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Interaction and binding of isonicotinic acid hydrazide (INH) and its two analogs; pyrazine carboxylic acid
hydrazide (PCH) and 2,4-dihydroxy benzoic acid hydrazide (2,4-DHBAH) with DNA has been investigated
by UV-spectroscopy and cyclic voltammetry (CV) at physiological conditions of pH and temperature.
Experimental results from both techniques were in good agreement and indicated stronger binding and
formation of hydrazideseDNA complexes via intercalation. Among three hydrazides, 2,4-DHBAH showed
greater interaction toward DNA at stomach pH (4.7) as evident from its comparatively greater binding
constant, {Kb; 2.02 � 104 M�1 (UV), 3.13 � 104 M�1 (CV)}. The greater binding site size (n ¼ 3) for 2,4-
DHBAH at stomach pH inferred 3:1 binding stoichiometry and possibility of electrostatic interactions
or hydrogen bonding along with intercalative mode of interaction between 2,4-DHBAH and DNA. The
free energies of hydrazideseDNA complexes indicated the spontaneity of their binding. 2,4-DHBAH has
shown promising anti-bacterial activities while anti-oxidant and cytotoxic potentials were exhibited by
all three hydrazides.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Interaction between biomolecules is fundamental to numerous
biological processes [1]. Based on these interactions living
organismmaintain complex regulatory and metabolic interactional
networks that together constitutes the process of life. A thorough
understanding of bimolecular interactions and pathways play key
role in solving mystery of life [2].

Many small molecules that bind to DNA are extremely useful as
biochemical tools for the visualization of DNA both in vivo and
in vitro and have been clinically proven beneficial although their
exact mode of action is unknown [3]. There has been a significant
progress made over a past few years in studies of DNA interactions.

Nucleic acids are common targets for antiviral, anticancer and
antibiotic drugs [4e6]. A concrete knowledge of drugs nucleic acid
interaction, including sequence recognition, structural details,
kinetics and thermodynamics of binding is prerequisite for the
optimization of drug effectiveness as well as to discover new drugs.
The binding interaction of small molecules and their complexes
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with DNA is of interest for both therapeutic and scientific reasons
[7]. These interactions may also be used for conformational
recognition to find new structures of DNA and sequence specific
differences along the helix of DNA molecule [8e10]. In addition,
drug-DNA interaction can be anticipated through electrochemical
changes in the redox active molecule of drug [11e14].

Drug can bind to DNA both covalently as well as non-covalently
(via intercalation mode or minor groove binding). The minor
groove of DNA (the negatively charged phosphates outside the DNA
double helix) is the locus of action of large numbers of drugs, while
in an intercalation mode base pair of DNA unwind to accommodate
the drug [15,16]. Both intercalating agents and minor groove
binders are typified as anticancer, antiviral and antitumor, anti-
bacterial and anti-fungal agents [17e22].

Hydrazides are the effective organic compound having thera-
peutic properties [23] and known to possess biological effects such
as anti-fungal, anti-bacterial and anti-inflammatory activities [24].
A series of substituted hydrazide derivatives have been synthesized
and screened for their in vitro antimicrobial activities against
microorganisms. The results of antimicrobial study indicated that
the presence of electron withdrawing groups on the benzoic acid
moiety improved antimicrobial activity [25,26]. Isoniazid (INH),
rifampin (RIF), ethambutol (EMB) and pyrazinamide (PZA) are well
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known antituberculosis drugs and direct DNA sequencing analysis
of their genes i.e., katG, rpoB, embB and pncA, respectively, has
been reported as a rapid and useful molecular genetic method for
the detection and treatment of drug-resistant Mycobacterium
tuberculosis [27].

In present studies, an attempt is made to investigate the inter-
action of isonicotinic acid hydrazide (INH) and its two analogs;
pyrazine carboxylic acid hydrazide (PCH) and 2,4-dihydroxy ben-
zoic acid hydrazide (2,4-DHBAH) (Scheme 1) with chicken blood
double stranded (ds)-DNA (ck.DNA) using UVeVis spectroscopic
(UV) and cyclic voltammetric (CV) techniques at stomach (4.7) and
blood (7.4) pH under body temperature (37 �C). Also these
compounds were investigated for anti-bacterial, anti-oxidant and
cytotoxic activities.
Fig. 1. UV-Spectra for (A) INH, (B) PCH, (C) 2,4-DHBAH (1.1 � 10�4) without (a) and in
the presence of 10 mM (b), 20 mM (c), 30 mM (d), 40 mM (e), and 50 mM (f) DNA at pH 4.7
and at 37 �C. The arrow direction indicates increasing concentrations of DNA.
2. Results and discussion

2.1. DNA binding study by UV-spectroscopy

The binding of drug to DNA has been characterized classically
through absorption titrations [28]. Generally, hypochromic (or
hyperchromic) effect and red shift (or blue) shift are observed in
the absorption spectra of small molecules if they intercalate with
DNA [29].

Initially, UV-spectra of pure hydrazides in distilled water were
recorded. The UV-spectra of INH, PCH have shown a single intense
peak at 263 nm and 270 nm, respectively. 2,4-DHBAH has shown
two peaks, one more intense peak at 255 nm while less intense
peak at 294 nm. Molar extinction coefficient (ε) of INH, PCH and
2,4-DHBAH were evaluated as; 2632 cm�1 M�1, 2873 cm�1 M�1,
7546 cm�1 M�1, respectively. Since absorption intensity is related
to the length of chromophore, longer chromophore showed intense
absorption peak. In the case of the three hydrazides the order of
absorptions intensity were as follows; 2,4-DHBAH > PCH > INH.
Spectrophotometric behavior of INH, PCH and 2,4-DHBAH were
studied at two physiological pH (4.7 and 7.4) and at 37 �C using
acetate and phosphate buffers, showed no changes in the wave-
lengths, which may infer non-interactive behavior of hydrazides
with buffer solutions.

UV-spectra of three hydrazides were recorded with DNA. Upon
addition of various concentrations of DNA on optimized concen-
trations of INH, PCH and 2,4-DHBAH at both stomach and blood pH
and at body temperature, the absorption of the peak intensity
increases with a slight blue shift, Figs. 1 & 2. The observed hyper-
chromic effect upon addition of DNAmay correspond to the binding
of hydrazide with ds.DNA. As the concentration of DNA is increased
more hydrazide bound to DNA and enhanced concentration of
hydrazideeDNA complex resulted in hyperchromism. Further,
hyperchromic effect may be attributed to either external interac-
tion (electrostatic or groove binding) or to the fact that hydrazide
could uncoil DNA double helix [30,31].
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Scheme 1. Structures of hydrazides.



Fig. 2. UV-Spectra for (A) INH, (B) PCH, (C) 2,4-DHBAH (1.1 � 10�4) without (a) and in
the presence of 10 mM (b), 20 mM (c), 30 mM (d), 40 mM (e), and 50 mM (f) DNA at pH 7.4
and at 37 �C. The arrow direction indicates increasing concentrations of DNA.

Fig. 3. Cyclic voltammogram for (A) INH, (B) PCH, (C) 2,4-DHBAH (1 �10�3 M) without
(a) and in the presence of 10 mM (b), 20 mM (c), 30 mM (d), 40 mM (e), and 50 mM (f) DNA
at pH 4.7 and at 37 �C. The arrow direction indicates increasing concentrations of DNA.
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2.2. DNA binding study by cyclic voltammetry

Due to redox activity of most of the small molecules, cyclic vol-
tammetry has proved as one of the important electrochemical tech-
nique to elucidate mechanism of drug action in vivo [32e34]. The
cyclic voltammetric behavior of 1mMof INH, PCH and 2,4-DHBAH in
the absence and presence of 10 mMe50 mM DNA at GCE and under
physiological condition of temperature and pH are shown in Figs. 3 &
4. INH showed a single irreversible and stable cathodic (reduction)
peak at peak potential of �1.311 V at pH 4.7 and �1.446 V at pH 7.4.
PCH and 2,4-DHBAH showed single irreversible anodic peak (oxida-
tion) peaks at þ0.9082 V and þ0.7393 V, respectively at pH 4.7,
and þ0.3931 V and þ0.5913 V, respectively at pH 7.4, versus SCE.
Upon the addition of various concentrations of DNA on fixed
concentration of INH, decrease in the reduction peak current values
and a slight positive shift was observed. Cyclic voltammetric
behavior of 1 mM of PCH and 2,4-DHBAH in the presence and
absence of various concentrations of DNA was also observed as
decrease in oxidation peak current and a slight positive shifts in the
anodic peak potentials. The substantial diminution in peak current
is attributed to the formation of slowly diffusing HydrazideeDNA
supramolecular complex due towhich the concentration of the free
drug (mainly responsible for the transfer of current) is lowered. A
decrease in the peak current along with the positive shifting in the
peak potential is attributed to characteristic behavior of the inter-
calation of drug into DNA double helix [15,35]. Hence the observed
behavior of hydrazides in present CV studies for their interaction
with ds.DNA could be attributed to the possibility of intercalation



Fig. 4. Cyclic voltammogram for (A) INH, (B) PCH, (C) 2,4-DHBAH (1 �10�3 M) without
(a) and in the presence of 10 mM (b), 20 mM (c), 30 mM (d), 40 mM (e), and 50 mM (f) DNA
at pH 7.4 and at 37 �C. The arrow direction indicates increasing concentrations of DNA.

Table 1
Voltammetric parameters of INH, PCH and 2,4-DHBAH in the presence and absence of D

Complex code pH 4.7

n/Vs�1 [DNA]/mM I/mA Shift in Ep/mV % Decreas

INH 0.1 0 �41.9 51 50.8
INH-DNA 0.1 50 �20.6 e e

PCH 0.1 0 100 44 75.0
PCH-DNA 0.1 50 25 e e

2,4-DHBAH 0.1 0 106 20 29.2
2,4-DHBAH-DNA 0.1 50 75 e e

% decrease in current ¼ ðIp� Ip0Þ
Ip0

� 100
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mode. The voltammetric parameters obtained for the three
hydrazides with and without DNA are listed in Table 1.

The diffusion coefficients of all the three hydrazides before and
after the addition of DNA were measured by using RandleseSevcik
equation [36,37];

Ip ¼ 2:99� 105nðanÞ1=2AC*
0D

1=2n1=2 (1)

Where, Ip is the peak current (A). A is the surface area of the elec-
trode (cm2), C0* is the bulk concentration (molcm�3) of the electro
active species, D is the diffusion coefficient (cm2 s�1), a is the
transfer coefficient and obtained from EpeEp/2 ¼ 47.7 mV/an and n

is the scan rate (Vs�1).
Ip values were plotted vs. n1/2 for hydrazides without and in the

presence of DNA, Fig. 5. Cyclic voltammogrames recorded at various
scan rates for hydrazides before and after the addition of DNA
showed linear dependency of peak currents on the square root of
the scan rates. The linearity of the plots verified that the main mass
transport of these electro active species (hydrazides) and DNA
bound complexes of hydrazides to the electrode surface is diffusion
controlled, Fig. 5, [38]. The diffusion coefficients of the free and DNA
bound adducts of hydrazides were determined from the slopes of
RandleseSevcik plots. The diffusion coefficient values for INH,
PCH and 2,4-DHBAH were calculated 1.79 � 10�7 cm2 s�1,
9.89 � 10�9 cm2 s�1, 3.17 � 10�7 cm2 s�1 without and
4.49� 10�8 cm2 s�1, 7.29� 10�10 cm2 s�1, 1.74�10�8 cm2 s�1 in the
presence of DNA respectively at pH 4.7 and 1.18 � 10�7 cm2 s�1,
9.35 � 10�9 cm2 s�1, 2.82 � 10�7 cm2 s�1 without and
2.56 � 10�9 cm2 s�1, 1.09 � 10�9 cm2 s�1, 3.21 �10�9 cm2 s�1 in the
presence of DNA respectively at pH 7.4. The lower diffusion coef-
ficient values DNA bound hydrazides are responsible for the decay
of peak currents in cyclic voltammgrams, Fig. 5.
2.3. Determination of binding constants of hydrazides to DNA by
UV-spectrophotometry

Since absorbance is varied after addition of ds.DNA, the binding
constant “Kb” of HydrazideseDNA complex can be determined from
the variation in absorbance in UV-spectra. The binding constant
values were evaluated for three hydrazides at two physiological pH
i.e., 4.7 and 7.4 and at body temperature using BenesieHildebrand
equation [39e41].

A0

A� A0
¼ εG

εH�G � εG
þ εG

εH�G � εG

1
Kb½DNA�

(2)

Where, Kb is the binding constant. A0 and A are the absorbance of
the free and DNA bound hydrazides complex, εG and εH-G are their
molar extinction coefficients respectively. From the plot of A0/
(A�A0) to 1/[DNA], the ratio of the intercept to the slope gave the
value of binding constant, Kb, Fig. 6.

Kb values were calculated and given in Table 2. The hydrazi-
deeDNA binding constant values were in range of 104M�1 and are in
NA at pH 4.7 and 7.4 and at temperature (37 �C).

pH 7.4

e in I n/Vs�1 [DNA]/mM I/mA Shift in Ep/mV % Decrease in I

0.1 0 �102 8 77.1
0.1 50 �23.3 e e

0.1 0 24.3 51 33.3
0.1 50 16.3 e e

0.1 0 108 37 26.1
0.1 50 79.8 e e



Fig. 5. Ip vs. n1/2 plots for 1.1 � 10�4 M 2,4-DHBAH at (A) pH 4.7 and (B) 7.4 pH in the
absence (1) and in the presence of 50 mL DNA (2) at scan rate of 20 mVs�1, 50 mVs�1,
100 mVs�1, 150 mVs�1, 200 mVs�1, 250 mVs�1, and 300 mVs�1 in acetate buffer (pH;
4.7) at 37 �C.

Fig. 6. Plot of A0/A-A0 vs.1/[DNA] for the application of BenesieHildebrand equation for
calculation of hydrazideeDNA binding constant at (A) pH 4.7 and (B) 7.4 pH at 37 �C.
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consistent with that reported for the interaction of anthracycline
moleculeswithDNA (Kz 104�105M�1).Kbvalues depicted stronger
interactions of the three hydrazides with DNA at both pH values
[19,40,42]. UV-spectral changes observed during hydrazideeDNA
complex formation i.e., hyperchromic effect and hypsochromic shift
in present study inferred the possibility of intercalative mode of
interaction. The greater value of binding constant may further be
attributed to the small structureofhydrazidemoleculeswhoseplaner
parts may intercalate between the adjacent DNA base pairs.

Binding constant is a measure of the complex stability. In
present studies, 2,4-DHBAH showed comparatively greater value of
binding constant at stomach pH. The overall data also demon-
strated greater binding constant values of the three hydrazides at
stomach pH (4.7) as compared to blood pH (7.4), Table 2. The values
of binding constants for all the three hydrazides at both pH values
are comparable with the binding constant (1.7 � 104 M�1) of
a typical intercalator Lumazine. The order of binding constants of
three hydrazids was as follows;

Kb(2,4-DHBAH) > Kb(INH) ¼ Kb(PCH) (at stomach pH)
Kb(INH) > Kb(2,4-DHBAH) > Kb(PCH) (at blood pH)

From the values of binding constant “Kb”, Gibbs free energies
“ΔG” of hydrazideseDNA complexes were calculated, using the
following equation;

DG ¼ �RTlnKb (3)

Free energies of all the three hydrazides at both pH values were
evaluated as negative values showing the spontaneity of hydrazi-
deseDNA interaction, Table 1 [15,16].
2.4. Evaluation of binding constants and binding sites by cyclic
voltammetry

Based upon the decrease in peak current of hydrazides by the
addition of different concentration of ds.DNA, the binding constants,
Kb for the three hydrazideseDNA complexes were calculated
according to the following equation [43].

I2p ¼ 1
Kb½DNA�

�
I2p0

� I2p
�
þ I2p0

� ½DNA� (4)

Where Kb is the binding constant, I and I0 are the peak currents with
and without DNA. A plot of Ip2 vs. (Ip02 � Ip

2)/[DNA] gave a straight line
with a slope equal to the reciprocal of binding constant, Kb, Fig. 7
(only shown for 2,4-DHBAHeDNA binding). The binding constant
values of three hydrazides with DNA were calculated at pH 4.7 and
7.4 and at body temperature (37 �C) and the data are given inTable 3.

The order of binding constants for the three hydrazides obtained
by cyclic voltammetric data were as follow;

Kb(2,4-DHBAH) > Kb(INH) > Kb(PCH) (at stomach pH)
Kb(INH) > Kb(2,4-DHBAH) > Kb(PCH) (at blood pH)

The data obtained for Kb from CV were in good agreement as
obtained from UV-results and further confirmed the formation of
most stable 2,4-DHBAHeDNA complex at stomach pH. From the
binding constant data, the standard Gibbs free energy changes for
three hydrazides were calculated, Table 2. The negative values of ΔG
through voltammetric results also supported the UV-results of free
energy changes and indicated the spontaneity of hydrazideseDNA
binding.



Table 2
Binding constants and free energy values for the hydrazideseds.DNA complexes
from UV- spectrophotometric data at pH 4.7 and 7.4 and at body temperature
(37 �C).

Complex
code

pH 4.7 pH 7.4

Binding
constant
Kb/M�1

Free energy
(�ΔG) KJmol�1

Binding
constant
Kb/M�1

Free energy
(�ΔG) KJmol�1

INH-DNA 1.60 � 104 24.94 1.42 � 104 24.63
PCH-DNA 1.60 � 104 24.94 1.10 � 104 23.98
2,4-DHBAH-DNA 2.02 � 104 25.54 1.24 � 104 24.29

Table 3
Binding constants and free energy values for the hydrazideseds.DNA complexes
from voltammetric data at pH 4.7 and 7.4 and at body temperature (37 �C).

Complex Code pH 4.7 pH 7.4

Binding
constant
Kb/M�1

Free energy
(�ΔG) KJmol�1

Binding
constant
Kb/M�1

Free energy
(�ΔG) KJmol�1

INH-DNA 2.03 � 104 25.55 1.60 � 104 24.94
PCH-DNA 1.70 � 104 25.10 1.21 � 104 24.22
2,4-DHBAH-DNA 3.13 � 104 26.67 1.31 � 104 24.45
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For the determination of binding site size the following equation
was used [44]:

Cb=Cf ¼ K½free base pairs�=s (5)

Where, s is the binding site size in terms of base pairs (bp).
Measuring the concentration of DNA in terms of hydrazide
concentration, the concentration of the base pairs can be expressed
as [DNA]/2. So Eq. (5) can be written as:

Cb=Cf ¼ K½DNA�=2s (6)

Cf and Cb denote the concentration of the free and DNA bound
species respectively. The Cb/Cf ratio was determined by the equa-
tion given below [45]:

Cb=Cf ¼ I � IDNA=IDNA (7)

where I and IDNA represent the peak currents of the hydrazides in
the absence and presence of DNA. Putting the value of Kb as
calculated according to above Eq. (4), the binding site size of was
obtained from the plot of Cb/Cf versus [DNA], Fig. 8 (only shown for
2,4-DHBAHeDNA binding site size).
Fig. 7. The plot of Ip
2 vs. Ip02 � Ip

2/[DNA] for calculation of binding constant of 2,4-
DHBAH-DNA adducts at (A) pH 4.7 and (B) 7.4 pH at 37 �C.
The binding site size of INH, PCH and 2,4-DHBAH in acetate (pH
4.7) and phosphate (pH 7.4) buffers are calculated as 0.59 bp,
0.23 bp, 3.0 bp and 0.07 bp, 0.03 bp,1.1 bp, respectively. The binding
site size of INH and PCH complexeswith DNA implies only a binding
site per two base pairs, giving evidences for an intercalation mode,
since groove binding and electrostatic binding usually results in
significantly higher binding site number [46,47]. However, the
greater values of binding site size (n¼ 3) obtained for 2,4-DHBAH at
pH 4.7 revealed the existence of electrostatic interactions and
hydrogen bonding along with intercalation. The binding site size
(n) of 3 for 2,4-DHBAH at stomach pH is comparable with that
calculated by Sato et al. [48] and is suggestive of a 3:1 binding
stoichiometry of 2,4-DHBAH to the chicken blood ds.DNA.

2.5. Biological studies of hydrazide

2.5.1. Antibacterial activity
The anti-bacterial activity of test compounds (INH, PCH and 2,4-

DHBAH) in terms of zone of inhibition (mm) determined through
Fig. 8. The plot of Cb/Cf vs. [DNA] for determination of binding site size of 2,4-DHBAH-
DNA adducts at (A) pH 4.7 and (B) 7.4 pH at 37 �C.



Table 4
Antibacterial activity of hydrazides against different bacterial strains at 1 mg/ml.aec

Compound name Zones of inhibition (mm)

B. bronchiseptica E. aerogenes S. typhi E. coli M. luteus S. aureus

INH e e e e e e

PCH e e e e e e

2,4-DHBAH 18.2 15.3 24.6 25.1 18.2 13.4
Cefe 38.5 16.1 34.3 40.5 38.7 39.1
Roxd 18.2 31.2 27.9 18.1 30.2 32.0

a e ¼ no activity.
b Concentrations: 1 mgml�1 of DMSO.
c Reference drugs.
d Roxithromycin 1 mgml�1

e Cefixime 1 mgml�1.

Table 5
MIC of 2,4-DHBAH against different bacterial strains in mg/ml.

Compound name MIC (mgml�1)

B. bronchiseptica E. aerogenes S. typhi E. coli M. luteus S. aureus

2,4-DHBAH 800 800 100 100 800 200

L 1 Kb ladder

P pBR322 plasmid

X pBR322 plasmid treated with FeSO4 and H2O2

Lane 1 pBR322 plasmid treated with FeSO4 and H2O2 + PCH (1000 µg/ml)

Lane 2 pBR322 plasmid treated with FeSO4 and H2O2 + PCH (100 µg/ml)

Lane 3 pBR322 plasmid treated with FeSO4 and H2O2 + PCH (10 µg/ml)

Lane 4 pBR322 plasmid treated with FeSO4 and H2O2 + 2, 4-DHBAH (1000 µg/ml)

Lane 5 pBR322 plasmid treated with FeSO4 and H2O2 + 2, 4-DHBAH (100 µg/ml)

Lane 6 pBR322 plasmid treated with FeSO4 and H2O2 + 2, 4-DHBAH (10 µg/ml)

Lane 7 pBR322 plasmid treated with FeSO4 and H2O2 + INH (1000 µg/ml)

Lane 8 pBR322 plasmid treated with FeSO4 and H2O2 + INH (100 µg/ml)

Lane9 pBR322 plasmid treated with FeSO4 and H2O2 + INH (10 µg/ml)

Fig. 9. Effect of PCH, 2,4-DHBAH and INH on pBR322 plasmid DNA.
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agar well diffusionmethod is shown in Table 4. INH and PCH did not
showanti-bacterial activity against any of the bacterial strains used.
Even though INH and PCH are particularly used against M. tuber-
culosis but it seems that their activity is highly strain specific. In the
present study some other pathogenic bacterial strains were used
and the results showed that INH and PCH do not have broad range
anti-bacterial activity. However, 2,4-DHBAH, exhibited anti-bacte-
rial activity against all the bacterial strains used. The MIC value of
the compound 2,4-DHBAH against six pathogenic bacteria is pre-
sented in Table 5.

2.5.2. OH radical induced oxidative DNA damage analysis
INH, PCH and 2,4-DHBAH were investigated in vitro at various

concentrations (10, 100 and 1000 mgml�1) by using OH radical
induced oxidative DNA damage analysis to determine their anti-
oxidant and pro-oxidant behavior.

This assay is basedonFenton reaction.Hydrogenperoxide (H2O2)
is used in this experiment to induce DNA damage by production of
free radicals. In Fenton reaction, Fe2þ reacts with H2O2, resulting in
the production of highly reactive hydroxyl radicals, which are
considered to be the most harmful radicals to biomolecules. With
the attack of OH radicals, if scission occurs on one strand (single
stranded nicking) of plasmid DNA, the super-coiled form will be
relaxed to generate a slow-moving open-circular form. If both
strands of plasmid DNA are cleaved (double stranded nicking),
a linear form that migrates between open-circular form and super-
coiled form will be generated. Thus, the ability of test compounds
to unwind or condense a super-coiling substrate such as plasmid
DNA was examined in the present study. This assay is commonly
used to check the anti-oxidant or pro-oxidant effects of synthetic as
well as natural compounds [49,50].

Evaluation of anti-oxidant or pro-oxidant effects of test
compounds on pBR322 plasmid DNA depends on the comparison of
intensity of super-coiled monomer in the test with the control. INH
was found to be effectiveDNA-protecting agent at all concentrations
tested. PCHprotectedplasmidDNAat100and1000mgml�1 but it did
not reduce the oxidative DNAdamagewhen tested at 10 mgml�12,4-
DHBAH exhibited protection at lower concentrations (10 and
100 mgml�1) but enhanced the plasmid DNA damage at highest
concentration (1000 mgml�1). The reduction in oxidative DNA
damage by test compounds indicates amelioration of oxidative
stress generation by H2O2. These results indicate that all the three
compounds could be regarded as potential anti-cancerous agents
with further advanced testing and optimization. Results are shown
in Fig. 9.

2.5.3. Cytotoxic assay
The cytotoxicity was studied by the brine-shrimp lethality

method and the results are summarized in Table 6. Brine shrimp
lethality assay is a prescreen assay to test antitumor potential of any
compound. The LD50 data showed that INH is least cytotoxic (LD50
value 1074.75 mgml�1) of all the compounds tested. PCH and 2, 4
DHBAH are cytotoxic with LD50 values 312.55 and 418.80 mgml�1

respectively.



Table 6
Cytotoxic activity of hydrazides in brine-shrimp lethality assay.

Complex code LD50 value (mgml�1)

INH 1074.75
PCH 312.55
2,4-DHBAH 418.80

Scheme 2. Synthesis of hydrazides (PCH and 2,4-DHBAH).
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3. Conclusion

Interactions of three hydrazides; isonicotinic acid hydrazide
(INH), pyrazine carboxylic acid hydrazide (PCH) and 2,4-dihydroxy
benzoic acid hydrazide (2,4-DHBAH) with chicken blood ds.DNA
were investigated through by UVeVis spectroscopy (UV) and cyclic
voltammetry (CV) at stomach (4.7) and blood (7.4) pH under body
temperature (37 �C). The results obtained from both techniques
revealed intercalation mode of interaction of hydrazideseDNA
complexes as the dominant mode. The negative values of standard
Gibbs energy changes (ΔG ¼ �RTlnKb) indicated the spontaneity of
the binding of three hydrazides with DNA. Other interactional
parameters like binding constant and binding site size were deter-
mined. The binding constants, Kb, for all the three hydrazides
measured by absorbance measurements and changes in voltam-
metric responses before and after the addition of DNAwere in good
agreement. The greater interaction of these hydrazides with DNA
was evident from their high binding constant values (i.e., in 104M�1

orders of magnitude). However, 2,4-DHBAH showed greater affinity
to DNA at stomach pH as evident from comparatively greater
binding constant values (2.02�104M�1withUV and 3.13�104M�1

with CV studies). The binding site size (n) determined and n value of
3 for2,4-DHBAHat stomachpHsuggested3:1binding stoichiometry
of 2,4-DHBAH to the chicken blood ds.DNA. Beside the intercalative
mode of interaction between 2,4-DHBAH and DNA, electrostatic
interactions and hydrogen bonding may also exist due to greater
binding site size and presence of OH group in 2,4-DHBAH structure.
Linear dependency of peak currents of three hydrazides on the
square root of the scan rate before and after the addition of DNA
showed that electrochemical processes are diffusion controlled.
Among the three hydrazides, 2,4-DHBAH has shown promising
broad range anti-bacterial activity while all the three compounds
have anti-oxidant and cytotoxic potentials. This studywould help to
investigate the mechanism of action of hydrazids and to design
better and more effective DNA targeted drugs.
4. Experimental

4.1. Reagents and chemicals

INH purchased from Alfa Aesar was further purified by recrys-
tallization using ethanol as a solvent. PCH and 2,4-DHBAH were
synthesized from corresponding esters as shown in Scheme 2.
Buffer solutions of pH 4.7 (acetate buffer; CH3COOH þ CH3COONa)
and pH 7.4 (phosphate buffer; Na2HPO4þNaH2PO4) were prepared.
DNA was extracted in the laboratory from chicken blood by the
Falcon method [51] and its concentration was determined spec-
trophotometrically at 260 nm using molar extinction coefficient,
ε260 ¼ 6600 cm�1 M�1 [52]. Purity of DNA was checked by moni-
toring the ratio of the absorbance at 260 nm to that at 280 nm and
solution gave a ratio of A260/A280 > 1.8, indicating that DNA was
sufficiently pure and free from protein [53]. The stock solutions of
INH and its analogs (PCH and 2,4-DHBAH) were prepared by dis-
solving them in buffer solution of pH 4.7 and 7.4. Autoclaved water
was used to prepare all the solutions.

4.2. Instrumentation

The IR spectra of all the three hydrazides were recorded as KBr
discs on Bio-Rad Excaliber FT-IR, model FTS 300MX spectropho-
tometer (USA) in range of 4000e400 cm�1. The electronic
absorption spectra were recorded on Shimadzu 1800 spectropho-
tometer (TCC-240A, Japan) equipped with temperature control
device using 1.0 cm matched quartz cells. Cyclic voltammetric
experiments were performed using AUTOLAB PGSTATe302 with
GPES version 4.9 (Eco Chemie, Utrecht, Netherlands).

Electrochemical measurements were carried out in a dried
conventional three electrode cell using a glassy carbon (GCE;
d ¼ 3 mm) working electrode, a saturated calomel (SCE; 3.5 M KCl)
reference electrode and a Pt sheet counter electrode. Prior to each
experiment the GCE was polished with alumina powder and rinsed
thoroughly with doubly distilled water for 30 s.

4.3. Synthesis of hydrazides (PCH and 2,4-DHBAH)

The hydrazides (PCH and 2,4-DHBAH) were prepared by
refluxing corresponding ester (0.1 mol) with 80% hydrazine hydrate
(0.15 mol) in the presence of methanol till the completion of
reaction. The mixture was cooled after the completion of reaction
and the solid product was collected by filtration and recrystallized
from ethanol.

4.3.1. Physical and spectroscopic data of PCH and 2,4-DHBAH
4.3.1.1. Pyrazine carboxylic acid hydrazide (PCH). Reflux time 12 h,
orange needle like crystals, m.p.123e125 �C, yield 83.56%.

IR:n(cm�1) KBr: 3250, 3006, 1701, 1633, 1439.
1H NMR (400 MHz, DMSO-d6) dppm: 4.62 (s, 2H, NH2), 8.68 (s,

1H, H5 of pyrazine), 8.81 (d, 1H, J ¼ 1.60 Hz, H6 of pyrazine), 9.11 (s,
1H, H3 of pyrazine), 10.08 (s, 1H, NH).

MS: m/z (%) 138 [Mþ](100), 124(5), 105(5).

4.3.1.2. 2,4-Dihydroxy benzoic acid hydrazide (2,4-DHBAH). Reflux
time; 10 h, Light brown solid, m.p.194e196 �C, yield 71.43%.
IR:n(cm�1) KBr: 3366, 3302,1634, 1658, 1587.

1H NMR (400MHz, DMSO): dppm: 9.36 (s,1H), 0.7.32 (s,1H), 6.93
(dd,1H), 6.72 (dd,1H), 4.32 (s,2H), 3.37 (s,1H), 3.29 (s,1H).

MS (EI 70 eV):m/z(%): 168(23), 137(100), 81(55), 69(33), 53(82).

4.4. Procedure for analysis

4.4.1. Spectroscopic titrations
Concentration of DNA determined spectrophotometrically at

260 nm was found 8.4 � 10�5 M. Spectroscopic titrations were
carried out at stomach pH (4.7) and blood (7.4) under body
temperature (37 �C). The absorbance measurements were per-
formed by keeping the concentration of INH, PCH and 2,4-DHBAH
constant (1.1 � 10�4 M) in the sample cell, while varying the
concentration of ds.DNA from 10 mM to 50 mM in the sample cell. In
order to achieve the equilibrium between the compound and DNA,
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solutions were allowed to stay for at least 5 min before each
measurements were made. After placing the sample solutions
within the cell cavity and before running the spectra, wait for a few
seconds till required temperature was attained and shown on
temperature controlled device.

4.4.2. Voltammetric assay
First a blank CVwas runwith the buffer solutions (4.7 and 7.4) at

37 �C, which showed no electroactivity in the potential range of our
interest (�2 V toþ2 V). Cyclic voltammograms of INH, PCH and 2,4-
DHBAH (1 mM) were recorded from �1 V to þ1.5 V vs. SCE before
and after the addition of different volumes (ml) of the stock DNA
solution corresponding to the final concentration of DNA ranging
from 10 mM to 50 mM within the cell. Scan rate of 100 mVs�1 was
used throughout the experiments. All measurements were made at
37 �C after purging the solution in the cell with argon gas (99.999%)
for at least 10e15 min for flushing out oxygen before every elec-
trochemical assay.

4.4.3. Antibacterial assay
Antimicrobial activity of INH, PCH and 2,4-DHBAH was inves-

tigated by using agar well diffusion method [54]. Six bacterial
strains; 2 g positive Staphylococcus aureus (ATCC 6538), Micro-
coccus luteus (ATCC 10240) and 4 g negative Enterobacter aerogenes
(ATCC 13048), Escherichia coli (ATCC 15224), Salmonella typhi
(ATCC 6539), Bordetella bronchiseptica (ATCC 10580) cultured in LB
at 37 �C for 24 h were used. Briefly, the broth culture of each test
strain (0.75 ml) was mixed in 75 ml of nutrient agar medium
separately and poured into a 14 cm sterile petriplate. After solid-
ification of medium, sterile metallic borer was used to dig 8 mm
wells. One hundred micro liters of each test sample (1 mgml�1 in
DMSO) was poured in its respective well. In each plate DMSO and
standard anti-bacterial drugs Roxyithromycin and Cefixime
(1 mgml�1) served as negative and positive controls respectively.
The plates were incubated at 37 �C for 24 h. The anti-bacterial
activity was calculated by measuring the diameter of zones of
inhibition around each well. The minimum inhibitory concentra-
tion (MIC) of active compound was also determined by testing
activity of the serial dilutions.

4.4.4. OH radical induced oxidative DNA damage assay
To determine the anti-oxidant (protective) or pro-oxidant

(damaging) activity of test compounds (INH, PCH and 2,4-
DHBAH), OH radical induced oxidative DNA damage assay was
performed [55]. Plasmid pBR322 DNA was diluted using 50 mM
phosphate buffer to get a concentration of 0.5 mg/3 ml. Each reaction
mixture (15 ml) contained 3 ml of diluted pBR322, 5 ml of test
compounds at various concentrations (1000, 100 and 10 mgml�1),
4 ml of 2 mM FeSO4 and 3 ml of 30% H2O2. For each experiment,
pBR322 DNA treated with 30% H2O2 and 2 mM FeSO4 was used as
positive control (X). Hydrogen peroxide (H2O2) is used because it
can induce DNA damage by producing free radicals and FeSO4 acts
as a catalyst in this experiment. Untreated pBR322 DNAwas used as
negative control (P) and a 1 kb DNA ladder (L) was used as marker.
Reaction mixtures were incubated at 37 �C for 1 h in dark. All
reaction mixtures were subjected to 1% agarose gel electrophoresis
in 1X TBE buffer. Ethidium bromide was used to stain DNA bands
(super-coiled, linear and open-circular). Gels were visualized under
UV, documented (Gel Doc, Bio Rad) and intensity of the bands was
determined.

4.4.5. Cytotoxic assay
The cytotoxity was studied by the brine-shrimp lethality assay

method [54]. Brine shrimps (Artemia salina) were hatched using
brine shrimp eggs in sterile artificial sea water (prepared using sea
salt 38 gl�1) under constant aeration for 48 h at room temperature.
After hatching, active shrimps free from eggs were collected from
brighter portion of the hatching chamber and used for the assay.
Ten shrimps were drawn through a glass capillary and placed in
each vial containing 5 ml of artificial sea water with 10, 100 and
1000 mgml�1

final concentration of each test compound from their
stock solutions. After 24 h, the number of surviving shrimp was
counted (13e15). Experiment was performed in triplicate. Datawas
analyzed with Finney computer program to determine LD50 (Lethal
Dose that killed 50% of shrimps) values.
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