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Abstract Enoyl–acyl carrier protein reductase (InhA) is

an important enzyme for the biosynthesis of mycolic acids

which are central constituents of the mycobacterium cell

wall. In the present study, we synthesized, characterized

hydrophobic N-acylated isonicotinic acid hydrazide deriv-

atives (2a–2m) as potential enoyl–acyl carrier protein

reductase (InhA) inhibitors and tested them against

Mycobacterium tuberculosis H37Rv and two human clin-

ical isolates by means of colorimetric tetrazolium micro-

plate assay. Compounds 2c–2m displayed good-to-excel-

lent inhibitory activity against all tested strains as com-

pared with isoniazid. In vivo acute toxicity studies were

performed by Up-and-Down procedure. The results showed

that all the tested compounds were non-toxic and well

tolerated considering their LD50 values ranging from 3,898

to 5,000 mg/kg body weight.

Keywords N-Acylated isonicotinic acid

hydrazide derivatives � Antimycobacterial activity �
Hydrophobicity � Acute toxicity

Introduction

Tuberculosis (TB) is a disease caused by Mycobacterium

tuberculosis (M.tb), primarily affecting the respiratory

tract. A relatively small group of people infected with M.tb

will develop TB disease. The probability of developing TB

is much higher among patients who are infected with the

human immunodeficiency virus (HIV). The World Health

Organization (WHO) reported that, in year 2010, there

were an estimated 8.5–9.2 million cases and 1.2–1.5 mil-

lion deaths (including deaths from TB among HIV-positive

patients) (World Health Organization (WHO 2011).

Despite the availability of Bacillus Calmette–Guerin vac-

cine (BCG) and chemotherapeutic agents, M.tb is posing

serious threat to the mankind. In addition, the emergence of

multidrug-resistant M.tb strains are adding up to misery.

With the burgeoning problems and declining therapeutic

alternatives, there is an urgent need for development of

newer therapeutic alternatives which are potent yet safe,

economically viable to reach the mass population suffering

from TB.

Isoniazid (INH) is a well-known first-line antitubercular

drug with noticeable activity against M.tb, Mycobacterium

bovis and M. africannum and M. microti at a minimum

inhibitory concentration (MIC) ranging from 0.025 to

0.05 lg/mL (Mandell and Sande, 1996). Despite the exis-

tence of numerous studies, the knowledge about the

mechanism of action of INH, as well as a mechanism

conferring to resistance is limited (Sherman et al., 1996).

With currently available studies, the consensus opinion is

that INH is a prodrug which requires KatG (catalase–per-

oxidase, an enzyme with dual activity of catalase and

peroxidase) for activation (Fig. 1). The activated isonicot-

inoyl radical then reacts with co-enzyme NADH (nicotin-

amide adenine dinucleotide) to form INH-NAD adduct

(isonicotinoyl acyl NAD). The resulting INH-NAD adduct

later inhibits enzyme enoyl–acyl carrier protein reductase

(InhA) (Banerjee et al., 1994; Quemard et al., 1995), an

enzyme of the fatty acid synthase type II (FAS II) complex,

involved in the mycolic acid synthesis (central constituents
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of the mycobacterium cell wall). Disturbance in the bio-

synthesis of mycolic acids ultimately leads to cell death

(Bhatt et al., 2007; Vilcheze and Jacobs, 2007).

N-Acetyl transferase (NAT) is a drug-metabolizing

enzyme which can acetylate the INH transferring an acetyl

group from acetyl coenzyme A (acetyl CoA) onto the
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terminal nitrogen of the drug (Fig. 2). Such acetylation

significantly decreases the therapeutic activity of the drug,

resulting in overdosing, decreased bioavailability, and

acquired drug resistance (Augustynowicz-Kopec and

Zwolska, 2002a, b; Kumar et al., 2009). The chemical

modification of the hydrazine unit of INH with the func-

tional group that blocks the acetylation, while sustaining

the strong antimycobacterial activity, may be one such

method to solve the above mentioned problem. Several

such attempts were made to increase the activity by

bringing about chemical modifications to INH, but they

failed to produce desired results (Carvalho et al., 2008;

Judge et al., 2012; Jaju et al., 2009). One substantive

reason could be the low permeability of these drugs

through highly lipophilic mycobacterium cell wall (Min-

nikin et al., 2002). INH is predominantly hydrophilic and is

expected to use the porin pathway to enter mycobacteria

(Chang et al., 1998; Barrow et al., 1998). Increasing the

lipophilic property of the drug, however, alters the path-

ways of diffusion across the cell wall and enhances the

drug intake (Hearn and Cynamon, 2004). Therefore, it was

suggested that, the anti-TB activity of hydrophilic drug like

INH can be enhanced if it contains a lipophilic or hydro-

phobic side chain (Rastogi et al., 1988; Rastogi and Goh,

1990).

Prompted by the above discussion we designed and

synthesized a series of N-acylated isonicotinic acid deriv-

atives in which aliphatic side chain (C6–C18) has been

attached to INH moiety, evaluated its activity against M.tb

H37Rv and two human clinical isolates. In addition, we

also report the preliminary results on these investigational

compounds in the areas of toxicity.

Results and discussion

Chemistry

Direct acylation of INH with commercially available dif-

ferent fatty carboxylic acid chlorides, activated by 4-(N,N-

dimethylamino) pyridine (DMAP) in the presence of dry

dichloromethane (DCM), resulted in corresponding N-

acylated INH derivatives 2(a, b, c, d, e, g, i, k, m) with

yields ranging from 78 to 88 % (Scheme 1). Similarly, the

INH was made to react with different fatty acids using

N,N0-dicyclohexylcarbodiimide (DCC) as catalyst in the

presence of dry DCM resulting in the formation of the

titled compounds 2 (f, h, j, l) with 50–58 % yield

(Scheme 2). The structures of the synthesized compounds

(2a–2m, Table 1) were established on the basis of ele-

mental analysis and spectral data (UV, FTIR, 1H NMR, 13C

NMR and MS).

The UV spectra showed absorptions (kmax) at 203(amide

moiety) and 263 nm (pyridine ring). The FTIR spectra of

compounds 2a–2m showed absorption bands in the regions

3195–3210 cm-1 corresponding to N–H stretching (sec-

ondary amide), 3032 cm-1 in respect of C–H (aromatic

ring) and 1605–1610 cm-1 representing the C=O group. In

the proton nuclear magnetic resonance spectra (1H NMR),

the signals of hydrogen for the synthesized compounds 2a–

2m were verified on the basis of their chemical shifts (d),

splitting pattern (s, singlet; d, doublet; dd, doublet of

doublets; t, triplet; m, multiplet) and coupling constants (J).

The signals related to pyridine ring protons are seen at d
8.76–8.75 and d 7.78–7.76 ppm as a doublet of doublets.

Several other researchers had also noticed the similar type

of results with the pyridine ring protons (Naveen Kumar

et al., 2013; Lo Monte et al., 2013). Two NH protons

showed signals at d 10.59 and d 9.93 ppm as a singlet. Two

triplets that were observed in the regions of d 2.20–2.17

and d 0.87–0.84 ppm corresponded to the side chain alkyl

groups –CH2 and –CH3, respectively. The rest of the alkyl

side chain protons were observed between d 1.58 and

1.20 ppm region as multiplets. In 13C NMR, these com-

pounds (2a–2m) showed signals corresponding to the

pydridinyl ring carbons at 150, 139 and 121 ppm and

carbonyl carbons at 171 and 164 ppm. The signals of

carbon resonances of the alkyl side chain in all the syn-

thesized compounds were noticed in the region of

34–14 ppm. liquid chromatography–mass spectroscopy

(LC–MS) was used to determine the molecular weight of

the compounds. Molecular weights of compounds (2a–2m)

were in full agreement with the structures predicted.

Fig. 2 Activation and inactivation of INH by by catalase-peroxidase

(KatG) and N-Acetyl transferase (NAT), respectively (Kumar et al.,

2009)
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Elemental analyses were conducted, and the results were

within ?0.4 % of the theoretical values.The lipophilicities

of the synthesized compounds (2a–2m) and the parent

compound INH were expressed in terms of their Log

P values which were calculated using ChemBiodraw ultra

11.0 software. All the compounds exhibited higher lipo-

philicities than INH.

Pharmacology

Antimycobacterial activity and Structure–Activity

Correlations

The antimycobacterial activity was evaluated by means

colorimetric tetrazolium micro-plate assay (TEMA).

TEMA has proven to be a reliable, faster and inexpensive

method for the determination of M.tb strains (Mshana

et al., 1998; Caviedes et al., 2002). The in vitro antimy-

cobacterial activities of all the synthesized compounds was

determined against M.tb H37Rv (ATCC-25618) and two

human clinical isolates (MTB-1 & MTB-2) and their MICs

is shown in Table 1. INH used as control drug in the test.

The MIC was defined as the lowest drug concentration,

required for the complete inhibition of bacterial growth.

The MIC was expressed in lM (micro molar).

All the tested compounds demonstrated good-to-excellent

in vitro activities against M.tb H37Rv and two human clinical

isolates. Compounds 2c–2m (Log P value = 2.73–8.02)

displayed excellent in vitro activities with MIC values of

0.30–0.096 lM against M.tb H37Rv, compared to standard

antibiotic INH (0.57 lM, Log P value = -0.66). However,

compounds 2k, 2l and 2m (Log P value = 6.96–8.02) with

higher lipophilicities (n = 13–15) were found to exhibit the

most potent inhibitory effect with MIC values in the range of

0.10–0.096 lM that was 5–6-fold more potent than INH. In

contrast, compound 2a (Log P value = 1.67) was found to

be the least active with MIC value of 5.31 lM against M.tb

H37Rv.

On the other hand, compounds 2e–2m were the most

active against two clinical isolates with the MIC values in

the range of 0.13–0.049 lM compared with INH (0.28 lM.

The compound 2d exhibited comparable inhibitory activity

on MTB-1, whereas on MTB-2, it was twofold more active

than the parent drug. Compounds 2h–2m exhibited the

most potent inhibitory effect with MIC values in the range

of 0.06–0.049 lM. Compounds 2a and 2b exhibited the

least activity with MIC values of 2.65 and 0.62 lM,

respectively, against both the clinical strains.

The influence of lipophilicity (Log P) in achieving the

penetration into cells and mitochondrial membranes was

studied using rat fibroblast cell models (Rashid and Horobin,

1990). The results from the study showed that the hydro-

philic compounds (Log P \ 0) were excluded from the cell,

whereas, more lipophilic compounds (Log P [ 5) were

irreversibly bound to lipid-rich plasma membrane. Only the

moderate lipophilic compounds (0 \ Log P \ 5) were

passively penetrated into the cell and mitochondrial mem-

branes (Rashid and Horobin, 1990). Based on the above

observations, compounds 2a–2g were considered as mod-

erately lipophilic (Log P \ 5) and were expected to have
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lower MIC values compared with other compounds because

of their weaker penetrability through the cell wall. On the

other hand, compounds 2h–2m are highly lipophilic (Log

P [ 5), which could possibly get trapped inside the cell wall

and thus are expected to give higher MIC values than other

compounds. Among the synthesized isonicotinic acid

hydrazide derivatives, compounds 2k–2m exhibit enhanced

in vitro anti-TB activity (0.1–0.096 lM), which might be

due to the entrapment of these molecules inside the cell wall

and their ability reach the periplasm of M.tb. On the contrary,

in spite of having the negative Log P value, INH showed

lower MIC value than compounds 2a and 2b.

From the results obtained from antimycobacterial activ-

ity, we could conclude on the importance of alkyl side chain.

As anticipated, an increase in the length of the alkyl side

chain enhanced the activity of INH, because of enhanced

drug uptake into the bacterial cell. On close observation, it

was noticed that peak potency was achieved, when the alkyl

chain was composed of C16–C18, similar results were also

reported by other researchers (Rastogi et al., 1988; Hearn and

Cynamon, 2003; Judge et al., 2011; Mohamad et al., 2004).

The influence of N-alkyl substitution was studied by several

researchers on fluroquinolone class of drugs, namely cipro-

floxacin, moxifloxcin and gatifloxicin derivatives. The

results from those studies suggested that the aliphatic side

chain substitution (alkyl and alkenes) significantly contrib-

utes to the antimycobacterial activity on both tubercular and

non-tubercular bacteria (Haemers et al., 1990; de Almeida

et al., 2007; Wube et al., 2011). These results were in con-

cordance with those of the current study. Hence, the in vitro

antimycobacterial efficiencies of these N-acylated INH

derivatives probably depend on its lipophilicity, planarity

and structural similarity with mycobacterial membrane

composition. These factors probably facilitate the transport

of acyl prodrug through the lipophilic the membrane of

mycobacterial cell which is further hydrolysed inside the cell

Table 1 Chemical structures, MIC values against M.tb H37Rv strains (ATCC-25618, two human clinical isolates) and LD50 of the N-acylated

isonicotinic acid hydrazide derivatives (2a–m)

N

N
H

H
N CH2(CH2)nCH3

O

O

In vitro In vivo

MICa MICb LD50
d

M.tb H37Rv (lM) (mg/kg body weight)

Compound n (lM) MTB-1 MTB-2 Log Pc

2a 3 5.31 2.65 2.65 1.67 –

2b 4 0.62 0.62 0.62 2.2 –

2c 5 0.3 0.3 0.15 2.73 3,898

2d 6 0.28 0.28 0.14 3.26 3,898

2e 7 0.27 0.13 0.13 3.79 5,000

2f 8 0.25 0.13 0.13 4.31 [5,000

2g 9 0.24 0.12 0.12 4.84 [5,000

2h 10 0.47 0.06 0.06 5.37 [5,000

2i 11 0.22 0.06 0.06 5.9 [5,000

2j 12 0.21 0.05 0.05 6.43 [5,000

2k 13 0.1 0.05 0.05 6.96 [5,000

2l 14 0.1 0.05 0.05 7.49 [5,000

2m 15 0.096 0.049 0.049 8.02 [5,000

INH – 0.57 0.28 0.28 -0.66 1,582

a MIC minimum inhibitory concentration
b MIC human clinical isolates (MTB-1 and MTB-2)
c Log P was calculated using Chem Bio Draw Ultra 11.00
d LD50 was calculated with AOT425StatPgm based on maximum likelihood for long-term results at 95 % confidence interval
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by amidase to INH (Vinsova et al., 2008). Therefore, results

from the present study supported the hypothesis that,

increasing the lipophilicity of the compounds enhances the

penetrability though the cell wall of mycobacterium, which,

in turn, results in greater antimycobacterial activity (Rastogi

et al., 1988; Rastogi and Goh, 1990).

Acute toxicity study

We found from in vitro test that compounds 2c–2m were

more potent compared with INH. Hence, compounds (2c–

2m) were further evaluated for their in vivo acute oral

toxicities on female Sprague–Dawley rats using Up-and-

Down procedure (OECD 425 Guideline). The test results

were estimated by the AOT425StatPgm statistical program.

The study design was approved by the institutional Animal

Ethics Committee at the Universiti Sains Malaysia. INH

was used as a reference compound. Compounds (2c–2m)

were suspended in 10 % tween-20, whereas INH was dis-

solved in water for in vivo testing. Control experiments

showed that 10 % tween-20 did not show any toxic effects

on rats. The estimated LD50 values for each of the tested

substances (based on maximum likelihood) of long-term

results are shown in Table 1. The results indicated that all

the tested compounds were nontoxic and well tolerated by

experimental animals up to 5,000 mg/kg compared with

INH (1,582 mg/kg). Mortality was observed within 4 h in

rats dosed with 2,000 mg/kg of INH along with behav-

ioural signs such as unusual aggressiveness, restlessness,

sedation, convulsion and tremor. The compounds 2c and 2d

were non-toxic with the LD50 values of 3,898 mg/kg

whereas with compound 2e, the estimated LD50 value was

5,000 mg/kg with one dose with a partial response.

No mortality occurred with derivatives 2f–2m in rats

administered with 5,000 mg/kg body weight either immedi-

ately or during the 14-day observation period of the limited

dose test. However, there were observed behavioural signs of

toxicity including restlessness, irritation, tachypnea, anorexia,

ptosis, uncoloured discharge in the nostrils, bilateral narrow-

ing of the eyelids and abnormal posture (which was charac-

terized by tugging of the head in-between the hind-limbs). The

LD50 was estimated to be greater than 5,000 mg/kg body

weight for these derivatives. Further, the body weights of most

of the tested rats were reduced during the first week (day 7),

and weight gain was observed in the subsequent week (day

14). In summary, the lack of toxicity of these compounds is

attributed probably due to poor bioavailability.

Conclusions

The present study describes the synthesis, characterization,

antimycobacterial activity and acute toxicity study of

N-acylated INH derivatives. The MIC against M.tb H37Rv

demonstrated that compounds 2k, 2l and 2m inhibited

growth at 0.10–0.096 lM range of concentration, whereas

compounds 2c–2j inhibited growth at 0.47–0.21 lM range

of concentration. All the tested compounds for in vivo

acute toxicity were non-toxic and showed better tolerance

than the parent drug. However, by looking at the results of

lipophilicity-structure–activity relationships, it seems that

the N-acylated INH derivatives possess potent antimyco-

bacterial activity, while higher lipophilicity may assist in

the transportation of the molecule to various biomembranes

and further improving the permeation through mycobac-

terial cell membranes. Further structural modifications can

be done with aliphatic side chain to evaluate and compare

the possible potency with these compounds. Additional

studies such as long-term toxicity studies and pharmaco-

kinetics studies are currently in progress in our laboratory,

findings of which shall be communicated in the future.

Experimental section

Chemistry

All reactants, reagents (substituted fatty acids and fatty

acid chlorides, DCC, DMAP) were obtained from Aldrich

Chemical Company (USA). HPLC grade solvents were

used for the reaction. Reagents and all solvents were of

analytical purity and were used without further purification.

All the melting points (m.p. �C) were uncorrected and

determined in open capillary tubes using Digital Melting

Point apparatus 9100 ELECTRO THERMAL (UK). The

synthesis progress was monitored by TLC on precoated

aluminium sheets silica gel 60 F254 (Merck, Darmstadt

Germany), using dichloro methane/methanol as a mobile

phase. Spots were detected by UV and with iodine vapours.

UV spectra were taken by dissolving compounds in

methanol and recorded by means of a Perkin-Elmer

Lambda 45 UV spectrophotometer (USA). Infrared (FT-

IR) spectra were recorded on Nicolet FT-IR Spectrometer

(USA) apparatus, using the KBr pellets method, and the

intensities of signals are reported in terms of wave numbers

(cm-1). Nuclear Magnetic resonance was registered on

Bruker Fourier transform instrument with dimethyl sulf-

oxide-d6, and recorded at 400 MHz (1H NMR) and 75,

300 MHz (13C NMR). The chemical shifts are reported in

parts per million delta (d) using tetramethylsilane (TMS) as

reference standard. Mass spectra were recorded based on

Agilent 1100 Series LC/MS (liquid chromatography/mass

spectrometry) using electro-spray ionization (ESI). The

elemental analyses were recorded by means of Perkin

Elmer 2400 Series II CHN Elemental Analyzer. Names for
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all of the new compounds were given with the help of

ChemBiodraw ultra 11.0.

General procedure for the synthesis of isonicontinic acid

hydrazide (2a–m)

The reaction protocol for the preparation of N-acylated

INH derivatives (2a–2m) outlined in Scheme 1 and

Scheme 2.

Scheme 1 The synthesis was carried out analogous to

previously reported procedure (Besra et al., 1993) with

minor modification. Anhydrous DCM and 4-dimethyl

aminopyridine (DMAP) (1.2 eq) was placed in a round-

bottomed flask (RBF). An appropriate fatty carboxylic acid

chloride was added followed by the addition of INH

(1.1 eq). The reaction mixture was kept in an ice bath for

1 h and then kept under stirring under nitrogen atmosphere

and left alone overnight at room temperature. DCM was

added to the reaction mixture, which was then washed with

a saturated sodium chloride solution and dilute hydro-

chloric acid solution. The organic layer was dried over

anhydrous sodium sulphate, filtered and the solvent was

removed under reduced pressure to afford the crude prod-

uct which was purified by recrystallization from ethyl

acetate.

Scheme 2 Dicyclohexylcarbodiimide (DCC, 1.4 eq) and

appropriate fatty carboxylic acid (1.3 eq) in a RBF, was

cooled at 0 �C, under nitrogen atmosphere. A sufficient

quantity of dried DCM was added, and the mixture was

kept under stirring at 0 �C (for 10 min) followed by the

addition of INH (1 eq). RBF was removed from the ice

bath, and the mixture was further kept under stirring for

10 h at room temperature. The reaction mixture was then

washed with a saturated sodium chloride solution, and the

separated organic layer was further dried over anhydrous

sodium sulphate, concentrated to half the volume to yield

precipitate. The precipitated product was filtered, dried and

further purified by column chromatography using dichloro

methane/methanol as mobile phase.

N0-Hexanoylisonicotinohydrazide (2a) White solid; yield:

82 %; mp: 99–100 �C; UV (kmax): 263 nm. IR (cm-1;

KBr): 3195 (N–H), 1605 (C=O) and 1544 (C=N). 1H NMR

(DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH), 9.93 (s, 1H:

NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of pyridine

ring); J = 4.4, 1.6 Hz], 7.77–7.76 [dd, 2H, CH of C3 and

C5 of pyridine ring; J = 4.4, 1.6 Hz], 2.21–2.17 [t, 2H

(CH2); J = 7.4 Hz],1.58–1.54 [m, 2H (CH2)], 1.32–1.28

[m, 4H (CH2)2], 0.89–0.86 [t, 3H (CH3); J = 6 Hz]. 13C

NMR (DMSO-d6, 75 MHz) d: 171.6 (C=O), 164.1 (C=O),

150.5 (C2 and C6), 139.7 (C4), 121.4 (C3 and C5), 33.3

(CH2), 30.9 (CH2), 24.8 (CH2), 22.0 (CH2), 14.0 (CH3).

MS–ESI m/z (%)-[M?1] 236.2 (100). Anal. Calcd for

C12H17N3O2 (235.13); C, 61.26; H, 7.28; N, 17.86; found

C, 61.64; H, 7.16; N, 17.97.

N0-Heptanoylisonicotinohydrazide (2b) White solid;

yield: 80 %; mp: 107–108 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH), 9.94

(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.4, 1.6 Hz], 7.78–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.4, 1.6 Hz], 2.21–2.17 [t,

2H (CH2); J = 7.5 Hz], 1.57–1.52 [m, 2H (CH2)],

1.34–1.28 [m, 6H (CH2)3], 0.89–0.86 [t, 3H (CH3);

J = 6.8 Hz]. 13C NMR (DMSO-d6, 75 MHz) d: 171.7

(C=O), 164.1 (C=O), 150.5 (C2 and C6), 139.7 (C4), 121.4

(C3 and C5), 33.4 (CH2), 31.2 (CH2), 28.4 (CH2), 25.2

(CH2), 22.2 (CH2), 14.1 (CH3). MS–ESI m/z (%)-[M?1]

250.2 (100). Anal. Calcd for C13H19N3O2 (249.15) C,

62.63; H, 7.68; N, 16.85; found C, 62.94; H, 7.96; N, 17.01.

N0-Octanoylisonicotinohydrazide (2c) White solid; yield:

83 %; mp: 111–112 �C; UV (kmax): 263 nm, IR (cm-1;

KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N). 1H NMR

(DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH), 9.93 (s, 1H:

NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of pyridine ring;

J = 4.8, 1.6 Hz], 7.78–7.76 [dd, 2H, CH of C3 and C5 of

pyridine ring; J = 4.6, 1.3 Hz], 2.21–2.18 [t, 2H (CH2);

J = 7.8 Hz], 1.58–1.52 [m, 2H (CH2)], 1.33–1.22 [m, 8H

(CH2)4], 0.89–0.85[t, 3H (CH3); J = 6.78 Hz]. 13C NMR

(DMSO-d6, 75 MHz) d: 171.7 (C=O), 164.1 (C=O), 150.5

(C2 and C6), 139.7 (C4), 121.4 (C3 and C5), 33.4 (CH2),

31.3 (CH2), 28.7 (CH2), 28.6 (CH2), 25.2 (CH2), 22.2

(CH2), 14.1 (CH3). MS–ESI m/z (%)-[M?1] 264.2 (100).

Anal. Calcd for C14H21N3O2 (263.16); C, 63.85; H, 8.04;

N, 15.96; found C, 64.24; H, 8.41; N, 16.11.

N0-Nonanoylisonicotinohydrazide (2d) White solid;

yield: 86 %; mp: 112–113 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH), 9.93

(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.6, 1.8 Hz], 7.77–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.4, 1.6 Hz], 2.20–2.17 [t,

2H (CH2); J = 7.4 Hz], 1.57–1.52 [m, 2H (CH2)],

1.33–1.21 [m, 10H (CH2)5], 0.88–0.85 [t, 3H (CH3);

J = 6.8 Hz]. 13C NMR (DMSO-d6, 75 MHz) d: 171.7

(C=O), 164.1 (C=O), 150.5 (C2 and C6), 139.7 (C4), 121.4

(C3 and C5), 33.4 (CH2), 31.4 (CH2), 28.9 (CH2), 28.8

(CH2), 28.7 (CH2), 25.2 (CH2), 22.2 (CH2), 14.1 (CH3).

MS–ESI m/z (%)-[M?1] 278.3 (100). Anal. Calcd for C15

H23 N3 O2 (277.18) C, 64.95; H, 8.36; N, 15.15; found C,

65.32; H, 8.47; N, 15.26.
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N0-Decanoylisonicotinohydrazide (2e) White solid; yield:

78 %; mp: 115–116 �C;UV (kmax): 263 nm. IR (cm-1;

KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N). 1H NMR

(DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH), 9.92 (s, 1H:

NH),8.77–8.75 [dd, 2H, CH of C2 and C6 of pyridine ring;

J = 4.4, 1.6 Hz], 7.78–7.76 [dd, 2H, CH of C3 and C5 of

pyridine ring; J = 4.4, 1.6 Hz], 2.20–2.17 [t, 2H(CH2);

J = 7.8 Hz], 1.57–1.53 [m, 2H (CH2)], 1.31–1.21 [m, 12H

(CH2)6], 0.88–0.85 [t, 3H (CH3); J = 6.8 Hz]. 13C NMR

(DMSO-d6, 75 MHz) d: 171.6 (C=O), 164.0 (C=O), 150.5

(C2 and C6), 139.6 (C4), 121.4 (C3 and C5), 33.4 (CH2), 31.4

(CH2), 29.0 (CH2), 28.9 (CH2), 28.8 (CH2), 28.7 (CH2), 25.2

(CH2), 22.2 (CH2), 14.1 (CH3). MS–ESI m/z (%)-[M?1]

292.3 (100). Anal. Calcd for C16H25 N3O2 (291.19) C, 65.95;

H, 8.65; N, 14.42; found. C, 66.31; H, 8.79; N, 14.58.

N0-Undecanoylisonicotinohydrazide (2f) White solid;

yield: 51 %; mp: 115–116 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N). 1H

NMR (DMSO-d6, 400 MHz) d: 10.58 (s, 1H; –NH), 9.93 (s,

1H: NH),8.76–8.75 [dd, 2H, CH of C2 and C6 of pyridine

ring; J = 4.2, 1.6 Hz], 7.77–7.76 [dd, 2H, CH of C3 and C5

of pyridine ring; J = 4.4, 1.6 Hz], 2.20–2.17 [t, 2H(CH2);

J = 7.4 Hz], 1.57–1.52 [m, 2H (CH2)], 1.36–1.26 [m, 14H

(CH2)7], 0.88–0.84 [t, 3H (CH3); J = 6.8 Hz]. 13C NMR

(DMSO-d6, 300 MHz) d: 172.3 (C=O), 164.7 (C=O), 151.2

(C2 and C6), 140.3 (C4), 122.3 (C3 and C5), 34.1 (CH2), 32.1

(CH2), 30.3 (CH2), 29.8 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4

(CH2), 25.9 (CH2), 22.9 (CH2), 14.9 (CH3). MS–ESI m/

z (%)-[M?1] 306.3 (100). Anal. Calcd for C17H27N3O2

(305.21) C, 66.85; H, 8.91; N, 13.76; found. C, 67.20; H,

9.35; N, 13.94.

N0-Dodecanoylisonicotinohydrazide (2g) White solid;

yield: 88 %; mp: 118–119 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH), 9.93

(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.4, 1.6 Hz], 7.77–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.4, 1.6 Hz], 2.20–2.17 [t,

2H (CH2); J = 7.2 Hz], 1.57–1.51 [m, 2H (CH2)],

1.36–1.21 [m, 16H (CH2)8], 0.88–0.84 [t, 3H (CH3);

J = 6.8 Hz]. 13C NMR (DMSO-d6, 75 MHz) d: 172.3

(C=O) and 164.7 (C=O), 150.5 (C2 and C6), 139.7 (C4),

121.4 (C3 and C5), 33.4 (CH2), 31.5 (CH2), 29.2 (CH2)2,

29.1 (CH2), 29.0 (CH2), 28.9 (CH2), 28.8 (CH2), 28.7

(CH2), 25.2 (CH2), 22.3 (CH2), 14.1 (CH3). MS–ESI m/

z (%)-[M?1] 320.3 (100). Anal. Calcd for C18H29N3O2

(319.23) C, 67.68; H, 9.15; N, 13.15; found. C, 68.01; H,

9.48; N, 13.25.

N0-Tridecanoylisonicotinohydrazide (2h) White solid;

yield: 58 %; mp: 119–120 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.58 (s, 1H; NH), 9.92

(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.4, 1.6 Hz], 7.77–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.6, 1.6 Hz], 2.20–2.16 [t,

2H (CH2); J = 7.4 Hz], 1.57–1.53 [m, 2H (CH2)],

1.30–1.21 [m, 18H (CH2)9], 0.87–0.84 [t, 3H (CH3);

J = 6.8 Hz]. 13C NMR (DMSO-d6, 300 MHz) d: 172.3

(C=O), 164.7 (C=O), 151.2 (C2 and C6), 140.3 (C4), 122.4

(C3 and C5), 34.1 (CH2), 32.1 (CH2), 31.3 (CH2), 30.6

(CH2), 29.9 (CH2), 29.8 (CH2), 29.6 (CH2), 29.5 (CH2),

29.4 (CH2), 25.9 (CH2), 22.9 (CH2), 14.9 (CH3). MS–ESI

m/z (%)-[M?1] 334.4 (100). Anal. Calcd for C19H31N3O2

(333.24) C, 68.43; H, 9.37; N, 12.60; found C, 68.73; H,

9.76; N, 12.72.

N0-Tetradecanoylisonicotinohydrazide (2i) White solid;

yield: 80 %; mp: 122–123 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.58 (s, 1H; NH), 9.92

(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.4, 1.6 Hz], 7.77–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.4, 2 Hz], 2.20–2.16 [t,

2H(CH2); J = 7.2 Hz], 1.57–1.53 [m, 2H (CH2)],

1.30–1.20 [m, 18H (CH2)10], 0.87–0.84 [t, 3H (CH3);

J = 6.8 Hz]. 13CNMR (DMSO-d6, 75 MHz) d: 171.6

(C=O), 164.1 (C=O), 150.5 (C2 and C6), 139.7 (C4), 121.4

(C3 and C5), 33.4 (CH2), 31.4 (CH2), 29.2 (CH2)4, 29.1

(CH2), 28.9 (CH2)2, 28.7 (CH2), 25.2 (CH2), 22.3 (CH2),

14.1 (CH3). MS–ESI m/z (%)-[M?1] 348.3 (100). Anal.

Calcd for C20H33N3O2 (347.26) C, 69.13; H, 9.57; N,

12.09; found C, 69.23; H, 9.96; N, 12.16.

N0-Pentadecanoylisonicotinohydrazide (2j) White solid;

yield: 50 %; mp: 122–123 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH),

9.93(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.4, 1.6 Hz], 7.78–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.4, 1.6 Hz], 2.20–2.16 [t,

2H (CH2); J = 7.4 Hz], 1.57–1.53 [m, 2H (CH2)],

1.35–1.20 [m, 22H (CH2)11], 0.87–0.84 [t, 3H (CH3);

J = 6.8 Hz]. 13C NMR (DMSO-d6, 300 MHz) d: 172.3

(C=O) and 164.7 (C=O), 151.2 (C2 and C6), 140.3 (C4),

122.4 (C3 and C5), 34.1 (CH2), 32.1 (CH2), 31.3 (CH2),

30.6 (CH2), 29.9 (CH2), 29.8 (CH2), 29.6 (CH2), 29.5

(CH2), 29.4 (CH2), 29.0 (CH2)2, 25.9 (CH2), 22.9 (CH2),

14.9 (CH3). MS–ESI m/z (%)-[M?1] 362.4 (100). Anal.

Calcd for C21H35N3O2 (361.27) C, 69.77; H, 9.76; N,

11.62; found C, 70.11; H, 10.03; N, 11.85.

N0-Hexadecanoylisonicotinohydrazide (2k) White solid;

yield: 84 %; mp: 123–124 �C; UV (kmax): 263 nm. IR
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(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH), 9.93

(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.6, 1.6 Hz], 7.78–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.4, 1.6 Hz], 2.20–2.16 [t,

2H (CH2); J = 7.2 Hz], 1.57–1.53 [m, 2H (CH2)],

1.34–1.20 [m, 24H (CH2)12], 0.87–0.84 [t, 3H (CH3);

J = 6.8 Hz]. 13C NMR (DMSO-d6, 75 MHz) d:171.6

(C=O), 164.0 (C=O), 150.5 (C2 and C6), 139.6 (C4), 121.4

(C3 and C5), 33.4 (CH2), 31.4 (CH2), 29.2 (CH2)2, 29.1

(CH2)2, 29.0 (CH2), 28.9 (CH2)2, 28.8 (CH2), 28.7 (CH2),

28.6 (CH2), 25.2 (CH2), 22.3 (CH2), 14.1 (CH3). MS–ESI

m/z (%)-[M?1] 376.3(100). Anal. Calcd for C22H37N3O2

(375.29) C, 70.36; H, 9.93; N, 11.19; found C, 70.70; H,

10.31; N, 11.25.

N0-Heptadecanoylisonicotinohydrazide (2l) White solid;

yield: 56 %; mp: 125–126 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.59 (s, 1H; NH),

9.93(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.6, 1.6 Hz], 7.77–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.4, 1.6 Hz], 2.20–2.16 [t,

2H(CH2); J = 7.4 Hz], 1.57–1.51 [m, 2H (CH2)],

1.34–1.14 [m, 26H (CH2)13], 0.87–0.84 [t, 3H (CH3);

J = 6.8 Hz]. 13C NMR (DMSO-d6,300 MHz) d: 172.3

(C=O), 164.7 (C=O), 151.2 (C2 and C6), 140.3 (C4), 122.1

(C3 and C5), 34.1 (CH2), 32.1 (CH2), 31.6 (CH2), 29.9

(CH2)7, 29.5 (CH2), 29.4 (CH2)2, 25.9 (CH2), 22.9 (CH2),

14.9 (CH3). MS–ESI m/z (%)-[M?1] 390.6 (100).Anal.

Calcd for C23H39N3O2 (389.30) C, 70.91; H, 10.09; N,

10.79; found C, 71.28; H, 10.45; N, 10.91.

N0-Octadecanoylisonicotinohydrazide (2m) White solid;

yield: 83 %; mp: 125–126 �C; UV (kmax): 263 nm. IR

(cm-1; KBr): 3199 (N–H), 1605 (C=O) and 1544 (C=N).
1H NMR (DMSO-d6, 400 MHz) d: 10.60 (s, 1H; NH), 9.93

(s, 1H: NH), 8.76–8.75 [dd, 2H, CH of C2 and C6 of

pyridine ring; J = 4.4, 1.6 Hz], 7.77–7.76 [dd, 2H, CH of

C3 and C5 of pyridine ring; J = 4.4, 1.6 Hz], 2.20–2.16 [t,

2H (CH2); J = 7.4 Hz],1.57–1.51 [m, 2H (CH2)],

1.39–1.24 [m, 28H (CH2)14], 0.87–0.84 [t, 3H (CH3);

J = 6.8 Hz]. 13C NMR (DMSO-d6, 75 MHz) d: 169.2

(C=O), 162.7 (C=O), 149.9 (C2 and C6), 139.6 (C4), 121.5

(C3 and C5), 34.0 (CH2), 31.4 (CH2), 29.2 (CH2)9, 29.0

(CH2), 28.8 (CH2)2, 25.2 (CH2), 22.3 (CH2), 14.1 (CH3).

MS–ESI m/z (%)-[M?1] 404.4 (100). Anal. Calcd for

C24H41 N3 O2 (403.32) C, 71.42; H, 10.24; N, 10.41; found

C, 71.81; H, 10.63; N, 10.33.

Antimycobacterial assay

Drug solution preparation

Commercial grade INH was obtained from Sigma-Aldrich

Chemical Company, UK. INH stock solution was prepared

by dissolving in distilled water to obtain a concentration of

1 mg/mL. The derivatives were dissolved in DMSO to

obtain a stock solution of 1 mg/mL. These stock solutions

were subsequently diluted with distilled water on the day of

experiment to attain the desired working concentrations

(5–0.0195 lg/mL) and then sterilizeed by filtration using a

cellulose membrane of 0.22-lm pore size.

Inoculum preparation

Mycobacterium tuberculosis, strain H37Rv (ATCC 25618)

and two clinical isolates MTB 1&2 (obtained from School

of Medical Sciences, Universiti Sains Malaysia) were used

for analysing in vitro antimycobacterial activity.The

mycobacterial inoculums were prepared from a log phase

culture in Middlebrook 7H9 broth (Difco, USA) supple-

mented with albumin, dextrose and catalase (ADC) (Difco,

USA), and their turbidities were adjusted to McFarland

standard no.1. This bacterial suspension was then further

diluted 1:25 in Middlebrook 7H9 broth with 0.2 % glycerol

and OADC (oleic acid, albumin, dextrose and catalase)

enrichment. (Difco, USA).

In vitro anti-tuberculosis activity screening

The antimycobacterial activity was performed by a colori-

metric TEMA as described by Caviedes et al. with some

modifications. The assay was done in 96-well sterile micro

plates. Each derivative was tested thrice in triplicates. First,

200 lL of sterile distilled water was added into the outer

wells to prevent dehydration. 100 lL of the Middlebrook

7H9 broth supplemented with 10 % OADC was then added

into wells 3–11 in rows B to G followed by addition of

100 lL of each derivative of the working solution (10 lg/

mL) in triplicate into wells in columns 2 and 3. The solutions

were serially diluted with multichannel pipette from wells in

columns 3–4 and then up to the wells of column 10. The last

100 lL of solution from the wells in column 10 were dis-

carded. Finally, 100 lL of bacterial suspension was added

into all the test wells. The wells in column 11 served as drug-

free growth controls. INH was used as a positive control. The

test concentrations of drugs ranged from 5 to 0.0195 lg/mL.

The plates were sealed and incubated at 37 �C in 8 % CO2

for 5 days. On day 5, 50 lL of tetrazolium–Tween 80 mix-

ture [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
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bromide with a concentration of 1 mg/mL in absolute etha-

nol and 10 % Tween 80 at 1:1] was added to well B11 and

incubated for 24 h. If well B11 turned from yellow to purple,

then the reagent (tetrazolium–tween 80 mixture) was added

to all wells and incubated for another 24 h, and the results

were read visually on the following day. If the well B11

remained yellow, then the plates were incubated for another

24 h, tetrazolium–tween 80 mixture was added to well C11

and incubated for additional 24 h. If the C11 remained yel-

low, incubation was continued and tetrazolim–tween80

mixture was added to wells D11, E11, F11 and G11 on days

9, 11, 13 and 15, respectively. The MIC therefore was

defined as the lowest drug concentration that prevented a

colour change of tetrazolium dye from yellow to purple.

Acute oral toxicity by Up-and-Down Procedure (UDP)

Animals

Healthy nulliparous and non-pregnant female Sprague–

Dawley species rats, 12–14 weeks of age with the body

weight ranging from 195 to 240 g were used. Rats were

obtained from Animal Research and Service Centre

(ARASC), University Science Malaysia, Pulau Pinang.

During the experimental period single animal was kept in

their respective cages for 5 days before dosing to allow

acclimatization to laboratory conditions. Standard food for

laboratory rat (Gold coin, Penang Malaysia) was used. All

animals were kept for fasting before dosing by withholding

food (not water) for overnight and 3–4 h after dosing. After

this fasting period, access to food and water was spontane-

ously supplied to rats. Animals were kept in conventional

circumstances: light/dark cycle 12/12 h, room temperature

of 28 ± 3 �C, and humidity 65 ± 10 %. Each animal was

observed individually for the first 5 min after dosing looking

for signs of regurgitation. Each was watched for every

15 min in the first 4 h after dosing, then every 30 min for the

succeeding 6 h, and then daily for the succeeding 38 h for the

short-term outcome, and the remaining 14 days for the long-

term possible lethal outcome (death). All observations

(mortality, gross toxicity and behavioural changes) were

systematically recorded with individual records being

maintained for each rat. The body weight was recorded

before administration, on days 7 (first week) and 14 (end of

the study), or after death. Necropsies were performed on all

animals. All experiments were performed according to the

OECD 425 Guideline for the testing of chemicals—Acute

Oral Toxicity: UDP (adopted: 23 March 2006).

In this study, the limit test was conducted for INH and

its derivatives to determine weather the toxicity of a test

substance is above or below a specified dose. The limiting

doses of 2,000 mg/kg body weight in case of INH and

5,000 mg/kg body weight for the derivative were used.

Up to seven animals for each derivative were used in

experiments to determine the LD50 for all the tested sub-

stances. The principle of main test is as follows: animals

are dosed, one at a time, at a minimum of 48-h intervals.

The first animal receives a dose a step below the level of

the best estimate of the LD50. Depending on the result of

the previous animal, the dose for the next animal is

adjusted up or down. If an animal survives, then the dose

for the next animal is increased; if it dies, the dose for the

next animal is decreased. The test-stopping criteria were

followed according to OECD Guideline-425.

Drugs

All the test substances were stored in a refrigerator (0 �C).

All test substances were suspended in 10 % Tween-20.

Doses were prepared shortly before administration. The

animals were weighed during fasting, and the test sub-

stances were administered. Doses of substances were

adjusted to be containing 1 mL/100 g of rat body weight.

The test substances were orally administered (po) in a

single dose by means of a suitable intubation cannula.

Statistical analysis

The ‘Acute Oral Toxicity (Guideline 425) Statistical Pro-

gram’ AOT425StatPgm (version: 1.0) was used for Sta-

tistical analysis. This software is designed to use along with

the acute oral toxicity testing procedure presented in the

OECD Guideline for the testing of chemicals—‘‘Conclu-

sions’’ section: Health Effects Test No. 425, Acute Oral

Toxicity: Up-and-Down Procedure (OECD 425 Guideline).

To conduct the main test of INH, limiting dose was fixed

at 2,000 mg/kg body weight, and the LD50 was 650 mg/kg

(Derelanko and Hollinger, 1995) with sigma value of 0.2.

For all derivatives, limiting dose was fixed at 5,000 mg/kg

body weight; LD50 was 1,582 mg/kg with sigma value 0.2.
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