
Original Article

Design, Synthesis and Antitubercular Evaluation of Novel Series of 
Pyrazinecarboxamide Metal Complexes

Mohsin Alia*, Mansoor Ahmedb, Saleem Hafizc, Mustafa Kamald, Majid Mumtaza and Seyed 
Abdulmajid Ayatollahie

aDepartment of Chemistry, University of Karachi, Karachi-75270, Pakistan. bDepartment 
of Pharmaceutical Chemistry, University of Karachi, Karachi-75270, Pakistan. cDepartment 
of Microbiology, Sindh Institute of Urology and Transplantation (SIUT), Karachi, Pakistan. 
dDepartment of Biotechnology, University of Karachi, Karachi-75270, Pakistan. ePhytochemistry 
Research Center and Department of Pharmacognosy, School of Pharmacy,  Shahid Beheshti 
University of Medical Sciences, Tehran, Iran.

Abstract

The interest in the synthesis of metallic complexes of different drugs to make them more 
efficient in biological environment of the human body is seen for the last few decades. Wide 
range of metal complexes are already used in clinical practice which encourages additional 
research for innovating new metal based drugs, such as metal-mediated antibiotics, anti-
parasitic, antiviral, antibacterial, and anticancer compounds. Tuberculosis has been known as 
one of the most disastrous disease putting burden on health system worldwide. Though the 
therapeutic agents to combat the disease are well practiced, emergence of multi drug resistant 
strains makes the treatment strategies more difficult. The following work aims to synthesize 
copper, ferrous, ferric, cobalt and manganese complexes of renowned anti tuberculosis drug, 
pyrazinamide (PZ). These compounds were tested for anti-tuberculosis using five multidrug 
resistant strain of Mycobacterium tuberculosis. For this purpose BACTEC MGIT 960 system 
was used. The drug PZ was also screened with the synthesized complexes. The two complexes 
of cobalt and manganese proved potent among all of the compounds tested. 
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Introduction

Tuberculosis, a disease of antiquity, 
commonly known as ‘TB’ and ‘white plaque’, 
is caused by infection with members of the 
MTB complex, including Mycobacterium 
tuberculosis itself, Mycobacterium Africanum, 
Mycobacterium Microti, Mycobacterium Caprae, 
Mycobacterium Pinnipedii, Mycobacterium 

Bovis, and Mycobacterium Canettii (1). In 
1882, Robert Koch, the Noble prize winner for 
his discovery, isolated the bacteria, MTB (2). 
Till mid of 19th century TB was responsible for 
about a quarter of all deaths in Europe (3). The 
disease has under gone a resurgence since 1980s 
owing to the increasingly densely populated 
urbanization in the developing countries and the 
increased mobility of human populations (4). 
Nearly one third of the world’s population has 
been infected by these bacterial strains during 
the past few decades rendering it to one of the 
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deadliest diseases globally (5) with the annual 
incidence rate being 1% of world population 
(6). Being a contagious disease, it is a major 
threat for public health globally especially in 
the developing and under developed densely 
populated countries (7).

Although the currently practiced 
pharmacological methods of treatment are very 
effective against TB, the treatment involves 
administration of multi-drug regimen over a long 
period of time, leading to patient noncompliance 
(8). Furthermore, the emergence of multi-drug 
resistant TB (Isoniazid and Rifampin) (MDR-
TB), extensively drug resistant (XDR-TB) 
strains and the high prevalence rate of HIV-1 
worldwide, are some of the factors which seem to 
worsen the situation in the future. These factors 
have highlighted the need for improving the 
anti-TB drugs by making them more effective 
thereby increasing the patient compliance (9, 
10). 

Pyrazinamide (PZ), a member of the 
pyrazine family having the general chemical 
formula C5 H5 N3O is known as a very effective 
antimycobacterial agent being used in both 
primary and secondary line treatment schemes. 
The emergence of strain resistant to PZ represents 
an important public health problem, as this drug 
is capable of shortening the tuberculosis therapy 
from 9–12 months to a period of 6 months (11).

The research has explored that within the cells, 
metal complexes can participate in reactions that 
would otherwise be impossible with conventional 
organic substances only. Though the modern 
chemotherapy has progressed considerably, 
there still remains a need for innovative anti-TB 
agents capable of combating drug resistance by 
Mycobacterium TB. Complexes of PZ have been 
reported in literature for their anti-mycobacterial 
properties (12-18).

Research papers on infectious diseases have 
demonstrated that serum copper level increases 
in the patients suffering from tuberculosis. 
Furthermore, the Cu/Zn ratio significantly 
decreases after a few months of antitubercular 
therapy with isoniazid, rifampicin, ethambutol, 
and pyrazinamide, as compared to the ratio at 
the beginning of the therapy. This could suggest 
the possible interaction of these drugs with these 
metal ions resulting in their serum level changes 

(19-21).
In this research contribution, we explore 

the synthesis of copper, cobalt, ferric, ferrous, 
and manganese complexes of PZ which is a 
very effective antimycobacterial agent and 
have vast field of applications in primary and 
secondary line treatment schemes. Besides, this 
drug is capable of considerably reducing the 
treatment time of the tuberculosis therapy. Our 
results demonstrate the successful synthesis 
of Pyrazinamide-metal complexes using an 
efficient and relatively easy solution based route. 
The antitubercular properties of the complexes 
were thoroughly explored using five resistant 
species of M. tuberculosis. Two metal complexes 
of PZ exhibit promising results and five strains 
used in this study were found prone against these 
complexes over a period of six weeks. 

Experimental

Preparation of complexes (PZ)
The solution of PZ (0.1 M) 20.0 mL in 

methanol was added, under stirring, into a round 
bottom flask, containing 10 mL of 0.1 M solution 
of copper chloride. The resulting mixture was 
kept stirring for few min at room temperature 
followed by refluxing on a water bath at 80 ºC 
for 3 to 4 h. Thus, the solid material formed 
was filtered using Whatman filter paper and 
washed by hot methanol to furnish Cu complex 
of PZ. The same procedure was adopted for the 
synthesis of complexes of metal (II). 

Anti-Mycobacterial activity 
Five reference multidrug resistant (i.e., 

resistant to isoniazid, pyrazinamide, ethambutol 
and rifampin) strains were used in this study 
for PZ susceptibility testing using the MGIT 
960 system according to the manufacturerꞌs 
instructions (22), and WHO (23). Since the 
BACTEC MGIT 960 system is routinely used 
in laboratory for primary isolation, 500 µL from 
a positive MGIT tube was sub cultured in vials 
for susceptibility testing. The drug solutions 
were prepared by reconstitution of the provided 
lyophilized drugs with distilled water. The 
tests with the automated BACTEC MGIT 960 
instrumentation were performed with MGIT 
cultures. 
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Each 7.0 mL MGIT tubes were supplemented 
with 0.8 mL of growth supplement OADS 
(25). The lyophilized drugs were rehydrated in 
accordance with the recommended procedure; 
100 µL of antibiotic solution (the recommended 
critical concentration of PZ was 100 μg/mL) was 
added to a labeled MGIT tube for each drug. 

For the drug-free control, the culture was 
diluted 1:100 in distilled water before addition 
to the control tube. The tubes were placed in 
the proper MGIT rack in a fixed sequence; the 
rack was incubated in the cabinet drawer and left 
there until the conclusion of the test was signaled 
by the instrument. A single concentration of drug 
(i.e., critical concentration) was tested. 

After bar code scanning all the inoculated 
tubes were loaded in the instrument and incubated 
at a temperature of 37 °C. An un-inoculated tube 
was used as negative control, and incubated for 
six weeks (42 days).

The MIGIT 960 System flags the completion 
of a DST when the growth unit (GU) of the 
growth control reaches 400 and reports S for 
susceptible or R for resistant, as well as a GU 
value for each drug containing MGIT tube on 
the printout. An isolate was interpreted to be 
susceptible when the GU of a drug containing 
MGIT tube was equal to or less than 100 or as 
resistant when the GU was greater than 100.

If an isolate was interpreted to be resistant, 
a smear was made and stained by ZN method 
to prove the presence of AFB with morphology 
compatible with that of M. tuberculosis and the 
absence of contaminants.

Results

Structural characterization of complexes will 
be reported elsewhere and proposed structures 
are shown in Figure 1. In all complexes, metal 

Figure 1. Structure of Metal complexes of PZ (a) Cu(II), (b) Mn(II), (c) Co(II), (d) Fe(II) and (e) Fe(III).

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structure of Metal complexes of PZ (a) Cu(II), (b) Mn(II), (c) Co(II), 

(d) Fe(II) and (e) Fe(III). 

 

Anti-Mycobacterial activity 

PZ was used as reference drug against five resistant strains of M. tuberculosis. This study was 

carried out for a period of six weeks. The growth was monitored in order to check the 

resistance of these strains against the synthesized metal complexes derived from PZ. Co (II)-

PZ showed significant resistant and found most potent against all strains over the period of 

six weeks. Ni (II)-PZ also proved resistant over the period of six weeks but against only two 

strains (1195 and 2029). It also showed resistance against the remaining three strains for a 

period of four weeks. The details of five complexes with their activity are given in Table 1 

and the results are further elaborated in Figure 2. 
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to drug ratio is 1:2, whereas charge of metal 
ions is neutralized by two chloride ions that is 
present in coordination sphere. It is noticeable in 
structure (e) the oxidation state of iron is 3+ thus 
one chloride ion is also present with the water 
molecules.

Anti-Mycobacterial activity
PZ was used as reference drug against five 

resistant strains of M. tuberculosis. This study 
was carried out for a period of six weeks. The 
growth was monitored in order to check the 
resistance of these strains against the synthesized 
metal complexes derived from PZ. Co (II)-PZ 
showed significant resistant and found most 
potent against all strains over the period of six 
weeks. Ni (II)-PZ also proved resistant over the 
period of six weeks but against only two strains 
(1195 and 2029). It also showed resistance 
against the remaining three strains for a period of 
four weeks. The details of five complexes with 
their activity are given in Table 1 and the results 
are further elaborated in Figure 2.

Discussion

It is reported that one third of human 
population is latently infected with MTB, 
with loss of millions of lives every year. With 
emergence of MDR-TB and later on XDR-TB 
there is an immense need to discover and to 
develop new drugs or to modify the existing 
drugs to overcome the wide spread dissemination 
of drug resistant strains of M. tuberculosis. TB 

control program will therefore require finding 
drugs that are effective against the prevalent 
drug resistant tubercle bacilli by screening of 
possible compounds that would be active against 
MTB in any community. For this reason we 
have prepared the iron (II), iron (III), copper 
(II), cobalt and manganese (II) complexes of PZ 
to test for its anti-tuberculosis activity. In-vitro 
anti-tuberculosis activities of these compounds 
were checked by BACTEC MGIT 960 (M960). 
Metal-PZ susceptibility testing using the MGIT 
960 system was performed according to the 
manufacturerꞌs instructions (Becton, Dickinson 
and Company, Sparks, MD) (22).

Pyrazinamide (PZ) is one of the first-line 
drugs that are being currently used for the 
treatment of both drug-resistant as well as for 
drug-susceptible tuberculosis (TB). In order to be 
effective against M. tuberculosis, PZ (prodrug) 
needs to be converted into its active moiety, 
pyrazinoic acid, by the mycobacterial enzyme 
pyrazinamidase (PZase) (24-26). In non MDR-
TB, the duration of treatment will be shortening 
to 6 months instead of 9 months by the addition 
of PZ to rifampin and isoniazid (27, 28).  

Loss of PZase activity is a common finding 
(29, 30). Mutations in pncA, the gene coding for 
PZase, are now considered as the major cause 
of resistance in PZ-resistant clinical isolates (31-
33). It is reported that not all PZ-resistant MTB 
isolates have mutations in the pncA gene, but 
another gene (rpsA) is indicated to be involved 
in low-level PZ resistance (34, 35).

Kurbatova et al. (36) reported that there was 

Figure 2. Graphical representation of Mycobacterium with respect to time.
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an increasing PZA resistant annually in United 
States from 2.0% to 3.3% during 1999–2009, 
among MTBC cases: 2.2% of non-MDR cases 
and among multidrug-resistant (MDR) cases, 
38.0% were found to be PZ-resistant. In contrast, 
PZA resistance was reported in 1.0–1.2% of all 
tuberculosis cases in Australia during 2008–
2009 (37). 

Hasan et al. (2012) reported pyrazinamide 
resistance in 7.5% of rifampicin susceptible 
cases of MTB in Pakistan. Decreased odds of 
successful clinical outcomes are also reported 
in pyrazinamide resistant as compared with pan-
susceptible TB (38). Whereas, Ghafoor et al. 
(2012) indicated that resistance to Pyrazinamide 
was found to be 64.6% in MDR-MTB cases in 
KPK province of Pakistan.

Another study conducted by Hasan et al. 
(2009) indicated a steady increase in resistance 
among MTB isolates and the emergence of XDR 
strains of MTB in Karachi, Pakistan during 
1990-2007. They reported that between 1990 
and 2007 there was an overall increasing trend of 
resistance against all first-line drugs, including 
MDR. It was also observed that PZA resistant 
was increased 20-40% during year 2000-2007. 
The observations of an increasing level of 
resistance in MTB and in particular the evolution 
of XDR strains is a serious issue particularly in a 
low-resource setting such as Pakistan (38).

Regarding PZA resistant from other part of 
the globe, in South Korea drug resistance surveys 
conducted between 1999-2004 demonstrated 
a significant increase of PZA resistance in new 

cases from 0.8-2.1% (39). Similar study reported 
PZA resistance varied from 3.5-15.9% with no 
clear trend in retreatment cases (39). Similarly, 
PZA resistance in 6% of non-MDR cases and 
49% of MDR tuberculosis isolates has been 
reported from Thailand (40). The proportion of 
MDR tuberculosis cases with PZA resistance 
ranged from 36-85% in other reports (41-45). 
It is obvious from above studies that since PZA 
is an essential part of anti tuberculus treatment 
the increasing trend in PZA resistance makes 
it an important public health problem. Factors 
associated with PZA resistance among cases of 
M. tuberculosis said to be less well understood, 
suggesting that bacterial lineage, rather than host 
characteristic, was the primary association (46-
51). 

In our study the highest activity was displayed 
by the Co and Mn derivatives compounds of 
pyrazinamide drug. Thus, the presence of Co and 
Mn at carbonyl and amide group on the pyrazine 
seems favorable for antibacterial activity against

Further studies are underway aimed at 
the detailed elucidation of structure–activity 
relationships in the class of PZA metal complex 
to discover a suitable drug candidate.
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Table 1. Sensitivity of PZ and its complexes against M. tuberculosis strains.

Strains (starting date) PZ Fe(II)-PZ Fe(III)-PZ Cu(II)-PZ Co(II)-PZ Ni(II)-PZ Control

1195
(20-6-16)

Positive
(4-7-16)

Positive
(4-7-16)

Positive
(24-6-16)

Positive
(24-6-16)

Negative
(2-8-16)

Negative
(2-8-16)

Positive
(27-6-16)

3029
(20-6-16)

Positive
(4-7-16)

Positive
(4-7-16)

Positive
(27-6-16)

Positive
(27-6-16)

Negative
(2-8-16)

Positive
(18-7-16)

Positive
(27-6-16)

1289
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Positive
(27-6-16)
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1375
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2029
(20-6-16)

Positive
(4-7-16)

Positive
(27-6-16)

Positive
(27-6-16)

Positive
(27-6-16)

Negative
(2-8-16)

Negative
(2-8-16)

Positive
(27-6-16)



 Ahmed M et al. / IJPR (2018), 17 (1): 93-99

98

References

Dye C, Scheele S, Dolin P, Pathania V and Raviglione 
MC. Global burden of tuberculosis: Estimated 
incidence, prevalence, and mortality by country. JAMA 
(1999) 282: 677-86.
Levinovitz AW, Ringertz N. The Nobel Prize: The First 
100 Years. In: Lindsten J and Ringertz N. (eds.) The 
Nobel Prize in Physiology or Medicine, 1901-2000.  
Imperial College Press and World Scientific Publishing 
Co. Pte. Ltd. (2001) 111-37.
Bloom BR and Murray CJ. Tuberculosis: Commentary 
on a reemergent killer. Science (1992) 257: 1055-64.
Basel HH. History of Tuberculosis. Respiration (1998) 
65: 5-15.
World Health Organization (WHO). Women and 
health: Todayꞌs evidence tomorrowꞌs agenda: World 
Health Organization (2009).
World Health Organization (WHO). Global 
tuberculosis report. (WHO/HTM/TB/2012.6) Geneva 
(2012).
Brooks JT, Kaplan JE, Holmes KK, Benson C, 
Pau A and Masur H. HIV-associated opportunistic 
infections—going, going, but not gone: The continued 
need for prevention and treatment guidelines. Clin. 
Infect. Dis. (2009) 48: 609-11.
Aziz MA, Wright A, Laszlo A, De Muynck A, Portaels 
F and Van Deun A. Epidemiology of antituberculosis 
drug resistance (the global project on anti-tuberculosis 
drug resistance surveillance): An updated analysis. 
Lancet (2006) 368: 2142-54.
Burman WJ. Rip Van Winkle wakes up: Development 
of tuberculosis treatment in the 21st century. Clin. 
Infect. Dis. (2010) 50: 165-72.
Dye C and Williams BG. The population dynamics and 
control of tuberculosis. Science (2010) 328: 856-61.
Somoskovi A, Wade MM, Sun Z and Zhang Y. Iron 
enhances the antituberculous activity of pyrazinamide. 
J. Antimicrob. Chemother. (2004) 53: 192-6.
Akyuz S. The FT-IR spectra of pyrazinamide 
complexes of transition metal (II) tetracyanonickelate. 
J. Mol. Struct. (2003) 651: 541-5.
Akyuz S, Andreeva L, Minceva-Sukarova B, Basar G. 
Vibrational spectroscopic study of two dimensional 
polymer compounds of pyrazinamide. J. Mol. Struct. 
(2007) 834: 399-402.
Budhani P, Iqbal SA, Bhattacharya SMM and Mitu L. 
Synthesis, characterization and spectroscopic studies 
of pyrazinamide metal complexes. J. Saudi Chem. Soc. 
(2010) 14: 281-5.
Katzung BG. Basic and clinical pharmacology. 4th 
ed. Prentice–Hall, London (1989).
Lavini V, de Souza Maia A, Paulino ÍS, Schuchardt 
U and de Oliveira W. Synthesis, characterization 
and catalytic activity of some organolanthanides in 
ethylene polymerization. Inorg. Chem. Commun. 
(2001) 4: 582-4.
Opletalova V, Hartl J, Patel A, Palat K and Buchta 
Vr. Ring substituted 3-phenyl-1-(2-pyrazinyl)-2-

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

propen-1-ones as potential photosynthesis-inhibiting, 
antifungal and antimycobacterial agents. Farmaco. 
(2002) 57: 135-44.
Rao TR and Kumar PA. Studies on some lanthanoid 
complexes of heterocyclic ligands: Complexes of 
2-Pyrazinecarboxamide with hydrogen-bonding. Bull. 
Chem. Soc. Jpn. (1994) 67: 96-100.
Goldberg DE, Sharma V, Oksman A, Gluzman 
IY, Wellems TE and Piwnica-Worms D. Probing 
the chloroquine resistance locus of Plasmodium 
falciparum with a novel class of multidentate metal 
(III) coordination complexes. J. Biol. Chem. (1997) 
272: 6567-72.
Narang K, Singh M, Goyle M and Bhuvaneshwari K. 
Synthesis, physico-chemical studies and biological 
activity of glyoxalmonoisonicotinoyl hydrazone 
complexes with some bivalent transition metal ions 
and oxdcations. Synth. React. Inorg. Met. Org. chem. 
J. (1991) 21: 1569-85.
Zijian G and Sadler J. Medicinal inorganic chemistry. 
Adv. Inorg. Chem. (1999) 49: 183.
Becton, Dickinson and Company. Bactec MGIT 960 
system user’s manual. The Company, Sparks, MD 
(1999). 
Sotgiu G, Centis R, D Ambrosio L, Alffenaar JW, 
Anger HA, Caminero JA, Castiglia P, De Lorenzo S, 
Ferrara G, Koh WJ and Schecter GF. Efficacy, safety 
and tolerability of linezolid containing regimens in 
treating MDR-TB and XDR-TB: Systematic review 
and meta-analysis. Eur. Respir. J. (2012) 40: 1430-42.
Leung CC, Rieder HL, Lange C and Yew WW. 
Treatment of latent infection with Mycobacterium 
tuberculosis: Update 2010. Eur. Respir. J. (2011) 37: 
690-711.
Konno K, Feldmann FM and McDermott W. 
Pyrazinamide susceptibility and amidase activity of 
tubercle bacilli 1, 2. Am. J. Respir. Crit. Care Med. 
(1967) 95: 461-9.
Zhang Y and Mitchison D. The curious characteristics 
of pyrazinamide: A review. Int. J. Tuberc. Lung Dis. 
(2003) 7: 6-21.
Somner AR. A controlled trial of six months 
chemotherapy in pulmonary tuberculosis: First 
report: Results during chemotherapy. British Thoracic 
Association. Br. J. Dis. Chest (1981) 75: 141-53.
Girling DJ. Singapore Tuberculosis Services/British 
Medical Research Council study of intermittent 
rifampicin plus isoniazid for pulmonary tuberculosis: 
Interim results at 12 months. Tubercle (1975) 
56: 246-7.
Mestdagh M, Fonteyne PA, Realini L, Rossau R, 
Jannes G, Mijs W, De Smet KA, Portaels F and Van 
den Eeckhout E. Relationship between pyrazinamide 
resistance, loss of pyrazinamidase activity, and 
mutations in the pncA locus in multidrug-resistant 
clinical isolates of Mycobacterium tuberculosis. 
Antimicrob.  Agents Chemother. (1999) 43: 2317-9.
Miller MA, Thibert L, Desjardins F, Siddiqi SH and 
Dascal A. Testing of susceptibility of Mycobacterium 

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)



Antitubercular Evaluation of Novel Series of Pyrazinecarboxamide Metal Complexes

99

tuberculosis to pyrazinamide: Comparison of Bactec 
method with pyrazinamidase assay. J. Clin. Microbiol. 
(1995) 33: 2468-70.
Cheng SJ, Thibert L, Sanchez T, Heifets L and Zhang Y. 
pncA mutations as a major mechanism of pyrazinamide 
resistance in Mycobacterium tuberculosis: Spread of a 
monoresistant strain in Quebec, Canada. Antimicrob. 
Agents Chemother. (2000) 44: 528-32.
Hirano K, Takahashi M, Kazumi Y, Fukasawa Y 
and Abe C. Mutation in pncA is a major mechanism 
of pyrazinamide resistance in Mycobacterium 
tuberculosis. Tuber. Lung Dis. (1998) 78: 117-22.
Scorpio A, Lindholm-Levy P, Heifets L, Gilman R, 
Siddiqi S, Cynamon M and Zhang Y. Characterization 
of pncA mutations in pyrazinamide-resistant 
Mycobacterium tuberculosis. Antimicrob. Agents 
Chemother. (1997) 41: 540-3.
Huang TS, Lee SS, Tu HZ, Huang WK, Chen YS, 
Huang CK, Wann SR, Lin HH and Liu YC. Correlation 
between pyrazinamide activity and pncA mutations 
in Mycobacterium tuberculosis isolates in Taiwan. 
Antimicrob. Agents Chemother. (2003) 47: 3672-3.
Shi W, Zhang X, Jiang X, Yuan H, Lee JS, Barry CE, 
Wang H, Zhang W and Zhang Y. Pyrazinamide inhibits 
trans-translation in Mycobacterium tuberculosis. 
Science (2011) 333: 1630-2.
Kurbatova EV, Cavanaugh JS, Dalton T, 
Click ES and Cegielski JP. Epidemiology of 
pyrazinamide-resistant tuberculosis in the United 
States, 1999–2009. Clin. Infect. Dis. (2013) 
57: 1081-93.
Lavender CJ, Globan M, Kelly H, Brown LK, Sievers 
A, Fyfe JA, Lauer T and Leslie DE. Epidemiology and 
control of tuberculosis in Victoria, a low-burden state 
in south-eastern Australia, 2005–2010. Int. J. Tuberc. 
Lung Dis. (2013) 17: 752-8.
Hasan R, Jabeen K, Mehraj V, Zafar F, Malik F, Hassan 
Q, Azam I and Kadir MM. Trends in Mycobacterium 
tuberculosis resistance, Pakistan, 1990–2007. Int. J. 
Tuberc. Lung Dis. (2009) 13: 377-82.
Bai GH, Park YK, Choi YW, Bai JI, Kim HJ, Chang 
CL, Lee JK and Kim SJ. Trend of anti-tuberculosis 
drug resistance in Korea, 1994–2004. Int. J. Tuberc. 
Lung Dis. (2007) 11: 571-6.
Jonmalung J, Prammananan T, Leechawengwongs 
M and Chaiprasert A. Surveillance of pyrazinamide 
susceptibility among multidrug-resistant 
Mycobacterium tuberculosis isolates from Siriraj 
Hospital, Thailand. BMC Microbiol. (2010) 10: 1.
Pierre-Audigier C, Surcouf C, Cadet-Daniel V, 
Namouchi A, Heng S, Murray A, Guillard B and 

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

Gicquel B. Fluoroquinolone and pyrazinamide 
resistance in multidrug-resistant tuberculosis [Short 
communication]. Int. J. Tuberc. Lung Dis. (2012) 16: 
221-3.
Mphahlele M, Syre H, Valvatne H, Stavrum R, 
Mannsåker T, Muthivhi T, Weyer K, Fourie PB 
and Grewal HM. Pyrazinamide resistance among 
South African multidrug-resistant Mycobacterium 
tuberculosis. isolates. J. Clin. Microbiol. (2008) 46: 
3459-64.
Kim HJ, Kwak HK, Lee J, Yun YJ, Lee JS, Lee MS, 
Min SY, Park SK, Kang HS, Maeng YH and Kim 
SY. Patterns of pncA mutations in drug-resistant 
Mycobacterium tuberculosis isolated from patients in 
South Korea. Int. J. Tuberc. Lung Dis. (2012) 16: 98-
103.
Chiu YC, Huang SF, Yu KW, Lee YC, Feng JY and Su 
WJ. Characteristics of pncA mutations in multidrug-
resistant tuberculosis in Taiwan. BMC Infect. Dis. 
(2011) 11:1.
Chan RC, Hui M, Chan EW, Au TK, Chin ML, Yip 
CK, AuYeang CK, Yeung CY, Kam KM, Yip PC and 
Cheng AF. Genetic and phenotypic characterization 
of drug-resistant Mycobacterium tuberculosis isolates 
in Hong Kong. J. Antimicrob. Chemother. (2007) 59: 
866-73.
Francis J. Drug-resistant tuberculosis: A survival guide 
for clinicians. Curry National Tuberculosis Center and 
California Department of Public Health. (2008).  
World Health Organization. Guidelines for the 
programmatic management of drug-resistant 
tuberculosis (2011).
The US Centers for Disease Control and Prevention. 
Treatment of tuberculosis. MMWR Morb. Mortal. 
Wkly. Rep. (2003) 52: 1–77.
Tasneen R, Li SY, Peloquin CA, Taylor D, Williams 
KN, Andries K, Mdluli KE and Nuermberger EL. 
Sterilizing activity of novel TMC207-and PA-824-
containing regimens in a murine model of tuberculosis. 
Antimicrob. Agents Chemother. (2011) 55: 5485-92.
Williams K, Minkowski A, Amoabeng O, Peloquin 
CA, Taylor D, Andries K, Wallis RS, Mdluli KE 
and Nuermberger EL. Sterilizing activities of novel 
combinations lacking first-and second-line drugs in 
a murine model of tuberculosis. Antimicrob. Agents 
Chemother. (2012) 56: 3114-20.
Diacon AH, Dawson R, von Groote-Bidlingmaier 
F, Symons G, Venter A, Donald PR, van Niekerk C, 
Everitt D, Winter H, Becker P and Mendel CM. 14-
day bactericidal activity of PA-824, bedaquiline, 

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

This article is available online at http://www.ijpr.ir


