effects, gastric bleeding 
being one of the leading problems [2,3]. The gastric problems 

caused by these drugs are derived from their mechanism of 
action, by inhibiting the cyclooxygenase (COX) enzyme [3], 
responsible for the synthesis of structural prostaglandins at the 
gastrointestinal level from arachidonic acid, which produces 
the formation of the protective mucosa of the endothelium, 
avoiding gastritis and gastric ulcerations [4].

Ketorolac is an NSAID that has been used more 
frequently in the treatment of acute and chronic pain; moreover, 
is useful in pain after dental or postoperative procedures [5], 
and its use is even recognized in the treatment of pain in infants 
[6], but ever monitoring chronic use, often not recommended 
due to gastrointestinal, cardiovascular, and renal problems [7].

To date, the studies in this well-known pharmacological 
group continue to search for new active nuclei based on the 
already known subgroups; evidence of this is the current 
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ABSTRACT
Nonsteroidal anti-inflammatory drugs (NSAIDs) are over-the-counter drugs and one of the most widely used 
pharmacological groups worldwide, their chronic use is limited due to their adverse effects, with gastrointestinal 
effects being the most relevant. Ketorolac is one of the most consumed NSAIDs worldwide, the use of which has 
been increasing in the treatment of acute and chronic pain; however, its use has been limited by its gastrointestinal 
adverse effects. Modifications in the structure of ketorolac may help the search for new chemical entity candidates for 
anti-inflammatory analgesic drugs with less gastric effects. Forty-two ketorolac-derived bioisosteres were designed, 
using in silico techniques, their physicochemical parameters (molecular weight, polar surface area, and lipophilicity) 
were determined with SwissADME, the Way2Drug server was used to predict the activity, a 2D quantitative structure-
activity relationship (QSAR) analysis was performed to quantify the anti-inflammatory activity of the derivatives, 
using the ChemBL database and the R language; and the molecular modeling for the prediction of the positioning 
in the active site and the ligand efficiency (LE), for which the 5IKR file of the protein data bank database was used, 
and the molecular coupling was carried out under the parameters of AutoDock Vina. Of the 42 ketorolac derivatives, 
12 molecules demonstrated good predictive oral absorption, of which only 8 molecules showed less gastro-injurious 
effects with Way2Drug and, under 2D QSAR analysis, 3 demonstrated excellent anti-inflammatory activity. Using 
the molecule modeling techniques, the LE was verified, and it was determined that molecules 32 and 34 adequately 
inhibited the cyclooxygenase-2 enzyme; however, the pKa of molecule 34 is not greater than that of ketorolac, 
molecule 32 being the one that meets with all the parameters proposed in the present study, so it would be a candidate 
to continue in preclinical phase studies to corroborate the findings made in this investigation.
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discovery of a new active nucleus based on the mixture of the 
active nucleus of piroxicam and celecoxib in search of new anti-
inflammatory active substances but low probabilities of adverse 
effects [8], as well as the search for new modified aspirin drugs 
[9]; however, the increased activity of NSAID drugs is due to 
the presence of two aromatic rings linked by a keto in search 
of the noncoplanarity of the rings so that the increased activity 
would occur in derivatives of drugs such as ketorolac [10].

These actions give rise to the continuous search for new 
ketorolac derivatives, which, although it is a drug discovered 
many years ago [11], its current and growing use [6], as well 
as its structural properties, make it a solid basis for the search 
for new chemical variants; therefore, from search techniques 
for new chemical entities under changes by bioisosteres, new 
ketorolac derivatives with greater anti-inflammatory activity 
and fewer adverse effects are proposed through in silico assays.

METHODS
Ketorolac derivatives were designed under bioisosteric 

replacement, in such a way that it allows maintaining biological 
pharmacological activities but decreases the toxicological 
activities implicit in ketorolac.

Prediction of physicochemical properties
The physicochemical properties of the ketorolac 

derivatives were predicted under the parameters of the 
SwissADME server [12].

Activity predictions
The prediction of the anti-inflammatory activity, 

as well as the possible complementary activities and those 
responsible for adverse actions, were predicted under the 
parameters of the Way2Drug server [13], which allowed the 
probabilistic quantification of anti-inflammatory, analgesic, 
antipyretic, and fibrinolytic effects.

2D quantitative structure-activity relationship (QSAR) 
analysis

The algorithm for the 2D QSAR analysis has been 
conducted by analyzing the work of Muchowski et al. [11], 
that information was obtained from the ChemBL database [14]. 
The data was parameterized and stored in a .CSV file, which 
was used for the design of the algorithm, which was written 
in R v.4.3.0 using the R studio [15]. The 2-D descriptors were 
those related to the Lipinski rules, Veber rules, and QSAR 
characteristics, such as lipophilicity, and electronic and steric 
effects, which were determined using PADEL-descriptor [16].

Molecular modeling
The crystalline structure of COX-2 was obtained 

from the protein data bank database under the code 5IKR, 
which went through a cleaning process of ions, ligands, and 
water molecules, which were removed under the use of PyMOL 
Molecular Graphics System 2.5 software programs [17]. For 
molecular docking, the structure of the selected protein was 
parameterized using the AutoDock Tools program [18], polar 

hydrogens were added, nonpolar hydrogens were removed, and 
Kollman charges were added.

The docking protocol was performed using AutoDock 
Vina [19] based on VINA’s genetic algorithm and default 
procedures for directed and rigid docking. The amino acid 
residues Serine 530, Arginine 120, Tyrosine 355, and Valine 349 
and 523 were defined as constituents of the potential binding 
site [20], proceeding to create a grid box in the identified 
catalytic site whose coordinates were: Center_x = 43.375, 
Center_y = 6.133, Center_z = 61.379, Size_x = 12.0, Size_y = 
15.0, and Size_z = 15.0; each of the ketorolac derivatives with 
the increased anti-inflammatory activity according to the 2D 
QSAR analysis proceeded to couple to this site of the enzyme, 
determining the most probable and energetically favorable 
union conformations. The completeness was 100 runs for each 
ligandprotein. The resulting structures and junctional docking 
poses were graphically inspected for interactions using the 
PyMOL Molecular Graphics System 2.5 programs and BIOVIA 
Discovery Studio [17,21].

The conformations that presented the lowest affinity 
energy were selected; a more negative value means a higher 
affinity, the highest number of hydrogen bonding interactions, 
and total interactions.

RESULTS
Under the knowledge of bioisosteres, modifications 

were made in each of the parts of the molecule (carboxylic 
group, amino bicyclo, keto, and benzene ring), looking for 
similar groups that maintain or decrease the acidity of the 
molecule. With this, 42 bioisosteres were obtained, view 
Figure 1, in addition to ketorolac (molecule 43).

At the same time, the prediction of the physicochemical 
characteristics of the molecules was conducted using the 
SwissADME server, taking as important data the molecular 
weight (MW), lipophilicity (CLogP), and topological polar 
surface area (TPSA), which are three-dimensionally plotted in 
Figure 2.

The prediction of the activity of the 42 ketorolac 
derivatives was made under the parameters of the Way2Drug 
server (Table 1); in addition, the ketorolac (molecule 43) was 
analyzed as a blank standard.

After the analysis, it is observed that the absorptivity 
characteristics of Lipinski and Veber analyzed in Figure 1, only 
12 molecules comply with this characteristic; likewise, it is 
shown in Figure 2 that 16 molecules have fibrinolytic activity, 
and, of the 12 molecules have molecular properties for oral 
activities according to Lipinski and Veber rules, 4 molecules 
would not have anti-inflammatory activity, with only molecules 
1, 13, 21, 32, 34, 37, 38, and 40, the molecules to analyze.

Similarly, 59 molecules derived from 5-aroyl-1,2-
dihydro-3H-pyrrolo [1,2-a]pyrrole-1-carboxylic acid were 
analyzed, from which their molecular descriptors were obtained 
using Padel Descriptor. With the statistical analysis in R v.4.3.0, 
the 2D QSAR equation of the descriptors that maintain linearity 
with the activity was obtained, which is reflected in Equation 
(1). Equation (1) maintains a standard error of 0.2149, an 
adjusted R2 of 0.9022, and p-value was 1,301 × 10−06.
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Activity =  −7.42E+03 + 2.41E-01 ATS3e + −1.31E-01 
ATS7e + −4.64E-01 ATS4p + −8.93E-03 ATS3i +  
−3.16E-03 ATS4i + −4.26E-04 ATS6i + 8.78E-03 
ATS7i + −4.62E-03 ATSC5v + 6.87E-01 ATSC5p +  
−5.90E+00 AATSC4v + −3.65E+02 AATSC5p +  
3.71E+02 MATS4v + 1.62E+01MATS4p + 7.79E+01 
MATS5p + −9.21E+00 MATS7p + 6.96E+00 
MATS4i + 5.38E+00 MATS5i + 9.84E+01 GATS4v +  
6.73E+00 GATS6e + 2.88E-02 VR1_Dzs + 
−6.02E-01 VR2_Dzs + 9.63E+01 SpMin2_Bhm 
+ 1.36E+02 SpMin2_Bhv + −1.62E+02 SpMin2_ 
Bhe + −5.05E+02 SpMax1_Bhi + 1.01E+02 SpMin2_
Bhi + 2.29 C2SP3 + 2.17E+05 SCH-5 + −4.33E+03 
SCH-6 + −2.36E+02 SCH-7 + −2.56E+05 VCH-5 + 
1.44E+04 VCH-6 + 1.34E+02 VCH-7 + −2.35E+01 
VP-5 + 1.50E+03 AVP-6 + −1.51 nHCsats + 
1.71E+02 maxHBd + −2.15E+01 maxHBint2 +  
2.84E+01 ETA_EtaP + −1.85E+04 n5Ring + 1.24E+04  
nT8Ring + −4.21E+02 SRW7 + 2.59E+03 SRW9
 (1)

With the equation, the anti-inflammatory activity of the 
42 molecules derived from ketorolac was predicted. Molecule 
43 (ketorolac) was analyzed under this equation as a target to 
determine the potency of the equation (Table 2), finding that 
of the eight molecules that meet the characteristics of Lipinski 
and Veber, and demonstrate anti-inflammatory activity without 
fibrinolytic activity, molecules 32, 34, and 37 are more active 
than ketorolac under this analysis.

The three molecules selected under the 2D QSAR 
analysis have been analyzed using molecular docking to 
determine their affinity energy and the possible interactions 
they conduct, determining computationally if COX-2 inhibition 
is carried out, showing the 2D impressions of the molecular 
modeling in Figure 3 and the analysis data in Table 3.

DISCUSSION
The search for new chemical substances with anti-

inflammatory activity is based on the discovery of new chemical 
entities through natural active substances [22] designs based on 
chemical entities already in use, and other methods [23]. The 
design of the 42 ketorolac derivatives used in this article (Fig. 1) 
was based precisely on this second point, designing them under 
bioisostere replacement tools through the chemical structure of 
ketorolac, dividing its structure into four fundamental parts for 
change: acidic group, bicyclic (Ar1), keto (R1), and aromatic 
ring (Ar2).

Bioisosteric replacement is a strategy that avoids 
drug design failures due to metabolism and pharmacokinetic 
problems, preserving the potency/efficacy of the leading 
compound. Structural changes by bioisosteric replacement seek 
to alter the shape, size, chemical, and physical characteristics, 
keeping its pharmacodynamic properties like the lead 
compound and improving its pharmacokinetic and toxicological 
properties [23,24]. Bioisostere replacements have been used 
as a tool in the discovery and design of new drugs in other 
pharmacological groups, such as anti-HIV drugs [24]; even their 
use in heterocyclic rings is well-known, both for their activity-

Figure 1. Ketorolac bioisosteres.

Figure 2. Physicochemical properties of ketorolac derivatives.
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Table 1. Predictive analysis of the activity of ketorolac derivatives.

Non-steroidal 
antiinflammatory agent Antiinflammatory Analgesic Antipyretic Fibrinolytic Antiarthritic

1 0.97 0.96 0.94 0.88 - 0.64

2 0.72 0.95 0.91 0.87 0.65 -

3 - 0.95 0.89 - 0.51 -

4 0.69 0.95 0.93 0.78 0.65 -

5 0.89 0.98 0.94 0.98 0.77 -

6 - 0.93 0.87 - - -

7 0.70 0.96 0.94 0.70 -

8 0.64 0.95 0.93 0.77 0.58

9 0.93 0.90 -

10 0.66 0.96 0.93 0.85 0.68

11 0.66 0.96 0.93 0.83 0.61

12 - 0.91 0.89

13 - 0.93 0.90

14 - 0.91 0.85

15 - 0.94 0.90

16 0.67 0.95 0.91 0.74 0.59

17 0.67 0.95 0.89 0.85 0.67

18 - 0.91 0.86

19 0.63 0.95 0.94 0.73 0.67

20 0.75 0.95 0.93 0.52

21 0.59 0.95 0.92 0.67

22 - 0.90 0.85

23 0.56 0.95 0.90 0.51

24 - 0.85 0.71 0.55

25 - 0.89 0.85 0.62

26 - 0.86 0.5 0.69

27 - 0.67 0.58

28 - - 0.77 0.62

29 - 0.84 0.62 0.69

30 -

31 - 0.54

32 - 0.85 0.76

33 - 0.54 0.67

34 - 0.56

35 -

36 -

37 - 0.73

38 - - 0.82 0.79

39 - 0.53 0.75

40 - 0.53 0.52

41 - 0.87 0.71

42 - 0.65 0.69

43 0.63 0.96 0.94 0.67

Red : Molecules with fibrinolytic activity.
Yellow : Molecules with physicochemical problems and/or not anti-inflammatory.
Green : Molecules that comply with physicochemical properties and anti-inflammatory.
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enhancing properties and their pharmacokinetic limitations [25], 
a crucial point when designing new drug candidates. Likewise, 
changes due to bioisosteres have recently been used in the 
design of new aspirin derivatives [9]; however, the absence of 
a second ring limits the potency of these compounds, which 
is only compensated by a CF3 in one of the molecules, which 
results precisely in the most active of the derivatives. Although, 
in this research, the bioisosteric replacement was handmade, 
tools such as MolOpt facilitate changes in the design of new 
drugs using bioisostere transformations [26].

The relationship of the physicochemical characteristics, 
such as MW, TPSA, and lipophilicity (CLogP), allow us to 
predict the oral absorption of drug candidates. MW and CLogP 
are used in Lipinski’s rule of five, where he mentions that MW 
must not be greater than 450 Da and CLogP must not be less 
than 1 nor more than 5 [27]; likewise, Veber’s rules state that 
the TPSA must not be greater than 140 Å2 nor less than 80 Å2, 
since a substance with more than 140 Å2 is very hydrophilic 
substances and less than 80 Å2 are very lipophilic, which would 
limit its gastrointestinal absorption [28]. 

CLogP has a direct effect on the bioavailability 
of a molecule, and this, in turn, on potency and efficacy. 

This parameter is essential in the design or modification of 
compounds with biological activity. Those molecules with 
optimal intestinal absorption have a CLogP value greater than 
1 and less than 4. It is worth mentioning that the ketorolac 
derivatives designed are within this parameter [29].

The physicochemical parameters used at the time of 
computer-assisted molecule design are the same as those proposed 
by Lipinski, where MW and CLogP may be the most important 
but also the most limiting because these are the ones that direct 
entry into the cell after oral administration. Although ketorolac is 
one of the drugs with specific utility for moderate pain, this has 
also been characterized by the manifestations of heartburn, among 
other gastropathy. The MW and CLogP are the physicochemical 
characteristics influencing absorption and affinity towards the 
receptor. The substituent functional groups on the rings influence 
the hydrogen bonding interactions (HBD and HBA), which affect 
the polarity, solubility, and interaction strength (ΔG°) with its 
receptor protein. The ketorolac derivatives show a considerable 
number of HBA and HBD, highlighting molecule 12 and molecule 
13 for presenting a higher number of HBA [30,31].

The TPSA relates the cell permeability through the 
membranes and parameters such as N° HBD and CLogP. TPSA 

Figure 3. 2D molecular docking of ketorolac derivatives with increased anti-inflammatory activity. (A) 
Molecular docking of molecule 32. (B) molecular docking of molecule 34. (C) Molecular docking of molecule 
37. (D) Molecular docking of molecule 43. Source: BIOVIA Discovery Studio Program.
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values <140 Å2 ensure good intestinal permeability, although 
its ability to penetrate the blood–brain barrier with affinity and 
show activity in the central nervous system should show TPSA 
values <80 Å2; however, this parameter also indicates potential 
toxic risks. The values of the number of rotatable bonds (N° 
RB) or conformational flexibility are related to the molecular 
coupling to the receptor; even if the value observed in ketorolac 
is three, several molecules exceed this value [32–35].

Of the designed molecules, only 12 ketorolac 
derivatives meet these restrictions (Fig. 2), so the rest of the 
parameters were only developed for these molecules that meet 
probable oral absorption and low probabilities of toxicity.

Way2Drug [13] was the server used to predict the 
activities of the ketorolac derivatives. These results shown in 
Table 1 allow us to observe that not all the molecules present 
predictive anti-inflammatory and analgesic activity. The lack of 
possible activity in molecule 36 can be explained from the point 
of view that the molecules must present an acidic center for 
better interaction with the rest of Arginine 120, which demands 
a direct inhibition of the COX-2 enzyme responsible for the 
proliferation of inflammatory mediators [36]. 

The fibrinolytic activity is of foremost importance 
since it limits the probability of myocardial infarctions, even 
NSAIDs such as aspirin have been used for many years for 
this type of effect [37,38]; however, this effect is based on the 
inhibition of the COX-1 isoform, so an increased fibrinolytic 
activity is also based on probable increased gastric effects [38]. 
This implies that molecules with a low fibrinolytic effect would 
be the ones that present the least adverse gastric reaction, with 
the molecules highlighted in red being those with probable 
increased gastric toxicity. Of these, molecules 5, 16, 35, and 
36 that maintain good physicochemical characteristics were 
discarded due to this probability or for not presenting predictive 
anti-inflammatory and analgesic activity, keeping only eight 
molecules marked green in Table 1.

The in silico anti-inflammatory activity was confirmed 
using 2D QSAR analysis techniques [15], the most accurate 
technique for drug discovery by relating pharmacological 
activities and structural changes. For its development, a multiple 
regression equation of molecular descriptors must be integrated 
with the quantitative activity of similar substances already studied, 
for which the substances studied by Muchowski et al. [11] were 
used. For the development of the descriptors, Padel Descriptor 
was used [16], resulting in Equation (1), which was used in the 
molecules derived from ketorolac for the quantification of their 
activity, which is shown in Table 2, resulting in an activity value of 
−11.91 for ketorolac (molecule 43); therefore, substances with an 
activity value above it would be better, being three highly active 
molecules (molecule 32, 34, and 37), contrastable with a lower 
probability of adverse reactions and a better physicochemical 
profile. The 2D QSAR analysis was carried out for the 42 
derivatives since the fact of presenting an increased activity of 
some of the bioisosteres can give innovative ideas of changes 
for the attempt to improve the physicochemical profiles; because, 
although they can indeed produce adverse gastric reactions or 
low oral absorption, they do have an anti-inflammatory activity.

Molecular modeling (Table 3 and Fig. 3) allows 
the identification of the probable positioning of the linked 
molecules in the active site [39], which is important because 
not every substance that binds to the active site will exert an 
action; this is due to the presence of fundamental amino acids 
identified in active site, whose participation in the interaction 
allows predicting the activation or inhibition of the base 
receptor, such as Arginine 120, Serine 530, and Tyrosine 355, 
in the case of the COX-2 enzyme [1]. Based on this, we can 
predict that all except molecule 37 comply with a clear position 
in the active site, well the acid functional group attached to the 
bicyclic must interact with Arginine 120, and the ketonic bridge 
that joins the two rings must interact with Serine 530 [20], 
molecule 37 does not comply with this parameter, most likely 
due to a lack of acidity in the carboxylic acid bioisostere. The 

Table 2. Activity prediction of ketorolac derivatives under 2D QSAR analysis.

Molecule Activity Molecule Activity Molecule Activity

Molecule_01 −10.10 Molecule_16 −16,321.35 Molecule_31 54.92

Molecule_02 −21.83 Molecule_17 −11.94 Molecule_32 13.63

Molecule_03 −197.51 Molecule_18 184.96 Molecule_33 156.47

Molecule_04 −11.49 Molecule_19 −11.38 Molecule_34 150.63

Molecule_05 −19.93 Molecule_20 −11.26 Molecule_35 194.15

Molecule_06 −196.78 Molecule_21 −10.41 Molecule_36 −9,606.29

Molecule_07 −11.97 Molecule_22 −121.41 Molecule_37 1,412.20

Molecule_08 −11.54 Molecule_23 3,203.88 Molecule_38 −7,702.46

Molecule_09 −196.76 Molecule_24 193.94 Molecule_39 711.30

Molecule_10 −11.32 Molecule_25 20.90 Molecule_40 −11,999.76

Molecule_11 −11.07 Molecule_26 −386.15 Molecule_41 −4.52

Molecule_12 5,401.80 Molecule_27 6,339.91 Molecule_42 167.79

Molecule_13 −9,723.59 Molecule_28 4,383.57 Molecule_43 −11.91

Molecule_14 3,701.98 Molecule_29 −11.23

Molecule_15 3,702.40 Molecule_30 7,582.90
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ligand efficiency (LE) parameters are the capacity of the ligand 
to produce a biological response when it binds to the target 
receptor and the quantitative magnitude of this response [40], a 
parameter widely used in drug design and which must be >−0.4, 
even though an LE of −0.39 is accepted for cases of leading 
compounds, so molecules 34 and 37 would comply with it, 
despite having a low LE, molecule 32 is likely to maintain very 
high activity, this due to the high-affinity binding in Arg120 and 
high formation of hydrogen bonds. Molecule 34 meets to a high 
degree all the parameters established in the study; however, its 
pka below the values of ketorolac (Fig. 1) limits the probability 
of no formation of gastrointestinal effects in in vivo tests.

The discovery of new anti-inflammatory active 
substances with a decreased gastro-injurious effect is still 
ongoing; under these predictive parameters, molecule 32 
meets all the requirements set out in this research; even so, 
these results must be contrasted with in vivo experiments in 
preclinical phases, before their studies in humans.

CONCLUSION
Molecule 32 complies with the parameters established 

in this study; therefore, of the 42 ketorolac derivatives proposed, 
this molecule would be the most active with anti-inflammatory 
and analgesic effects and with decreased gastro-injurious 
effects; even so, these findings must be contrasted with in vivo 
experiments in preclinical trials. The employ in silico techniques 
has allowed the reduction of large numbers of experimental 
animals in the next study phase, rationalizing their use.

LIST OF ABBREVIATIONS
CLogP: lipophilicity, COX-2: cyclooxygenase 2, 

HBA: H-bond acceptors, HBD: H-bond donors, LE: ligand 
efficiency, MW: molecular weight, NSAIDs: nonsteroidal anti-
inflammatory drugs, QSAR: quantitative structure-activity 
relationship, RB: rotatable bonds, TPSA: topological polar 
surface area.
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