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 Tuberculosis (TB) is a treatable disease that affects both humans and animals. 

Pyrazinamide (PZA), a first-line anti-TB drug with potent sterilizing activity, shortens 

treatment duration, yet its resistance patterns in northwest Iran remain underexplored. 

This descriptive cross-sectional study, conducted at the Tuberculosis and Lung Diseases 

Research Center in Tabriz, evaluated PZA resistance among 100 Mycobacterium 

tuberculosis isolates from 50 Iranian and 50 foreign patients (from Nakhchivan 

Autonomous Republic and the Republic of Azerbaijan) referred for diagnosis and 

treatment between September 2014 and June 2019. Antimicrobial susceptibility testing 

(AST) was performed using the proportion method on Löwenstein-Jensen (LJ) medium 

for isoniazid (INH), rifampin (RIF), ethambutol (EMB), and streptomycin (STM), and 

Middlebrook 7H10 agar for PZA. Among 100 isolates, 60 (60%) were resistant to at least 

one of the first-line drugs. Of these, 18 (30%) were resistant to PZA. Out of the PZA-

resistant strains, only one isolate was resistant exclusively to PZA, and the rest were 

resistant to at least one of the main drugs (INH, RIF, STM, and EMB). Out of the 60 

strains, 21 (35%) were multidrug-resistant (MDR). Of these, 12 (57%) were resistant to 

PZA. Of the 18 PZA-resistant strains, 13 (72.2%) were isolated from foreign patients (P 

< 0.05). No PZA resistance was observed in isolates from East Azerbaijan province. 

These findings indicate a strong association between PZA resistance and MDR-TB, 

particularly in foreign patients, underscoring the need for routine PZA susceptibility 

testing, including pncA gene sequencing, and enhanced screening in border regions like 

Tabriz to control drug-resistant TB spread. 

 
 

 

Introduction 

The Mycobacterium (M.) genus includes two 

significant human pathogens: M. tuberculosis, 

which is primarily responsible for tuberculosis 

(TB), and M. leprae, the bacterium that causes 

leprosy (1). TB is a common disease among humans 

and animals, and throughout history, various drugs 

have been used to treat it (2). TB is still a serious 

infectious disease and ranks second after 

HIV/AIDS in terms of mortality (3). The World 

Health Organization (WHO) has reported that in 

2023, more than 1.25 million people globally died 

from TB (4). The incidence of TB in Iran was 16 

cases per 100,000 people in 2015. It decreased to 14 
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cases per 100,000 people during 2016-2017 and 

reached 13 cases per 100,000 people in 2020 (5). In 

East Azerbaijan province, between 5-10 cases per 

100,000 people have been reported (6). Although 

essential drugs such as INH and RIF have been used 

for almost 50 years, TB remains an infectious 

disease-related mortality and morbidity (7). 

Pyrazinamide (PZA), a pyrazine-2-carboxamide 

analog of nicotinamide, was synthesized in 1936, 

but its anti-TB effect was discovered in 1952 (8). 

Before the 1970s, PZA was used as a second-line 

drug in cases of resistant or relapsed TB due to its 

high dosage and hepatotoxicity. However, 

extensive research and clinical experiences have 

shown that PZA, with its sterilizing ability as a vital 

component, is one of the most effective anti-TB 

drugs (9). PZA), a critical first-line anti-TB drug, 

effectively shortens treatment duration from 9–12 

months to 6 months. It is combined with INH and 

RIF and has been shown to have a high sterilizing 

effect. PZA is used for the first two months of TB 

treatment, as taking it for a longer period does not 

provide any additional benefit (10). Recent efforts 

to find optimal drug combinations with new drugs 

to shorten TB treatment in a murine model have 

shown that PZA is the only drug that cannot be 

omitted, as otherwise the efficacy of the treatment 

would be reduced, confirming the unique 

importance of PZA (11-13). Indeed, the emergence 

of PZA-resistant M. tuberculosis strains is a serious 

clinical and public health challenge. The essential 

role of PZA in the treatment of TB highlights the 

need for accurate and rapid detection of its 

resistance (3). PZA is converted to its active form, 

pyrazinoic acid (POA), by the enzyme 

pyrazinamidase (PZase), which is encoded by the 

pncA gene in M. tuberculosis. Mutations in the 

pncA gene are the most common and important 

cause of resistance to PZA (9, 14, 15). It is more 

effective on intracellular and dormant bacilli under 

acidic conditions (16-18). Drug-resistant 

tuberculosis (DR-TB) is a significant public health 

problem worldwide, particularly MDR-TB. MDR 

refers to strains that are resistant to at least two of 

the most effective anti-TB drugs: INH and RIF (19, 

20). In developed, developing, and underdeveloped 

countries, MDR strains have become a global crisis 

and disaster, so it is extremely important to detect 

PZA sensitivity in M. tuberculosis strains (21). 

Since PZA can exhibit its maximum effect at low 

pH, determining drug resistance is difficult due to 

the possibility of reduced bacterial growth in vitro 

(22). That is why most mycobacteriology 

laboratories avoid performing drug susceptibility 

testing of PAZ as a routine test. For technical 

reasons, the reports about resistance in TB cases 

often include four drugs: INH, RIF, EMB, and STM 

(23, 24). Due to the limited information on PZA 

resistance in northwest Iran, the present study was 

conducted to investigate this resistance among M. 

tuberculosis strains. 

 

Materials and methods 

Study design and sample collection 

This descriptive cross-sectional study was 

conducted on M. tuberculosis isolates collected 

from patients referred to the Tuberculosis and Lung 

Diseases Research Center in Tabriz between 

September 2014 and June 2019. In this study, the 

resistance of 100 M. tuberculosis strains to PZA 

was evaluated. Of these, 50 strains were isolated 

from foreign patients (from the Nakhichevan 

Autonomous Republic and the Republic of 

Azerbaijan) and 50 strains from Iranian patients at 

the Tuberculosis and Lung Disease Research Center 

in Tabriz. All strains were isolated from sputum 

samples. 

Identification of M. tuberculosis strains 

Standard conventional laboratory tests like Ziehl-

Neelsen staining, niacin production, nitrate 

reduction, catalase, and pigment production were 

used to isolate and identify M. tuberculosis strains 

(25).  

 Drug susceptibility testing for first-line drugs 

Susceptibility testing was performed on 

Löwenstein–Jensen medium for INH, RIF, EMB, 

and STM by the indirect proportion method. The 

critical concentration of drugs was 0.2 µg/ml, 40 
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µg/ml, 2 µg/ml, and 4 µg/ml for INH, RIF, EMB, 

and STM, respectively. Susceptibility tests of the 

mentioned drugs are one of the routine tests for 

many laboratories at the TB control centers (26, 27).  

2.4. PZA susceptibility testing 

For the PZA susceptibility test, the indirect 

proportion method was used with Middlebrook 

7H10 agar. First, 10.5 g of Middlebrook 7H10 agar 

was added to 450 ml of water, then 3.3 g of 

monopotassium phosphate, 0.5 g of hydrolyzed 

casein, and 25 ml of glycerol were added to the 

solution. The solution was sterilized by autoclaving, 

and after cooling to 54° C, the OADC (oleic acid–

albumin–dextrose–catalase) supplement was added 

and poured into McCartney tubes. To prepare the 

drug-containing medium, pure PZA powder was 

dissolved in distilled water and sterilized with a 

0.22 μm filter, then added to the medium to adjust 

the final concentration to 100 μg/ml and pH to 5.9 

(22). The bacterial suspension was prepared in 

Middlebrook 7H9 broth using glass beads. After 

preparing dilutions of 10-2 and 10-5, the suspensions 

were inoculated onto the culture medium. The 

results were evaluated after 28 to 42 days by 

comparing bacterial growth in the drug-free 

medium (negative control) and the medium 

containing PZA (positive control). Resistance 

percentage was calculated using the relevant 

formula by the amount of bacterial growth 

[(number of colonies on the drug-containing 

medium/ number of colonies on medium without 

the drug) ×100]. When bacterial growth is greater 

than or equal to 1% of the bacillary population, the 

strain is considered resistant to the drug (28-30). 

Quality Control 

For quality control of tests, the standard M. 

tuberculosis strain H37Rv (fully susceptible to all 

drugs) was used.  

Statistical Analysis 

For statistical analyses, the Pearson's chi-squared 

and Fisher's exact tests were used to compare the 

rate of PZA resistance between MDR and non-

MDR strains, as well as to compare the number of 

MDR strains isolated from foreign versus Iranian 

patients, using SPSS version 22. 

 

Results 

The results of this study showed that out of 100 M. 

tuberculosis strains, 60 (60%) were resistant to at 

least one of the first-line anti-TB drugs. Among 

them, 38 strains (63.3%) were isolated from Iranian 

patients and 22 strains (36.7%) from foreign 

patients (referred to the Tuberculosis and 

Pulmonary Diseases Research Center, Tabriz 

University of Medical Sciences). Among the 60 

resistant strains, 18 (30%) were resistant to PZA, 

and 21 strains (35%) were identified as MDR-TB, 

i.e., resistant to at least two main drugs, INH and 

RIF. The highest rate of PZA resistance was 

detected among MDR strains, with 57% (12/21) 

showing resistance. Of these 12, 9 strains (75%) 

were from foreign patients and 3 (25%) from 

Iranian patients living in neighboring provinces. 

Additionally, 31 strains (51.7%) were identified as 

mono-resistant, and 8 strains were classified as non-

MDR, among which 3 strains (37.5%) were 

resistant to PZA. A summary of PZA-related 

resistance patterns is presented in Table 1. 

Statistical analysis showed no significant difference 

in the rate of PZA resistance between male and 

female patients (P = 0.693). Among the 18 PZA-

resistant strains, only one strain (5.5%) was 

sensitive to all other first-line drugs. Overall, the 

findings of this study showed that the level of PZA 

resistance in foreign patients was significantly 

higher than in Iranian patients, and this difference 

also existed among MDR strains (P < 0.05). Table 

2 presents the distribution of PZA-resistant strains 

by resistance type and patient nationality. Of the 18 

PZA-resistant strains, 13 (72.2%) were from 

foreign patients, and five (27.8%) were from Iranian 

patients in neighboring provinces. No PZA-

resistant strains were identified among samples 

from East Azerbaijan province, Iran (Table 2).  
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Table 1. Factors (gender, nationality, resistance to anti-TB drugs) related to PZA resistance among 60 M. tuberculosis 

strains resistant to at least one of the main drugs (INH, RIF, EMB, STM). 

Variable 
PZA-Resistant 

(n=18) 

PZA-Susceptible 

(n=42) 

Total (N=60) 

Percent 
P-value 

Sex 
Male 10 21 31 (51.7%) 

0.693 
Female 8 21 29 (48.3%) 

Nationality 

Iranian patients 5 33 38 (63.3%) 
0.001* 

Foreign patients 13 9 22 (36.7) 

Mono-resistant (n=31) 

INH R 

(Yes) 
1 3 4 (6.7%) 

0.821 

(No) 17 39 56 (93.3%) 

RIF R 

(Yes) 
1 4 5 (8.3%) 

0.610 

(No) 17 38 55 (91.7%) 

STM R 

(Yes) 
1 20 21 (35%) 

0.001* 

(No) 17 22 39 (65%) 

MDR (n=21) 
MDR (INH+RIF) R 

(Yes) 
12 9 21 (35%) 

0.001* 

(No) 6 33 39 (65%) 

Non-MDR (n=8) 

(INH+EMB) R (Yes) 1 - 1 (1.7%) 
0.123 

(No) 17 42 59 (98.3%) 

(INH+STM) R (Yes) 2 3 5 (8.3%) 
0.610 

(No) 16 39 55 (91.7%) 

(EMB+STM) R  (Yes) - 1 1 (1.7%) 
0.123 

(No) 18 41 59 (98.3%) 

(INH+EMB+STM) R 

(Yes) 
1 - 1 (1.7%) 

0.123 

(No) 17 42 59 (98.3%) 

INH (Isonazid), RIF (Rifampin), STM (Streptomycin), EMB (Ethambutol), R (Resistant), and MDR (Multidrug-

resistant). *P < 0.05 (Pearson chi-square test). 

 

 
Table 2. Distribution of PZA-resistant M. tuberculosis strains by resistance type, nationality, and region of origin (n 

= 18) 

Resistance type 
PZA-resistant 

n/% 

Iranian Patients Foreign Patients 

(Nakhchivan/Republic 

of Azerbaijan) 

(n=13) 

East 

Azerbaijan 

Neighboring 

provinces of 

Iran (n=5) 

MDRs (n=21) 12/21 (57%) 0 3 9 

Non-MDRs (n=8) 3/8 (37.5%) 0 1 2 

Mono-resistant (n=31) 3/31 (9.7%) 0 1 2 

Sensitive strains (n=40) 0/40 (0.0%) 0 0 0 

Total (n=100) 18/100 (18%) 0 5/18 (27.8%) 13 (72.2%) 

MDR: resistant to at least INH and RIF. Foreign patients: from the Nakhchivan Autonomous Republic and the 
Republic of Azerbaijan. *P < 0.05, Pearson’s chi-square test. 
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Discussion 

Despite advances in the treatment of TB, DR-TB, 

especially MDR-TB, has become a life-threatening 

problem. Major treatment of TB is performed by 

using drugs: INH, RIF, EMB, STM, and PZA. 

Since PZA is one of the drugs that is so effective in 

shortening the time required for the TB treatment to 

6 months, determining its susceptibility is so vital 

and important (17, 31). Studies show that PZA 

resistance has been part of the overall challenges in 

treating MDR-TB (32). Studies have shown that 

using Middlebrook 7H10 agar is a reliable method 

for detecting PZA-resistant strains (23, 29, 33). 

Therefore, 7H10 agar was used in the present study. 

Global reports of drug susceptibility of M. 

tuberculosis are limited to approximately four 

major first-line drugs and often do not include 

resistance to PZA. 

The use of Middlebrook 7H10 agar in this study 

allowed the identification of PZA-resistant strains. 

In the present study, conducted at the Tuberculosis 

and Pulmonary Diseases Research Center in Tabriz, 

100 M. tuberculosis strains, all strains isolated from 

sputum samples, were evaluated for PZA 

susceptibility. Among 100 isolates, 40 isolates 

(40%) were sensitive to all drugs, and 60 isolates 

(60%) were resistant to at least one of the first-line 

drugs. Among 40 isolates susceptible to INH, RIF, 

EMB, and STM, one isolate (2.5%) was resistant to 

PZA. PZA, a unique anti-TB agent with potent 

sterilizing activity that plays a key role in 

shortening the TB treatment (9, 31), exhibited a 

30% (18/60) resistance rate. Given the potent 

sterilizing role of PZA, resistance to this drug can 

be associated with an increased risk of disease 

relapse, prolonged treatment duration, and even 

treatment failure in patients. Therefore, rapid 

identification of PZA resistance is of critical 

clinical importance. 

The most important mechanism of PZA resistance 

in M. tuberculosis is a mutation in the pncA gene, 

which is responsible for producing the PZase (34). 

Therefore, given the strong correlation between 

pncA gene mutations and phenotypic resistance to 

PZA (34), the use of molecular tests to identify 

these mutations could play an important role in the 

early detection of resistant cases. 

The present study showed that the PZA resistance 

rate in monoresistant strains was 9.7% (3 out of 31). 

Nasr Esfahani et al. (35) selected 47 drug-resistant 

M. tuberculosis isolates, including 9 MDR, 25 INH-

resistant, and 12 RIF-resistant, to evaluate the 

frequency of resistance to PZA. Their results 

showed that 19 isolates (40%) were resistant to 

PZA. In comparison, our study identified 18 out of 

60 drug-resistant isolates (30%) as PZA-resistant, 

reflecting a 10% lower resistance rate. Similar to 

most studies, the frequency of PZA resistance was 

high among MDR isolates in their study (7 out of 9, 

78%), which is notably higher than in ours (57%). 

This difference may be attributed to their selection 

of exclusively drug-resistant isolates. However, 

they concluded that the rate of PZA resistance 

among MDR isolates in Isfahan was high. 

Moreover, among the 19 PZA-resistant isolates, 16 

isolates (84.2%) had mutations in the pncA gene, 

indicating the importance of this gene in the 

development of PZA resistance. 

Notably, over 72% of PZA-resistant strains were 

isolated from foreign patients (P < 0.05), whereas 

no PZA-resistant strains were identified in samples 

from East Azerbaijan province, Iran (P < 0.05). 

This finding aligns with the high burden of MDR-

TB reported in Central Asian countries, including 

the Republic of Azerbaijan (36, 37). As 

demonstrated by the present study and previous 

studies (35, 38-41), PZA resistance is frequently 

associated with MDR-TB. In contrast, the absence 

of PZA-resistant strains in East Azerbaijan (P < 

0.05) may be attributed to lower MDR-TB 

prevalence, more effective treatment surveillance, 

or genetic differences in local strains. 

The incidence of TB in Iran was reported as 13 

cases per 100,000 people (5). According to the 

report of the Tuberculosis and Leprosy Control 

Department of the Ministry of Health, in East 

Azerbaijan province, Iran, between 5-10 cases per 

100,000 people have been reported (6). However, 
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border areas, including the northwest of the 

country, face a higher risk of disease transmission 

due to their proximity to countries with high TB 

prevalence, such as Iraq and the Republic of 

Azerbaijan. Although the incidence of new TB 

cases in East Azerbaijan province is low compared 

to other border provinces (6), high PZA resistance 

among samples from foreign patients referred to 

Tabriz for diagnosis and treatment may increase the 

prevalence of DR-TB in the region. Therefore, 

enhanced screening and targeted control measures 

are required.  

Various studies show that the level of resistance in 

Iran's neighboring countries, such as Azerbaijan, 

Armenia, Pakistan, Afghanistan, and Iraq, is two or 

three times higher than in Iran (36, 37, 42-44). 

These findings further support the results of our 

study. Before 2019, the global trend of TB 

incidence was declining, but with the outbreak of 

COVID-19, efforts to control the disease were 

seriously disrupted (45, 46). Following the COVID-

19 pandemic, global TB and MDR-TB incidence 

increased, particularly in high-burden regions (45). 

Thus, ongoing studies to monitor PZA resistance 

are critical for effective MDR-TB treatment in 

border regions like East Azerbaijan, Iran. In a meta-

analysis study, Khademi et al. (47) reported 

resistance of 20% PZA between 2013 and 2020 in 

various studies conducted among different 

provinces of Iran. The highest resistance was seen 

in Hamadan with 40% and the lowest one was 

related to Razavi Khorasan (0%). Various studies 

conducted in China have shown that the rate of M. 

tuberculosis resistance to PZA ranges from 38% to 

60% across different provinces, which is higher 

than the rates reported in studies conducted in Iran 

(48-50).  

An extensive investigation in the United States 

revealed that, over 11 years, across all 50 states, 2% 

of non-MDR cases, 38% of MDR cases, and 71% 

of XDR cases were resistant to PZA (51). In 

samples that were not MDR, as in our study, the rate 

of resistance to PZA was lower than in MDR 

samples. XDR-TB is a form of MDR-TB that is also 

resistant to any fluoroquinolone and at least one 

second-line injectable drug (SLID), such as 

amikacin, kanamycin, or capreomycin (52, 53). 

The rates of PZA resistance among MDR strains 

reported from India and Japan were 59% and 53%, 

respectively (39, 40), which is consistent with the 

present study. In the study by Bagheri et al. (54), a 

comprehensive meta-analysis of 72 studies 

involving 8,701 M. tuberculosis isolates reported 

that the prevalence of PZA resistance among MDR-

TB strains ranged from 50% to 70%, which is 

consistent with our finding. Furthermore, their 

analysis highlighted the high diagnostic accuracy of 

pncA gene sequencing, with a pooled sensitivity and 

specificity of 87% and 94.7%, respectively. These 

findings support the utility of molecular 

diagnostics, particularly pncA sequencing, as a 

reliable tool for detecting PZA resistance, 

especially in settings where phenotypic methods are 

challenging or unavailable. 

These similarities are likely not coincidental but 

rather reflect a global trend in the spread of PZA 

resistance among MDR-TB strains, as similar 

studies from various countries have reported 

comparable patterns of increasing PZA resistance in 

MDR-TB (ranging from 50% to 78%). However, 

comparative genetic studies on strains from 

different regions are needed to confirm this 

hypothesis and determine whether similar 

mutations (e.g., in the pncA gene) are involved. 

In South Africa (39), Moscow (Russia) (41), and 

South  India (38), the prevalence of PZA resistance 

among MDR cases was reported as 59%, 73% and 

78%, respectively. The higher prevalence of PZA 

resistance in these countries compared to our study 

(57%) is likely due to a higher MDR-TB burden and 

more extensive PZA use in treatment regimens in 

these regions. Genetic diversity in strains and 

varying treatment policies may also contribute. 

Research shows that one in six TB cases and over 

half of all MDR-TB patients globally are resistant 

to PZA (55). In addition to geographic variations in 

resistance rates, differences in pncA mutation 

patterns have been observed across regions. For 
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instance, a study in Canada reported the spread of 

PZA-monoresistant strains with specific pncA 

mutations, suggesting a potential epidemiological 

role of these mutations in the transmission of 

resistant strains (56). It may be inferred that PZA 

resistance develops following MDR resistance. The 

study by Xia et al. (49) found that PZA-resistant 

strains are common among MDR-TB cases in 

China, but no difference was observed between 

previously treated and new cases. Conversely, in 

Latvia, consistent with most studies, PZA resistance 

was higher in new cases than in treated TB cases 

(32). Therefore, the reasons for increased PZA 

resistance among MDR strains and new TB cases 

warrant further investigation. 

Recommendations for future research 

Given the high prevalence of PZA resistance in 

MDR-TB patients, it is recommended that 

molecular assays (e.g., sequencing of pncA, rpsA, 

and panD genes) be conducted to identify PZA 

resistance, enabling the design of more effective 

treatment regimens. 

Comparative studies between border and non-

border provinces could clarify the role of migration 

and cross-border transmission of resistant strains. 

Additionally, it should be investigated whether 

incomplete treatments or non-standard drug 

prescriptions, particularly in neighboring countries, 

contribute to PZA resistance, as limited access to 

adequate treatment remains a challenge in many 

regions with high MDR-TB prevalence. 

Conclusion 

In this study, of 100 M. tuberculosis isolates, 60% 

were resistant to at least one first-line drug, and 

30% of these isolates (18 out of 60) exhibited 

resistance to PZA. PZA resistance among MDR-TB 

strains was 57%, predominantly observed in foreign 

patients. No cases of PZA resistance were detected 

in isolates from East Azerbaijan province, Iran. 

These findings highlight that PZA resistance, 

particularly among foreign patients and MDR 

strains, poses a serious concern for public health 

and TB control policies. Given PZA’s critical role 

in shortening TB treatment duration, accurate 

assessment of PZA resistance should be a routine 

component of laboratory testing for suspected 

MDR-TB cases. Furthermore, in border regions and 

referral centers like Tabriz, enhanced drug 

susceptibility screening and continuous monitoring 

of resistance patterns using precise laboratory 

methods could significantly contribute to 

controlling the spread of drug-resistant TB. 

 

Acknowledgment 

This work was supported by the Tuberculosis and 

Lung Disease Research Center of Tabriz University 

of Medical Sciences and the Student Research 

Committee. 

Ethical Approval 

This article is an extract from a research project 

approved by Tabriz University of Medical Sciences 

with tracking code 25779. This study was 

conducted on strains isolated from patients referred 

to the Tuberculosis and Lung Diseases Research 

Center of Tabriz University of Medical Sciences. 

No patient identification information was used, and 

their personal information was not included in the 

study. 

Conflict of Interest Statement 

The authors declare no conflicts of interest. 

Artificial Intelligence Statement 

The authors declare that artificial intelligence tools 

were used in a limited manner solely to improve the 

grammar and clarity of some sentences, but were 

not used in the preparation of the scientific content 

of this manuscript. The authors take full 

responsibility for the scientific integrity and 

accuracy of the manuscript. 

  

References  

1. Roshdi Maleki M. Species and genetic diversity of 

nontuberculous mycobacteria in suspected 

tuberculosis cases in East Azerbaijan, Iran: a cross-

sectional analysis. Front Cell Infect Microbiol. 

2024;24;14:1477015. 

https://doi:10.3389/fcimb.2024.1477015. 

http://ijmm.org/searchresult.asp?search=&author=SR+Moaddab&journal=Y&but_search=Search&entries=10&pg=1&s=0


1069 Moaddab and Roshdi Maleki                          Journal of Zoonotic Diseases, 2025, 10 (1): 1062-1072      
 

 

 

 

 

2. LoBue PA, Enarson DA, Thoen CO. Tuberculosis 

in humans and animals: an overview. Int J Tuberc 

Lung Dis. 2010;14(9):1075-8.  

3. Njire M, Tan Y, Mugweru J, Wang C, Guo J, Yew 

W, et al. Pyrazinamide resistance in 

Mycobacterium tuberculosis: Review and update. 

Adv Med Sci. 2016;61(1):63-71. 

https://doi:10.1016/j.advms.2015.09.007 

4. Estaji F, Kamali A, Keikha M. Strengthening the 

global Response to Tuberculosis: Insights from the 

2024 WHO global TB report. J Clin Tuberc Other 

Mycobact Dis. 2025;39:100522. 

https://doi:10.1016/j.jctube.2025.100522 

5. Fallahzadeh H, Khazaei Z, Najafi ML, Pordanjani 

SR, Goodarzi E. Distribution incidence, mortality 

of tuberculosis and human development index in 

Iran: estimates from the global burden of disease 

study 2019. BMC Public Health. 2023;23(1):2404. 

https://doi:10.1186/s12889-023-17114-4. 

6. Doosti A, Nasehi M, Moradi G, Roshani D, Sharafi 

S, Ghaderi E. The Pattern of Tuberculosis in Iran: 

A National Cross-Sectional Study. Iran J Public 

Health. 2023;52(1):193-200. 

https://doi:10.18502/ijph.v52i1.11682 

7. O'Connor C, Patel P, Brady MF. Isoniazid. 

StatPearls Publishing LLC.; 2025. [Internet]. 

Available 

https://www.ncbi.nlm.nih.gov/sites/books/NBK55

7617/. [Accessed 1st September 2025]. 

8. Zhang Y. CHAPTER 79 - TUBERCULOSIS. In: 

Waldman SA, Terzic A, Egan LJ, Elghozi J-L, 

Jahangir A, Kane GC, et al., editors. Pharmacology 

and Therapeutics. Philadelphia: W.B. Saunders; 

2009. p. 1089-108. 

9. Zhang Y, Shi W, Zhang W, Mitchison D. 

Mechanisms of Pyrazinamide Action and 

Resistance. Microbiol Spectr. 2014;2(4). 

https://doi:10.1128/microbiolspec.MGM2-0023-

2013 

10. Fox W, Ellard GA, Mitchison DA. Studies on the 

treatment of tuberculosis undertaken by the British 

Medical Research Council tuberculosis units, 1946-

1986, with relevant subsequent publications. Int J 

Tuberc Lung Dis. 1999;3(10 Suppl 2): S231-79.  

11. Nuermberger E, Tyagi S, Tasneen R, Williams KN, 

Almeida D, Rosenthal I, et al. Powerful bactericidal 

and sterilizing activity of a regimen containing PA-

824, moxifloxacin, and pyrazinamide in a murine 

model of tuberculosis. Antimicrob Agents 

Chemother. 2008;52(4):1522-4. 

https://doi:10.1128/AAC.00074-08 

12. Rosenthal IM, Zhang M, Williams KN, Peloquin 

CA, Tyagi S, Vernon AA, et al. Daily dosing of 

rifapentine cures tuberculosis in three months or 

less in the murine model. PLoS Med. 

2007;4(12):e344. 

https://doi:10.1371/journal.pmed.0040344 

13. Veziris N, Ibrahim M, Lounis N, Chauffour A, 

Truffot-Pernot C, Andries K, et al. A once-weekly 

R207910-containing regimen exceeds activity of 

the standard daily regimen in murine tuberculosis. 

Am J Respir Crit Care Med. 2009;179(1):75-9. 

https://doi:https://doi.org/10.1164/rccm.200711-

1736OC 

14. Shi W, Chen J, Feng J, Cui P, Zhang S, Weng X, et 

al. Aspartate decarboxylase (PanD) as a new target 

of pyrazinamide in Mycobacterium tuberculosis. 

Emerg Microbes Infect. 2014;3(8):e58. 

https://doi:10.1038/emi.2014.61 

15. Khan MT, Malik SI, Ali S, Masood N, Nadeem T, 

Khan AS, et al. Pyrazinamide resistance and 

mutations in pncA among isolates of 

Mycobacterium tuberculosis from Khyber 

Pakhtunkhwa, Pakistan. BMC Infect Dis. 

2019;19(1):116. https://doi:10.1186/s12879-019-

3764-2 

16. Liu B, Su P, Hu P, Yan M, Li W, Yi S, et al. 

Prevalence, Transmission and Genetic Diversity of 

Pyrazinamide Resistance Among Multidrug-

Resistant Mycobacterium tuberculosis Isolates in 

Hunan, China. Infect Drug Resist. 2024;17:403-16. 

https://doi:10.2147/IDR.S436161 

17. Tovar-Amézquita J, Rincón-Guio C, Torres-Suarez 

FE, Florez MM, Ortiz CP, Martinez F, et al. 

Thermodynamic Assessment of the Pyrazinamide 

Dissolution Process in Some Organic Solvents. 

Molecules. 2024;29(21). 

https://doi.org/10.3390/molecules29215089  

http://ijmm.org/searchresult.asp?search=&author=SR+Moaddab&journal=Y&but_search=Search&entries=10&pg=1&s=0


1070 Moaddab and Roshdi Maleki                          Journal of Zoonotic Diseases, 2025, 10 (1): 1062-1072      
 

 

 

 

 

18. Merza MA, Farnia P, Tabarsi P, Khazampour M, 

Masjedi MR, Velayati AA. Anti-tuberculosis drug 

resistance and associated risk factors in a tertiary 

level TB center in Iran: a retrospective analysis. J 

Infect Dev Ctries. 2011;5(7):511-9. 

https://doi:10.3855/jidc.1259 

19. Xi Y, Zhang W, Qiao RJ, Tang J. Risk factors for 

multidrug-resistant tuberculosis: A worldwide 

systematic review and meta-analysis. PLoS One. 

2022;17(6):e0270003. 

https://doi:10.1371/journal.pone.0270003 

20. Liebenberg D, Gordhan BG, Kana BD. Drug 

resistant tuberculosis: Implications for 

transmission, diagnosis, and disease management. 

Front Cell Infect Microbiol. 2022;12:943545. 

https://doi:10.3389/fcimb.2022.943545 

21. Hashmi HJ, Javed H, Jamil N. Emerging epidemic 

of drug resistant tuberculosis in vulnerable 

populations of developing countries. Afr Health 

Sci. 2017;17(2):599-602. 

https://doi:10.4314/ahs.v17i2.40 

22. Heifets L, Sanchez T. New agar medium for testing 

susceptibility of Mycobacterium tuberculosis to 

pyrazinamide. J Clin Microbiol. 2000;38(4):1498-

501. https://doi:10.1128/JCM.38.4.1498-

1501.2000 

23. Jonmalung J, Prammananan T, Leechawengwongs 

M, Chaiprasert A. Surveillance of pyrazinamide 

susceptibility among multidrug-resistant 

Mycobacterium tuberculosis isolates from Siriraj 

Hospital, Thailand. BMC Microbiol. 2010;10:223. 

https://doi:10.1186/1471-2180-10-223 

24. Rajendran A, Palaniyandi K. Mutations Associated 

with Pyrazinamide Resistance in Mycobacterium 

tuberculosis: A Review and Update. Curr 

Microbiol. 2022;79(11):348. 

https://doi:10.1007/s00284-022-03032-y 

25. Mahon CR, Lehman DC. Textbook of Diagnostic 

Microbiology. 7th ed. St. Louis, MO: Elsevier; 

2023. 

26. Kim SJ. Drug-susceptibility testing in tuberculosis: 

methods and reliability of results. Eur Respir J. 

2005;25(3):564-9. 

https://doi:10.1183/09031936.05.00111304. 

27. Kohli A, Bashir G, Fatima A, Jan A, Wani NU, 

Ahmad J. Rapid drug-susceptibility testing of 

Mycobacterium tuberculosis clinical isolates to 

first-line antitubercular drugs by nitrate reductase 

assay: A comparison with proportion method. Int J 

Mycobacteriol. 2016;5(4):469-74. 

https://doi:10.1016/j.ijmyco.2016.06.006. 

28. Amini S, Kardan-Yamchi J, Kazemian H, Nasiri 

MJ, Hamzehloo G, Hoffner S, et al. The 7H11 Agar 

Medium Supplemented with Calf Bovine Serum for 

Susceptibility Testing of Mycobacterium 

tuberculosis Isolates Against Pyrazinamide. Microb 

Drug Resist. 2021;27(12):1652-7. 

https://doi:10.1089/mdr.2020.0509.  

29. Rastogi N, Goh KS, David HL. Drug susceptibility 

testing in tuberculosis: a comparison of the 

proportion methods using Lowenstein-Jensen, 

Middlebrook 7H10 and 7H11 agar media and a 

radiometric method. Res Microbiol. 

1989;140(6):405-17. https://doi:10.1016/0923-

2508(89)90016-8 

30. Mousavi SMJ, Amini S, Mirsaeidi M, Dabiri H, 

Hamzehloo G, Goudarzi H, et al. Genotyping and 

drug susceptibility testing of Mycobacterium 

tuberculosis in Iran: a multi-centre study. New 

Microbes New Infect. 2020;37:100729. 

https://doi.org/10.1016/j.nmni.2020.100729  

31. Zhang N, Savic RM, Boeree MJ, Peloquin CA, 

Weiner M, Heinrich N, et al. Optimising 

pyrazinamide for the treatment of tuberculosis. Eur 

Respir J. 2021;58(1). 

https://doi:10.1183/13993003.02013-2020. 

32. Stagg HR, Brown J, Ibraim E, Riekstiņa V, 

Viiklepp P, Cīrule A, et al. Drug Susceptibility 

Patterns in MDR-TB Patients: Challenges for 

Future Regimen Design. A Cross-Sectional Study. 

PLoS One. 2015;10(11):e0142425. 

https://doi:10.1371/journal.pone.0142425 

33. Heifets L, Higgins M, Simon B. Pyrazinamide is not 

active against Mycobacterium tuberculosis residing 

in cultured human monocyte-derived macrophages. 

Int J Tuberc Lung Dis. 2000;4(6):491-5. 

34. Cheng SJ, Thibert L, Sanchez T, Heifets L, Zhang 

Y. pncA mutations as a major mechanism of 

http://ijmm.org/searchresult.asp?search=&author=SR+Moaddab&journal=Y&but_search=Search&entries=10&pg=1&s=0


1071 Moaddab and Roshdi Maleki                          Journal of Zoonotic Diseases, 2025, 10 (1): 1062-1072      
 

 

 

 

 

pyrazinamide resistance in Mycobacterium 

tuberculosis: spread of a monoresistant strain in 

Quebec, Canada. Antimicrob Agents Chemother. 

2000;44(3):528-32. 

https://doi:10.1128/AAC.44.3.528-532.2000. 

35. Bahram NE, Sharareh M, Mahshid S, Masoud K. 

Evaluating the Frequency of Resistance to 

Pyrazinamide Among Drug-resistant Strains of 

Mycobacterium tuberculosis in Isfahan, Iran. Arch 

Clin Infect Dis. 2021;16(2):e101092. 

https://doi:10.5812/archcid.101092 

36. Alikhanova N, Akhundova I, Seyfaddinova M, 

Mammadbayov E, Mirtskulava V, Rüsch-Gerdes S, 

et al. First national survey of anti-tuberculosis drug 

resistance in Azerbaijan and risk factors analysis. 

Public Health Action. 2014;4(Suppl 2):S17-23. 

https://doi:10.5588/pha.14.0049 

37. Rashedi J, Mahdavi Poor B, Rafi A, Asgharzadeh 

M, Abdolalizadeh J, Moaddab SR. Multidrug-

resistant tuberculosis in north-west of Iran and the 

Republic of Azerbaijan: a major public health 

concern for Iranian people. J Res Health Sci. 

2015;15(2):101-3.  

38. Muthaiah M, Jagadeesan S, Ayalusamy N, 

Sreenivasan M, Prabhu SS, Muthuraj U, et al. 

Molecular epidemiological study of pyrazinamide-

resistance in clinical isolates of Mycobacterium 

tuberculosis from South India. Int J Mol Sci. 

2010;11(7):2670-80. 

https://doi.org/10.3390/ijms11072670 

39. Ismail NA, Mvusi L, Nanoo A, Dreyer A, Omar SV, 

Babatunde S, et al. Prevalence of drug-resistant 

tuberculosis and imputed burden in South Africa: a 

national and sub-national cross-sectional survey. 

Lancet Infect Dis. 2018;18(7):779-87. 

https://doi:10.1016/S1473-3099(18)30222-6 

40. Ando H, Mitarai S, Kondo Y, Suetake T, Sekiguchi 

JI, Kato S, et al. Pyrazinamide resistance in 

multidrug-resistant Mycobacterium tuberculosis 

isolates in Japan. Clin Microbiol Infect. 

2010;16(8):1164-8. https://doi:10.1111/j.1469-

0691.2009.03078.x 

41. Maslov DA, Zaĭchikova MV, Chernousova LN, 

Shur KV, Bekker OB, Smirnova TG, et al. 

Resistance to pyrazinamide in Russian 

Mycobacterium tuberculosis isolates: pncA 

sequencing versus Bactec MGIT 960. Tuberculosis 

(Edinb). 2015;95(5):608-12. 

https://doi:10.1016/j.tube.2015.05.013 

42. Jimma W, Ghazisaeedi M, Shahmoradi L, 

Abdurahman AA, Kalhori SRN, Nasehi M, et al. 

Prevalence of and risk factors for multidrug-

resistant tuberculosis in Iran and its neighboring 

countries: systematic review and meta-analysis. 

Rev Soc Bras Med Trop. 2017;50(3):287-95. 

https://doi:10.1590/0037-8682-0002-2017. 

43. Mohammed KAS, Khudhair GS, Al-Rabeai DB. 

Prevalence and Drug Resistance Pattern of 

Mycobacterium tuberculosis Isolated from 

Tuberculosis Patients in Basra, Iraq. Pol J 

Microbiol. 2022;71(2):205-15. 

https://doi:10.33073/pjm-2022-018. 

44. Roshdi Maleki M, Moaddab SR. Drug 

susceptibility pattern of Mycobacterium 

tuberculosis strains to first and second-line drugs in 

Tabriz, Iran. Iran J Med Microbiol. 2009;3(1):18-

24. 

45. Dheda K, Perumal T, Moultrie H, Perumal R, 

Esmail A, Scott AJ, et al. The intersecting 

pandemics of tuberculosis and COVID-19: 

population-level and patient-level impact, clinical 

presentation, and corrective interventions. Lancet 

Respir Med. 2022;10(6):603-22. 

https://doi:10.1016/S2213-2600(22)00092-3. 

46. Goletti D, Meintjes G, Andrade BB, Zumla A, Shan 

Lee S. Insights from the 2024 WHO Global 

Tuberculosis Report - More Comprehensive 

Action, Innovation, and Investments required for 

achieving WHO End TB goals. Int J Infect Dis. 

2025; 150:107325. 

https://doi:10.1016/j.ijid.2024.107325  

47. Khademi F, Sahebkar A. An updated systematic 

review and meta-analysis on Mycobacterium 

tuberculosis antibiotic resistance in Iran (2013-

2020). Iran J Basic Med Sci. 2021;24(4):428-36. 

https://doi:10.22038/IJBMS.2021.48628.11161 

48. Che Y, Yang T, Lin L, Xiao Y, Jiang F, Chen Y, et 

al. Comparative Utility of Genetic Determinants of 

http://ijmm.org/searchresult.asp?search=&author=SR+Moaddab&journal=Y&but_search=Search&entries=10&pg=1&s=0


1072 Moaddab and Roshdi Maleki                          Journal of Zoonotic Diseases, 2025, 10 (1): 1062-1072      
 

 

 

 

 

Drug Resistance and Phenotypic Drug 

Susceptibility Profiling in Predicting Clinical 

Outcomes in Patients With Multidrug-Resistant 

Mycobacterium tuberculosis. Front. Public Health. 

2021;9:663974. 

https://doi:10.3389/fpubh.2021.663974 

49. Xia H, van den Hof S, Cobelens F, Zhou Y, Zhao 

B, Wang S, et al. Value of pyrazinamide for 

composition of new treatment regimens for 

multidrug-resistant Mycobacterium tuberculosis in 

China. BMC Infect Dis. 2020;20(1):19. 

https://doi:10.1186/s12879-020-4758-9 

50. Hameed HA, Tan Y, Islam MM, Lu Z, Chhotaray 

C, Wang S, et al. Detection of Novel Gene 

Mutations Associated with Pyrazinamide 

Resistance in Multidrug-Resistant Mycobacterium 

tuberculosis Clinical Isolates in Southern China. 

Infect Drug Resist. 2020;13:217-27. 

https://doi:10.2147/IDR.S230774 

51. Kurbatova EV, Cavanaugh JS, Dalton T, Click ES, 

Cegielski JP. Epidemiology of pyrazinamide-

resistant tuberculosis in the United States, 1999-

2009. Clin Infect Dis. 2013;57(8):1081-93. 

https://doi:10.1093/cid/cit452 

52. Roelens M, Battista Migliori G, Rozanova L, Estill 

J, Campbell JR, Cegielski JP, et al. Evidence-based 

Definition for Extensively Drug-Resistant 

Tuberculosis. Am J Respir Crit Care Med. 

2021;204(6):713-22. 

https://doi:10.1164/rccm.202009-3527OC. 

53. Roshdi Maleki M, Moaddab SR, Rahbar M. Study 

prevalence of multidrug-resistant (MDR) and 

extensively drug-resistant (XDR) Tuberculosis in 

East Azerbaijan province of Iran. HealthMED. 

2012;6(9):3091-4. 

54. Bagheri M, Pormohammad A, Fardsanei F, 

Yadegari A, Arshadi M, Deihim B, et al. Diagnostic 

Accuracy of Pyrazinamide Susceptibility Testing in 

Mycobacterium tuberculosis: A Systematic Review 

with Meta-Analysis. Microb Drug Resist. 

2022;28(1):87-98. 

https://doi:10.1089/mdr.2021.0048  

55. Whitfield MG, Soeters HM, Warren RM, York T, 

Sampson SL, Streicher EM, et al. A Global 

Perspective on Pyrazinamide Resistance: 

Systematic Review and Meta-Analysis. PLoS One. 

2015;10(7):e0133869. https://doi: 

10.1371/journal.pone.0133869 

56. Li K, Yang Z, Gu J, Luo M, Deng J, Chen Y. 

Characterization of pncA Mutations and Prediction 

of PZA Resistance in Mycobacterium tuberculosis 

Clinical Isolates From Chongqing, China. Front 

Microbiol. 2021;11:594171. 

https://doi:10.3389/fmicb.2020.594171 

 

 

 

 

 

 
 

 

http://ijmm.org/searchresult.asp?search=&author=SR+Moaddab&journal=Y&but_search=Search&entries=10&pg=1&s=0

