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Abstract 

Mycobacterium tuberculosis (TB) is among
the most common of infectious diseases that
cause death, and as many as one-third of the
world’s population may  be infected. This work
presents 17 novel hydrazide agents formed by
focused in silico data mining utilizing search
parameters restricted to substituent replacement
only. Substituent substitution has been highly
successful in design of novel antibacterial and
antiviral drugs. This diverse set of hydrazide con-
structs possess molecular properties indicating
favorable bioavailability with excellent intestinal
absorption for oral administration. All agents
have zero violations of the Rule of 5, indicating
favorable druglikeness.  Important pharmaceuti-
cal properties including polar surface area, Log P,
and formula weight were determined and com-
pared to that of the parent structure of isoniazid
by hierarchical cluster analysis and discriminant
analysis. The average Log P with range is -0.258
and -2.165 to 1.373, respectively. The average
polar surface area (PSA) with range is 75.19 A2

and 55.121 A2 to 94.036 A2, respectively. The
diverse range of PSA and Log P, with other
descriptors, portend a versatile group of
hydrazide drugs having substantial potential to
expand the application and effectiveness forclin-
ical treatment of multi-organ infected TB
patients. Analysis of similarity indicated that all
17 agents are significantly similar to isoniazid,
however discriminant analysis and hierarchical
cluster analysis are able to differentiate isoniazid
based upon molecular properties. Molecular
weight and number of atoms were highly corre-
lated by Pearson r (r>0.9000), with Log P moder-
ately correlated (r>0.5500) to number of atoms,
molecular weight, and volume. Seventeen
hydrazide compounds (success rate of approxi-
mately 38%) having diverse pharmaceutical
properties resulted from substituent data mining
with potential for clinical application.    

Introduction

Mycobacterium tuberculosis (TB, tubercle

bacillus) is a type of mycobacteria that causes
a common and dangerous infectious disease in
humans, which usually attacks the lungs.1,2

Saliva of infected individuals transmitted by
cough, sneeze, sputum, or other methods
spreads the infectious bacteria.2 Although gen-
erally associated with a pulmonary locality, the
bacillus can infect other organs of the body and
cause a broad range of symptoms. It is gener-
ally believed that up to one-third of the world’s
population is infected with TB.3 Infections of
other organs can co-exist with a pulmonary
located TB, however 75% of all cases involve
infection of the lungs.4 The high lipid content
within the cell wall of this microbe contributes
to the unique clinical features of this
pathogen.5 In itself Mycobacterium tuberculo-
sis is a small aerobic non-motile bacillus clas-
sified as a gram-positive bacterium, and is able
to survive in dry states for weeks (which can
exacerbate the infectious propensity), and is
able to withstand weak disinfectants. Other TB
causing mycobacterium that comprise the
Mycobacterium tuberculosis complex include:
M. africanum (a significant problem in some
parts of Africa), M. canetti (which is observed
in Africa), M. microti (observed in immunode-
ficient patients), and M. bovis (which has
been reduced through pasteurization of milk).6

TB is among the top three infectious killer dis-
eases (malaria, HIV, TB) with several million
new cases of TB take place every year.7 The
global resurgence of TB and rapid emergence
of multi-drug resistant TB (MDR-TB) accentu-
ates the need for development of new antitu-
berculosis compounds. The investigation of
new pharmaceutics to content with MDR-TB is
urgently necessitated.7 Previous studies have
shown that 1.6% of global new cases of TB are
MDR-TB, and in 2006 as much as 50% of new
cases occurring in China and India.8 If cure
rates of MDR-TB do not increase than the
appearance of extensively drug resistant
(XDR-TB) cases will increase greatly.8 Studies
of drug resistance increases the efficiency of
detection and can generate new targets for
drug development.9 MDR-TB is recognized as
an emerging problem in Nigeria in which 8%
of diagnosed cases were MDR-TB, and it is
strongly associated with previous treatment.10

Kazakhstan is one of 14 nations having high
morbidity to MDR-TB with resistance to isoni-
azid and rifampicin.11 In 2006 the World Health
Organization estimated that nearly 500,000
cases of MDR-TB occurred with new cases of
XDR-TB (a MDR-TB instance that is also
resistant to a fluoroquinolone and at least one
second line agent) reported in 45 nations on
all five continents.12 High rates of XDR-TB was
reportedly observed in India.13 From the time
period of 1993 to 2007 there were a reported 83
cases of XDR-TB.14 Cases of XDR-TB have poor
outcomes in treatment, prolong periods of

infection, and more limited treatment options,
conditions that call for new pharmaceutics and
clinical treatment options.15 Investigations
have concluded that the emergence of XDR-TB
is also a reflection of poor TB management,
making the current state of affairs very alarm-
ing.16 Tuberculosis occurring in the spine is a
leading spine pathology in India, which causes
paraplegia and progressive deformity.17

Tuberculosis infections of the spine is the
most common extrapulmonary form in the
Asian subcontinent.18 Clearly novel drug
designs are advised and urgently necessary in
order to confront the onslaught of tuberculosis,
inclusive of the MDR-TB and XDR-TB cases.
The modification of the fundamental isoniazid
scaffold has been shown previously to generate
potent and usable anti-tuberculosis agents.19

The modification of known, effective, and
established drugs can be an effective approach
for rational drug design.19 This study presents
an approach for structure directed drug design
to produce hydrazide agents that will have ben-
eficial molecular properties for the clinical
treatment of tuberculosis. 

Materials and Methods 

Molecular modeling and assembly
of constructs 

Molecular modeling (2-dimensional) for
structure visualization and analysis of sub-
stituent steric characteristics (i.e. Validation
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of substituent size and position) was accom-
plished utilizing ACD/ChemSketch modeling v.
10.00 (Advanced Chemistry Development, 110
Yonge Street, Toronto Ontario, M5C 1T4
Canada). The actual computer aided in silico
structure search for the substituent utilized for
placement within the parent scaffolding is
accomplished by pursuing a chemical substruc-
ture and similarity search available through
Molinspiration Cheminfor matics by Java
(Molinspiration Chemifor matics, Nova ulica
61, SK-900 26 Slovensky Grob, Slovak
Republic). Various molecular properties such
as polar surface area, violations of Rule of 5,
molecular volume, number of oxygens and
nitrogens and amines and hydroxyls, neces-
sary for evaluating drug likeness of hydrazide
derivates can be determined by Molinspiration
Properties Calculations module. In addition,
these various molecular properties can be
ascertained by use of the in silico approach by
MolSoft L.L.C. (Molsoft 11199 Sorrento Valley
Road, S209 San Diego CA 92121). 

Pattern recognition and elucidation 
To identify underlying associations and pat-

terns within the molecular descriptors, such a
multivariate numerical data matrix  is exam-
ined by appropriate pattern recognition tech-
niques. Included in this analytical operation is
hierarchical cluster analysis, which was
accomplished by and available through KyPlot
v. 2.0 Beta 15 (copyright Koichi Yoshioka 1997-
2001). Other efficacious pattern recognition
methods for elucidation of numerical relation-
ships include discriminant analysis and

ANOSIM (analysis of similarity), both of which
were performed and available by PAST v. 1.80
(copyright Oyvind Hammer, D.A.T. Harper
1999-2008). PATH analysis was applied for
determining cause and effect relationships is
effectively accomplished by the online avail-
able OpenStat (copyright Nov. 20 2010, William
G. Miller). 

Numerical analysis of multivariate
data matrix 

Statistical analysis and Pearson r determi-
nation of all numerical data was performed by
Microsoft EXCEL (EXCEL 2003, copyright 1985-
2003). Screening for numerical outliers was
done by Grubb’s Test (extreme studentized
deviate) by online available GraphPad
Software (2236 Avenida de la Playa, La Jolla,
CA 92037 USA). The necessary multiple
regression analysis was performed by
GraphPad InStat v. 3.0 software for Windows 95
(HJ Motulsky, GraphPad InStat 3.0 GraphPad
Software, Inc., San Diego California USA,
www.graphpad.com) 

Results 

Implementing a data mining operation for
search of similar substituents (see Materials
and Methods) ultimately resulted in 17 con-
structs presented in Figure 1 (as agents 2
through 18). Note that agents 1 through 18
have retained the hydrazide functional group
(-C(O)NHNH2) and that this functional group
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Figure 1. Molecular scaffolding of isoni-
azid (1) and 17 analogs determined by in
silico similarity and substituent search and
optimization. All compounds have a single
hydrazide group (-C(O)NHNH2). Other
functional groups include hydroxyl groups
(-OH), amines (-NHn), and furan. The
genre of substitution affects water solubil-
ity, Log P, and polar surface area.

Table 1. Molecular properties of tuberculostatic agents.

Polar Number Molecular Number of Number of Number of Number
Agents Log P Surface of atoms weight oxygens & Hydroxyls Violations Rotatable Volume

A2 area nitrogens & Amines Rule of 5 Bonds (A3)

1 Isoniazid -0.969 68.013 10 137.14 4 3 0 1 122.56
2 1.071 65.013 12 206.03 4 3 0 1 149.63
3 0.48 68.013 12 185.61 4 3 0 1 152.66
4 -1.144 94.036 11 152.16 5 5 0 1 133.85
5 0.998 55.121 11 170.60 3 3 0 1 140.25
6 -0.422 65.261 9 126.12 4 3 0 1 108.29
7 -0.54 68.013 11 151.17 4 3 0 1 139.12
8 -0.997 68.013 12 165.20 4 3 0 3 156.17
9 -0.961 70.912 11 169.21 4 4 0 1 139.57
10 -0.245 81.144 11 151.17 4 5 0 1 138.01
11 -1.788 80.58 12 167.17 5 3 0 1 147.63
12 -2.165 80.58 11 153.14 5 3 0 1 131.07
13 -0.631 80.905 11 170.20 5 3 0 1 136.07
14 -1.303 87.983 11 153.14 5 4 0 1 130.69
15 0.809 75.349 11 152.153 4 4 0 1 134.74
16 1.103 88.241 16 217.23 5 4 0 1 191.13
17 1.373 68.013 16 215.26 4 3 0 1 199.68
18 0.679 88.241 15 203.20 5 4 0 1 174.57
A2, Angstroms2; A3, Angstroms3
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is accompanied with other variations in struc-
ture. Agents 2 and 3 gained halogen atom chlo-
rine, whereas 15, 16, and 18 gained hydroxyl
groups (-OH). Compounds 11 and 12 contain
pyridine 1-oxide moiety. Agents 16, 17, and 18
contain quinoline moiety. These in silico
derived compounds analogous to isoniazid do
present a diverse set of drug-like compounds
nevertheless. For interactive comparison with
other agents and to the parent compound vari-
ous molecular properties are determined and
are presented in Table 1. Nine descriptors
which are significant indicators of druglike-
ness and bioavailability are presented in Table
1 for all 18 hydrazide agents. Log P is moder-
ately correlated (0.4500<r<0.7500) with num-
ber of atoms, formula weight, and volume.
Molecular volume is very highly correlated
(r>0.9000) with number of atoms and formula
weight. The numerical range of Log P is 3.538
(low -2.165, high 1.373), a broad range for this
in silico optimization (mean -0.258), but indi-
cating the versatile possibilities of modifica-
tions to isoniazid. In addition, the polar sur-
face area varies from low of 55.121 to high
94.036, a range of 38.915 or 51.76% of the
mean value, confirming the substantial poten-
tial for variation of the parent isoniazid struc-
ture. The number of oxygens, nitrogens,
hydroxyls, and amines comport as hydrogen
bond acceptors and donors, enabling aqueous
solubility. Utilizing multivariate properties
matrix Table 1 then a vertical dendrogram fol-
lowing hierarchical cluster analysis outcome
showing relationships of all 18 agents is
shown in Figure 2. This outcome using
Euclidean distance (linear direct distance
between two points) and single linkage condi-
tions (the minimum distance between ele-
ments of each cluster). Discriminant function
analysis is used to classify with the results
shown having two groups whose members are
determined to be most analogous from proper-
ties (variables) presented in Table 1. The two
groups are as follows: i) agent 1 (isoniazid), 3,
4, 7, 8, 11, 12, 13, 14, and 17; ii) agent 2, 5, 6,
9, 10, 15, 16, and 18. An additional important
relationship that is shown in Figure 3 within
formula weight and partition coefficient Log P
is a general increase of Log P numerical values
with greater formula weight. Substituent data
mining incurs an increase of Log P as formula
weight varies from low to high.   

Discussion

Estimated that one-third of the world’s pop-
ulation is infected with TB3 with infections of
other organs in addition to pulmonary infec-
tions emphasizes the requisite for alternate
drug moieties having focused physiological
application. Expressed otherwise, the state of

global infection compels the development of
additional drug designs having versatile or
commodious pharmacodynamics. The contriv-
ing of novel constructs initiating from previous
effective drug structures is a common method-
ology for achieving rational drug design.
Isoniazid, or pyridine-4-carbohydrazide, is a
first-line anti-tuberculosis medication utilized
in prevention and treatment of TB. Isoniazid
achieves MIC60 of Mycobacterium tuberculosis
at concentrations less than 40 μg/mL.19

Contriving additional drug scaffolds that are
modeled following after isoniazid should pro-
duce potentially effective clinical tubercu-
lostats. Previous studies have demonstrated
the substantial effectiveness of polar surface
area (PSA) for prediction of drug transport
mediated by intestinal absorption by modeling
established drug-like agents properties.20

Specifically the greater the PSA will inhibit
intestinal absorption of an orally administered
drug. Namely a PSA greater than 110 A2 (A=
angstroms) suggests an intestinal absorption
of less than 20% of total amount of drug pres-
ent.20 The PSA values vary from 55.121 A2 to
94.036 A2 for expected intestinal absorption
that varies from >85% to approximately 35%,
respectively. To evaluate druglikeness better
and extend profiling methods to lead-like prop-
erties of compounds, to achieve better starting
points in early drug discovery and for saving of
time and cost, the Rule of 5 was introduced.21

In general an orally active drug has no more
than one violation of the following criteria:21 i)
not greater than 5 hydrogen bond donors (i.e.
–OH, -NHn); ii) not more than 10 hydrogen
bond acceptors (oxygen and nitrogen atoms);
iii) a formula weight not greater than 500; and
4) Log P not greater than 5. All 18 agents pre-
sented here have zero violations of Rule of 5,
thereby indicating favorable druglikeness and
bioavailability. Previous studies of oral absorp-
tion and brain penetration related to and as a
function of polar molecular surface area have
shown brain penetration decreases with
increasing polar surface area.22 Orally active
drugs which are transported passively through
the transcellular route should not exceed a PSA
of approximately 120 A2.22 Polar surface area is
a dominating factor for oral absorption and
brain penetration of drugs which are trans-
ported particularly by the transcellular route.22

Drugs having greatest potential for brain pen-
etration will have a polar surface area of 60 to
70 A2.22 This criteria is met by agents 1 (isoni-
azid), 2, 3, 5, 6, 7, 8, and 17; which thereby
would be useful in the treatment of
Mycobacterium tuberculosis infections of the
central nervous system. The purpose of cluster
analysis is to discover a system of organizing
objects, into groups in which members within
any group possess similarity in properties.23

Presented in Figure 2 are these drug agents

(denoted as Objects) which are clustered
(grouped) according to greatest similarity to
other agents. Super node A is the initial parent
cluster followed by node B having agents 16,
18, and 17 (most similar).  Super node C con-
tains isoniazid (1) with closest drug 6, 7, and
8, followed by 2 and 3. Analysis of similarities
(ANOSIM) provides a way to test statistically
whether there is a significant difference
between two or more groups of sampling units
(drugs).24 A large positive R (up to 1) signifies
dissimilarity between groups. Using properties
shown in Table 1 the ANOSIM result R=0.2315,
indicates an appreciable level of similarity
among these compounds, a conclusion expect-
ed due to the application of isoniazid as the
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Figure 2. Vertical hierarchical cluster analy-
sis outcome showing relationships of all 18
agents based on molecular properties. Note
that Objects (drugs) are clustered (grouped)
according to greatest similarity to other
constructs.  Super node A is the parent clus-
ter followed by node B having agents 16,
18, and 17 (most similar). Super node C
contains isoniazid (1) with closest drug 6, 7,
and 8, followed by 2 and 3.

Figure 3. The 2-way plot demonstrating the
relationship of formula weight of these con-
structs compared to Log P is not random.
As formula weight increases the numerical
value of Log P increases. Equation of line: y
= 447Ln(x) – 2317, with the correlation of
polynomial fit as r=0.6600.
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search parameter within the in silico sub-
stituent mining. Discriminant function analy-
sis utilizes differentiating variables to classify
two or more naturally occurring groups.23 The
end result of this type of analysis is a model
that allows prediction of group membership
when only the interval variables are known.23

Again the two groups are as follows: i) agent 1
(isoniazid), 3, 4, 7, 8, 11, 12, 13, 14, and 17; ii)
agent 2, 5, 6, 9, 10, 15, 16, and 18. Although
somewhat different than the results of hierar-
chical cluster analysis, the outcome illumi-
nates the compounds most like isoniazid,
therefore expected to have similar pharmaco-
dynamics.Note that another relationship exists
that is shown in Figure 3, that formula weight
and partition coefficient Log P is generally
increasing in Log P values along with greater
formula weight. This line is defined by equa-
tion: y = 447Ln(x) – 2317, having a correlation
of polynomial fit to be r = 0.66. Even so the
variation in partition coefficient Log P that fol-
lows concurrent variation of formula weight
brings about modified but efficacious tubercu-
lostatic pharmaceutics varying in routes of
administration and permeability in cell mem-
branes which could enhance efficacy of clinical
treatment.19,21 Potentially the improvement of
pharmacokinetics offset the impact of drug
resistant Mycobacterium tuberculosis morbidi-
ty and mortality. In general the purpose of mul-
tiple regression is to learn more about the rela-
tionship between several independent or pre-
dictor variables and a dependent or criterion
variable. Investigators will apply multiple
regression when trying to predict some out-
come or criterion variable. The premise of mul-
tiple regression is similar to that of simple lin-
ear regression, however, in multiple regres-
sion, interest lies in more than one predictor
of our criterion variable. Applying the proper-
ties found in Table 1 produces a regression
equation as follows: formula weight = -5.133 +
(69.639)(number of oxygen & nitrogens) +
(25.710)(number of –OH & -NH2) –
(1.616)(number rotatable bonds) +
(0.8651)(volume) + (8.430)(Log P) –
(4.517)(polar surface area). The R squared
value of 0.9231 account for 92.31% of variance
of formula weight explained in the model. Of
the independent (predictor) variables volume,
Log P, polar surface area and volume are most
significant contributors. Additional analogs to
isoniazid may be elucidated by this equation by
the descriptors obtained within the in silico
data mining of this study. The pursuit of stud-
ies for design of novel anti-tuberculosis drugs
may include in silico data mining algorithms
that focus on substituent substitution while
preserving the functional group responsible
for bacteria death. The results as established
here produce small molecule hydrazide com-
pounds with variation in substituent that are
sufficient for efficacious modification of

important pharmacological properties deter-
mined to be crucial in favorable druglikeness,
bioavailability, and intestinal absorption.
Isoniazid is a successful first-line anti-tuber-
culosis drug from which analogous hydrazide
entities can be determined and having molec-
ular properties suitable for clinical application,
as in treatment of TB infections of the central
nervous system. Novel drug design by sub-
stituent substitution has produced highly suc-
cessful cephalosporin antibiotics25 and effec-
tive antiviral drugs that are analogues to acy-
clovir.26 Previous studies have concluded that
the substitution of carefully selected structure
substituents can favorably modify water solu-
bility, polar surface area, molecular weight,
Log P, and the metabolic fate of drugs.27

Considering the apparent threat posed by drug
resistant TB, the utilization of data mining to
enhance the discovery of novel drug design
appears efficacious, and should produce viable
new drug candidates for consideration in the
clinical treatment of Mycobacterium tuberculo-
sis.  In summation, seventeen novel hydrazide
compounds were identified following similari-
ty-substituent data mining utilizing
Molinspiration algorithmic analysis. Vital
pharmaceutical properties are elucidated to
ascertain underlying relationships by pattern
recognition methodology to discern potential
clinical employment. Utilizing isoniazid as the
parent structure the constructs developed
demonstrated variation in properties neces-
sary for favorable druglikeness and bioavail-
ability. Antiviral and antibacterial drug design
has highly benefitted through consideration of
substituent substitution formulation. The PSA
values of the agents discussed here vary from
55.121 A2 to 94.036 A2, indicative of an expect-
ed intestinal absorption that varies from >85%
to approximately 35%, respectively. A number
of analogs show potential for blood-brain barri-
er penetration and targeting of TB infections
located within the central nervous system, this
feature due to a polar surface area of 60 A2 to
70 A2. This criteria is met by agents 1 (isoni-
azid), 2, 3, 5, 6, 7, 8, and 17; and therefore use-
ful for the treatment of Mycobacterium tuber-
culosis infections of the central nervous sys-
tem. An ANOSIM result of R = 0.2315, indi-
cates an appreciable level of similarity among
these compounds. However, discriminant func-
tion analysis elucidated two groups within this
population of anti-tuberculosis agents as fol-
lows: 1) Agent 1 (isoniazid), 3, 4, 7, 8, 11, 12,
13, 14, and 17; 2) Agent 2, 5, 6, 9, 10, 15, 16,
and 18. Data mining techniques have advance
substantially and are able to produce viable
new drug candidates for consideration for the
clinical treatment of TB.7,23,27 Seventeen
hydrazide compounds (success rate of approx-
imately 38%) having diverse molecular proper-
ties resulted from substituent data mining
with potential for clinical application. 
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