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Pyrazinamide (PZA) is still one of the key drugs used in current therapeutic regimens for
tuberculosis (TB). Despite its importance for TB therapy, the mode of action of PZA remains
unknown. PZA has to be converted to its active form pyrazinoic acid (POA) by the
nicotinamidase PncA and is then excreted by an unknown efflux pump. At acidic conditions,
POA is protonated to HPOA and is reabsorbed into the cell where it causes cellular damage.
For a long time, it has been thought that PZA/POA has no defined target of action, but
recent studies have shown that both PZA and POA have several different targets interfering
with diverse biochemical pathways, especially in the NAD+ and energy metabolism. PZA
resistance seems to depend not only on a defective pyrazinamidase but is also rather a result
of the interplay of many different enzyme targets and transport mechanisms.

KEYWORDS: drug susceptibility . Mycobacterium tuberculosis . nicotinamidase . POA . pyrazinamide . PZA . PZase

Tuberculosis (TB) remains a major global
health problem. Approximately, 2 billion people
are latently infected with members of the
Mycobacterium tuberculosis complex [1]. In 2013,
there were 9 million new cases including
1.1 million cases among people living with
HIV; 1.5 million people died from TB, includ-
ing 360,000 among people who were HIV-posi-
tive. Despite a 45% decline in TB mortality rate
since 1990, we are facing an alarming rise in
multi-drug-resistant tuberculosis (MDR-TB)
burden globally. Globally, the number of peo-
ple diagnosed with MDR-TB has tripled
between 2009 and 2013, and reached 136,000
of the estimated 480,000 people having devel-
oped MDR-TB in 2013 [1].

Pyrazinamide (PZA), a nicotinamide analog,
is an important first-line drug. It has sterilizing
activity (capacity to sterilize sputum rapidly and
to prevent relapse [2]) against semi-dormant
tubercle bacilli and when added to regimens
containing rifampicin (RIF), it kills persisters
during the initial intensive phase of chemother-
apy [3]. PZA plays an essential role in shortening
treatment duration, for example PZA is crucial
in the current first-line 6-month short-course
regimen [4,5].

PZA, isoniazid (INH) and ethionamide are
structural analogs of nicotinamide (FIGURE 1). Nico-
tinamide monotherapy was used in the 1940s
and 1950s to effectively treat patients infected
with M. tuberculosis [6]. However, PZA was
shown to be a more effective drug compared
with nicotinamide, especially in combination
with INH [6]. The low activity of nicotinamide
in combination with INH results from an antag-
onism of both substances. The reason for this
antagonistic effect might be a result of the com-
petition of nicotinamide and NADH for INH
adduct formation [6]. Interestingly, pharmacoki-
netic studies in the mouse model also show a
negative interaction of the structurally related
compounds INH and PZA, whereas addition of
INH to the structurally unrelated RIF has addi-
tive activity. Higher doses of INH alone increase
the antimicrobial effect, but higher doses of INH
given in combination with RIF-PZA decrease
the antimicrobial activity. The mechanism of
this antagonism is unknown [7]. PZA and the
structurally related molecule INH may compete
for the same target molecules in the bacterial cell.

Despite its strong activity in vivo PZA has
virtually no activity in vitro at usual culture
conditions near to neutral pH [8]. Even at
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moderate acidic pH (5.5), PZA activity is quite poor [9,10].
During the past decades, researchers were trying to explain this
puzzling observation, and several factors were identified influ-
encing PZA activity. It has been shown that PZA activity is
enhanced under low oxygen or anaerobic conditions and
nutrient-starved incubation conditions [11,12]. Interestingly, sev-
eral inhibitors of the energy metabolism enhance PZA activity
such as the ATPase inhibitor N,N´-dicyclohexylcarbodiimide
(DCCD), the cytochrome c oxidase inhibitor azide and the
NADH dehydrogenase inhibitor rotenone [13,14]. In addition,
iron enhances the activity of pyrazinoic acid (POA) but not
PZA against the naturally PZA-resistant Mycobacterium bovis
BCG. Other metal ions such as magnesium, calcium and zinc
do not enhance the activity of PZA or POA [15]. Recent studies
by Dillon et al. [16] indicated that pantothenate and pantetheine
decrease the antitubercular activity of PZA. The results could
be explained by the finding that POA inhibits PanD of
M. tuberculosis. PanD is an aspartate 1-decarboxylase that con-
verts aspartate to b-alanine, the precursor of pantothenate. In
addition, it was found that mutations in the PanD gene are
associated with PZA resistance in M. tuberculosis. This finding
suggests that inhibition of PanD by POA may results in deple-
tion of pantothenate and Coenzyme A levels. Supplementation
of pantothenate could complement deficiencies in Coenzyme A
levels [17,18].

Activation of PZA
PZA itself is a prodrug that is converted into the active bacteri-
cidal form pyrazinoic acid (POA) by the bacterial enzyme pyra-
zinamidase (PZase) encoded by the pncA gene [19]. Loss of
PZase activity leads to PZA resistance whereas overexpression
confers increased susceptibility [20,21]. Several clinical M. tuber-
culosis isolates contain mutations in pncA, which are scattered
along the gene. Most mutations in pncA are associated with
PZA resistance [22]. However, several studies show only a low
correlation (41 to 97%) of PZA resistance and mutations in
pncA [23–29]. A strong correlation was reported for strains iso-
lated in South Africa (91–92%) [30,31], China (91%) [32], Japan
(97%) [33] and S. Korea (97%) [34]. A weaker correlation
between PZA resistance and mutations in pncA has been found
in low endemic areas in Brazil (72 and 84%) [26,35], South
Africa (67%) and Taiwan (41%) [23,24]. For drug resistant and
MDR M. tuberculosis isolates from patients such as in Rio de
Janeiro, Brazil, only a correlation of 45.7% between PZA

resistance and pncA mutation was
observed [36]. Several authors suggest that
the extent of correlation between PZA
resistance and mutation in pncA may
depend on the geographic area and
patient group [23,34,36,37]. However, it is
well known that PZA drug susceptibility
testing is not reliable, insufficiently repro-
ducible and gives often false resistance
results [10,38–41]. Thus, the true proportion
of PZA-resistant strains, carrying no

mutation in pncA might be generally lower than currently
reported in literature [42]. The observed geographical variation
in the number of PZA-resistant strains without pncA mutation
might result from the use of different susceptibility testing
methods or regional variation of method application [40,42–44].
However, most studies show that approximately 15% of all
detected PZA-resistant strains have no mutation in pncA. These
findings suggest that these strains might carry mutations in
other genes encoding additional targets of PZA or POA [45].

The mycobacterial nicotinamidase PZase PncA is essential for
the activity of PZA in M. tuberculosis. Paradoxically, other myco-
bacterial species such as M. smegmatis and M. avium possess
PZase activity but they are naturally resistant to PZA. This can
be explained by the presence of a very effective POA exporter.
However, M. smegmatis has two PZases: MsPncA
(MSMEG_6506) that has 65.6% identity with PncA of
M. tuberculosis and the amidase PzaA. PzaA is the major PZase
of M. smegmatis [20,46,47] and the gene coding for PzaA
(MSMEG_1090) is not found in the genome of any other myco-
bacterial species. It is worth noting that the genome of M. smeg-
matis apparently lacks the gene for the amidase AmiD, which
appears to be exclusively present in virulent mycobacteria.

M. bovis is naturally resistant to PZA due to an alteration in
pncA. In M. bovis, a single point mutation (C to G) at nucleo-
tide position 169 in pncA causes a substitution of histidine to
aspartic acid producing a non-effective PZase [48,49]. Therefore,
it was assumed that M. bovis is strictly dependent on the
de novo pathway for NAD+ biosynthesis. However, it was
shown that a M. bovis mutant lacking the NAD+ de novo bio-
synthesis pathway (DnadABC) can import nicotinamide and
subsequently use it as precursor for NAD+ biosynthesis [50].

It was speculated that a purine nucleoside phosphorylase
(encoded by the deoD gene) might be involved in feeding nico-
tinamide into the NAD+ synthesis in Escherichia coli [51,52]. The
deoD gene of M. bovis (Mb3335) encodes a probable purine
nucleoside phosphorylase DeoD. DeoD might be a candidate
enzyme responsible for converting nicotinamide to nicotinamide
riboside (FIGURE 2). The deduced amino acid sequence of MtDeoD
shows 38% sequence identity with the E. coli purine nucleoside
phosphorylase II (XapA; Uniprot F4M5W7) [52].

PZA – a multitarget inhibitor
The particular characteristics of PZA have puzzled researchers
over the past decades [3,5,53]. In difference to other drugs, PZA
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Figure 1. Structure of nicotinamide and related compounds.
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Figure 2. Scheme of the NAD+ metabolism in M. tuberculosis. Genes that are present in other organisms, but not present in
M. tuberculosis are crossed out. Gene names or accession numbers are represented in italics. Genes and enzymes, whose function has
not been demonstrated experimentally are shown in square brackets. Hypothetical biochemical reactions that have not yet been proven
experimentally are depicted as dotted lines and are marked with a question mark. The following hypothetical proteins, deduced from
gene sequences, have been inferred from electronic annotation: CinA, DeoD, iunH (KEGG - Release 72.1, December 1, 2014) [106,107].
CinA is a widely distributed protein in Gram-positive and Gram-negative bacteria. It is proposed to recycle NAD+ degradation products in
the pyridine nucleotide cycle [129,130]. CinA from Thermus thermophilus has NMN deamidase and ADP-ribose pyrophosphatase activi-
ties [129]. The hypothetical proteins DeoD (Rv3307) and IunH (Rv3393) are annotated as probable nucleoside phosphorylase/hydrolases
[82].
NaAD: Nicotinic acid adenine dinucleotide; Nam: Nicotinamide; NAc: Nicotinic acid; NaMN: Nicotinic acid mononucleotide;
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has no single specific target in the cell. The following model
has been proposed: The prodrug PZA enters the bacilli by pas-
sive diffusion and possibly active transport, and is then con-
verted by PZase into POA [54,55]. In M. tuberculosis, POA exits
from the cell by an inefficient efflux system, whereas M. smeg-
matis has a very efficient POA export system. The nature of
the efflux systems is unknown. At acidic pH, a small propor-
tion of the external POA is converted to HPOA that permeates
into the cell, where it might cause cytoplasmic acidification.
The following disruption of redox homeostasis might cause oxi-
dative injury and general cellular damage. In addition, proton-
ated POA could potentially de-energize the membrane by
collapsing the proton motive force and affecting membrane
transport [3,53].

However, researchers have identified several additional targets
of PZA and POA during recent years and it has become evi-
dent that PZA and POA are potent multitarget inhibitors,
interfering with several metabolic pathways important to energy
metabolism, the maintenance of metabolic homeostasis and
adaptation to stress conditions. A schematic presentation of the
current model together with the recently identified targets is
depicted in FIGURE 3. Generation of knockout mutants and inhib-
itor studies revealed that PZA interferes with fatty acid synthe-
sis and phosphate metabolism. PZA and its analogs act as
competitive inhibitors of NAD phosphate binding on

M. tuberculosis fatty acid synthase I
[56–58]. Recently, it has been shown that
phosphate metabolism plays an important
role in M. tuberculosis persistence and
transition into dormancy [59–61].
PhoY2 of M. tuberculosis is predicted to
act as negative regulator of phosphate
uptake, and maintaining intracellular
inorganic phosphate (Pi) homeostasis
[62,63]. A phoY2 null mutant of
M. tuberculosis has increased susceptibility
to PZA and RIF and shows elevated lev-
els of intracellular poly-Pi and ATP
[63,64]. Inorganic polyphosphate is thought
to induce expression of the sigma factor
RpoS that regulates expression of approx-
imately 50 genes responsible for down-
regulation of metabolism and cell divi-
sion. The increased sensitivity to environ-
mental stress conditions and nutrient
deprivation of the phoY2 null mutant
might be a result of extensive deregula-
tion in gene expression by RpoS. The
mechanisms underlying the increased sus-
ceptibility to RIF and PZA are still
unknown [65,66].

In 2011, Shi et al. showed that POA
binds at the C-terminus of the ribosomal
protein S1 (RpsA). RpsA was identified
after analysis of a PZA-resistant clinical

isolate without pncA mutation but with a mutation in rpsA [67].
RpsA is involved in trans-translation, a process that is essential
for freeing bacterial ribosomes which have stalled in the middle
of protein biosynthesis. Trans-translation is involved in persister
survival and tolerance to a diverse range of antibiotics and
stresses [68]. The inhibition of RpsA by POA may explain the
unique ability of PZA to eradicate persisting organisms [67].
Crystal structures of the C-terminal domain of RpsA in com-
plex with POA revealed the binding mode of POA to RpsA
and elucidated the inhibition mechanism of RpsA by POA [69].

PZA & nicotinamide uptake
The mechanism of PZA import is still elusive. Zhang et al. [55]

suggested uptake of PZA by passive diffusion, whereas
Raynaud et al. [54] proposed an ATP-dependent transport mecha-
nism in competition with nicotinamide. Anyway, the hypotheti-
cal ATP-dependent transporter has not been identified yet. PZA
is the pyrazine analog of nicotinamide (also referred to as vitamin
B3 or niacin; FIGURE 1) and one can assume that both molecules use
the same transport mechanisms. Both substances may have a sim-
ilar mode of action. This is supported by the findings that nico-
tinamide has activity against M. tuberculosis itself and PZA can
be replaced by nicotinamide to detect resistance to PZA [6,70,71].
However, the uptake mechanisms for nicotinamide and nicotinic
acid in bacteria are poorly understood. But recently, proteins of

POA–

Oxidative stress

HPOA [POA–] PncA PZA

PanD RpsA NadC Fasl

H+

HPOA PZA

H+

Membrane
de-energisation

Pantothenate/
coenzyme A
biosynthesis

Trans-translation
(protein

 biosynthesis)

Fatty acid/
mycolic acid
biosynthesis

NAD+ de novo
biosynthesis

Figure 3. Proposed mode of PZA/POA by cytoplasmic acidification [3] and
recently identified targets of PZA and POA: fatty acid synthase I [56–58], RpsA
[67,69,128], NadC [87] and PanD [17,18]. Direct targets of PZA and POA are depicted in
black circles. Enzymes and transporters influencing PZA activity are in rectangles.
POA: Pyrazinoic acid; PZA: Pyrazinamide.
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the NiaP family from Bacillus subtilis, Ralstonia solanacearum and
Burkholderia xenovorans have been shown to transport nicotinic
acid via an energy-dependent mechanism [72,73]. Mycobacterium
massiliense and M. tuberculosis H37Rv contain genes (niaP and
nanT (Rv1902c), respectively) with a weak sequence similarity to
the NiaP nicotinic acid transporter family [72,74]. In yeast,
TNA1 was identified and characterized as high-affinity nicotinic
acid transporter [75,76]. The amino acid sequence of TNA1 has
21.2% sequence identity to Rv1672c, a gene coding for a proba-
ble integral membrane transport protein inM. tuberculosis.

Several bacterial species such as Haemophilus influenzae and
Neisseria mucosa are able to import nicotinamide riboside by
the PnuC transporter to replenish their NAD+ pools [77–79]. It
was postulated that proteins of the PnuC family are general
nicotinamide riboside transporters [78]. This was recently sup-
ported by the crystal structure of the pnuC transporter from
N. mucosa in complex with its substrate nicotinamide riboside
(PDB entry: 4QTN) [78]. The genomes of M. vulneris, M. far-
cinogenes, M. chelonae, Mycobacterium sp. UM_WWY and
M. absessus contain sequences similar to the PnuC transporter
family [79,80], but M. tuberculosis seems not to encode a typical
PnuC-like nicotinamide riboside transporter. In addition, the
NadR homolog of M. tuberculosis appears to be non-functional
due to lack of ribosyl nicotinamide kinase and nicotinamide
phosphoribosyltransferase activity [80,81]. These observations lead
to the conclusion that M. tuberculosis is not able to use nicotin-
amide riboside as NAD+ precursor.

PZA efflux mechanism
Efflux of nicotinamide and its analogs are also poorly character-
ized. Probably most of transporters and transport mechanisms
have not been identified yet. The annotated genome of
M. tuberculosis H37Rv lists around 150 deduced amino acid
sequences annotated as ‘probable’ or ‘putative’ transporter [82].

PZA-susceptible M. tuberculosis strains have a very low POA
efflux rate compared with M. smegmatis, which is innately resis-
tant to PZA. A POA efflux rate below a specific range has
been proposed as good predictor for PZA resistance of
M. tuberculosis strains. The POA efflux rate of M. smegmatis
was found to be approximately 900-fold higher than the aver-
age efflux rate for M. tuberculosis strains [83]. This suggests that
M. smegmatis contains a far more effective, yet completely
unknown, efflux transporter for POA compared with M. tuber-
culosis. Interestingly, the PZA flux of M. tuberculosis and
M. smegmatis does not differ significantly [83], which suggests
that removal of accumulated PZA and probably nicotinamide
occurs predominantly via POA and nicotinic acid, respectively.

The nicotinamidase activity of PncA & enzymes of
NAD+ biosynthesis
The nicotinamidase PncA is a key enzyme for PZA resistance.
The cellular function of PncA is the conversion of nicotin-
amide to nicotinic acid. The physiological role differs among
microorganisms. Some bacteria use nicotinic acid to replenish
their cellular NAD+ pool. For other bacteria such as

mycobacteria PncA is dispensable. Together with a hypothetical
nicotinic acid transporter PncA might be part of an excretion
mechanism for the removal of accumulated nicotinamide.
Genes encoding nicotinamidases are present in the genomes of
Mycobacteria, Archaea, Eubacteria, Protozoa, yeast and inverte-
brates but these are not found in mammals [84]. NAD+ biosyn-
thesis and recycling enzymes are highly conserved and essential,
thus enzymes of the NAD+ metabolism are regarded as poten-
tial targets for PZA and novel drug candidates [85–87]. The
NAD+ metabolism of M. tuberculosis shall be discussed here
with special emphasis on candidate drug targets.

The constant supply of NAD+ is indispensable for the cell.
NAD+ is involved in hundreds of redox reactions. In addition,
NAD+ is consumed by a variety of non-metabolic enzymes, for
example, as a substrate in DNA repair, protein deacetylation
and ADP ribosylation. To maintain NAD+ homeostasis the cel-
lular NAD+ pool is subject to constant and rapid degradation,
recycling and resynthesis of NAD+ degradation products via
different pyridine nucleotide cycles [52,81,88].

M. tuberculosis predominantly synthesizes NAD+ using the de
novo biosynthesis pathway (FIGURE 2). Without external supply of
nicotinamideM. tuberculosis relies entirely on the de novo synthesis
of NAD+ for survival [80]. The synthesis starts from aspartate using
aspartate oxidase (NadB), quinolinic acid synthase (NadA), quino-
linic acid phosphoribosyltransferase (QAPRTase; NadC), adenyl
transferase (NadD) and deamido-NAD ligase (NadE; FIGURE 2). It
has been shown that M. tuberculosis is extremely vulnerable to
drugs targeted against the enzymes of this pathway. For example,
disruption of NadD and NadE shows a strong bactericidal
effect [81,89–91] and NadC is markedly inhibited by PZA [87].

In addition to the de novo biosynthesis pathway M. tubercu-
losis can use external nicotinamide to synthesize NAD+. The
nicotinamidase PncA converts nicotinamide to nicotinic acid.
In the next step, the nicotinic acid phosphoribosyltransferase
PncB1/PncB2 catalyzes the synthesis of nicotinic acid mononu-
cleotide from nicotinic acid and 5-phosphoribosyl diphosphate
(PRPP) at the expense of ATP (FIGURE 2) [80]. Both PncB proteins
are dispensable for growth and NAD+ synthesis in vivo. This
suggests that the nicotinamidase PncA is rather an auxiliary or
backup system for NAD+ synthesis via nicotinamide. M. tuber-
culosis, M. smegmatis, M. bovis and maybe other mycobacteria
seem not to depend on the recycling of nicotinamide produced
from NAD+ degradation. Accumulation of detrimental levels of
nicotinamide might be prevented by the presence of a yet
unknown exporter system. PncA is not necessary for the survival
of the organism and this might explain the high frequency of
mutations observed for pncA. However, mutants that lack the
enzymes of the de novo pathway for NAD+ synthesis (DnadA-C)
exhibit nicotinamide auxotrophy and a (DpncB1/DpncB2)
mutant is not able to incorporate external nicotinamide. These
experiments prove that PncA together with PncB1/PncB2 can
synthesize NAD+ in the presence of external nicotinamide [80].
The ability to use nicotinamide as external precursor for NAD+

biosynthesis might be an advantage for M. tuberculosis to with-
stand extreme environmental conditions.
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NAD+ can rapidly be consumed by several NAD+-
consuming enzymes (NAD+-dependent DNA ligase, mono
(ADP-ribosyl) transferase, sirtuin-like proteins, and RNA
2’-phosphotransferases) to finally generate nicotinamide as the
most common end-product [52,92–98]. In certain physiological
events, the upregulation of some of these enzymes might poten-
tially lead to the rapid depletion of intracellular NAD+, and
concurrent accumulation of nicotinamide. Because nicotin-
amide is a strong inhibitor of several NAD (P)+-consuming
enzymes, uncontrolled nicotinamide accumulation may not
only negatively affect NAD+ metabolism but also affect other
cellular functions. In addition, accumulated nicotinamide and
nicotinic acid might interact with PZA, thereby reducing the
effectiveness of PZA. Antagonism between nicotinamide and its
structurally related derivates INH and PZA occurs in the treat-
ment of pulmonary tuberculosis and infection models [7,99]. It
should be noted that M. smegmatis inactivates rifampin via
ADP ribosylation, a NAD+ consuming reaction, leading to the
release of nicotinamide [100–103]. Interestingly, a high correlation
is found between resistance to PZA and multidrug resistance,
as well as between PZA resistance and resistance to rifampin
and INH [104]. Therefore, one may speculate whether a causal
relationship between multidrug resistance and PZA resistance
exists. It is conceivable that especially drug-resistant strains
might express unusually high levels of NAD+-consuming
enzymes for survival and drug inactivation. The resulting accu-
mulation of nicotinamide might interfere with PZA or POA.

Bacteria recycle their NAD+ pool every 90 min by enzymes
of the pyridine nucleotide cycle. The first step in NAD+ degra-
dation is catalyzed by a NADH pyrophosphatase, converting
NAD+ to AMP and nicotinamide mononucleotide [88]. NudC
from M. tuberculosis (Rv3199c; NudCRv) and M. bovis
(Mb3224c; NudCBCG) have been shown to be functional
NADH pyrophosphatases catalyzing the hydrolysis of NAD+ to
AMP and nicotinamide mononucleotide. In addition, NudC
hydrolyses the INH-NAD and ETH-NAD adducts and dele-
tion of nudC results in increased susceptibility to INH and
ETH, thus NudC may be involved in resistance to both INH
and ETH [105].

M. tuberculosis codes for a probable nicotinamide mononu-
cleotide deamidase, a CinA-like protein (cinA; Rv1901), that is
predicted to convert nicotinamide mononucleotide to nicotinic
acid mononucleotide [106,107]. But until now there is no experi-
mental evidence, whether cinA codes for a functional enzyme
in M. tuberculosis. CinA is located next to nanT, a probable
integral membrane transporter that has a weak sequence simi-
larity to the NiaP nicotinic acid transporter family [72]. Interest-
ingly, cinA and nanT are located in close proximity to katG
(Rv1908c) and furA (Rv1909c). FurA is a ferric uptake regula-
tion protein and this is remarkable, because iron enhances the
antituberculous activity of PZA [15].

Some members of the family Pasteurellaceae do not possess
the de novo pathway for NAD+ biosynthesis via quinolinic acid
neither the pathway via nicotinamide. These bacterial species
can convert nicotinamide to nicotinamide mononucleotide,

allowing NAD+-independent growth. NAD+ is generated via a
nicotinamide phosphoribosyltransferase (Nampt; encoded by
nadV) that synthesizes nicotinamide mononucleotide in the
presence of nicotinamide and PRPP [80,108,109]. M. tuberculosis
lacks a nadV homolog [82].

PZA & its analogs
In vitro both POA and PZA are effective against M. tuberculo-
sis. The active derivative POA has no significant activity
in vivo, presumably due to poor absorption through the gastro-
intestinal tract and to serum binding [110]. Several derivates of
PZA are not dependent on the activation by PZase and are
reported to have better activity than POA against both suscepti-
ble and resistant isolates of M. tuberculosis [111,112]. POA esters
showed good antimycobacterial activity against M. tuberculosis
[111,113], but have poor serum stability [114]. Pyrazine thiocarbox-
amide, N-hydroxymethyl pyrazine thiocarboxamide, POA
n-octyl ester and POA pivaloyloxymethyl ester were both bacte-
riostatic and bactericidal against M. tuberculosis, M. avium and
M. intracellulare [115]. Lipophilic POA esters such as hexadecyl-
pyrazinoate, tetradecylpyrazinoate and dodecylpyrazinoate have
suitable stability in the presence of plasma and have been
reported to be active in concentrations 10-fold lower than those
needed for PZA to kill sensitive M. tuberculosis. Amides of
POA show higher stability in plasma, but have only very low
antibacterial activity [116].

Expert commentary & five-year view
Tuberculosis remains a major global health concern and the
alarming rise in MDR-TB burden since 2009 threatens prog-
ress made in TB care and control worldwide. The incidence of
MDR-TB is increasing globally. Although resistance to most
of the first-line drugs can be easily determined by laboratory
susceptibility testing, PZA resistance remains difficult to deter-
mine; PZA is active only at low pH, and testing is not rou-
tinely performed. Because the difficulty in standardizing PZA
susceptibility testing on solid media, the World Health Orga-
nization recommends only two methods for PZA susceptibility
testing of M. tuberculosis to PZA (Bactec 460 and MGIT
960) [117]. However, drug susceptibility testing of M. tuberculo-
sis against PZA is not included in the World Health Organ-
ization’s yearly proficiency testing [118]. Drug susceptibility
testing of M. tuberculosis against PZA is not reproducible and
gives often false resistance results [10,38–41]. In addition, the
antimicrobial susceptibility breakpoint (also known as the
‘critical concentration’) to define susceptibility and resistance
to PZA varies in several studies. The definition of the critical
concentration is the lowest concentration of drug that will
inhibit 95% (90% for PZA) of wild-type strains of M. tuber-
culosis that have never been exposed to drugs [119,120]. In most
studies, the MIC breakpoint is defined in the range from
50 to 128 g/ml [10,121–123]. In addition, the accuracy and repro-
ducibility of the current methods to determine critical concen-
trations to test the susceptibility of M. tuberculosis might be
questionable at all [120]. Reference methods, such as the
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BACTEC 460TB radiometric susceptibility method and the
BACTEC MGIT 960 system use a critical concentration of
100 g/ml for testing PZA susceptibility. [122,124]. However, the
BACTEC 460TB system has problems with false-resistant
[39,125] or inconsistent [10,126] test results for PZA susceptibility
testing. The critical concentration of PZA used in the
BACTEC 460TB system might be too low, and strains with
MIC values marginally above the breakpoint concentration of
100 g/ml may, in effect, be PZA susceptible [42]. Novel molec-
ular tests for detecting PZA resistance are urgently needed to
overcome the limitations of current culture-based and molecu-
lar tests [127].

Several novel targets of PZA such as fatty acid synthase
I [56–58], RpsA [67,69,128], NadC [87] and PanD [17,18] have been
identified and helped to understand the impact of PZA on the
bacterial metabolism. In the light of recent research results, it is
becoming increasingly clear that PZA and POA are potent
multitarget inhibitors, interfering with several metabolic path-
ways important for cell survival. Due to its natural close

structural relation to the pyridine entity of NAD(P), PZA
might be able to interact with nucleotide binding sites of sev-
eral enzymes. Therefore, it is reasonable to expect that within
the next 5 years several additional PZA/POA binding targets
will be identified by whole-genome sequencing. The knowledge
of these specific targets may help to develop novel molecular
diagnostic tests. However, due to the diverse targets of PZA/
POA and the resulting complex modes of impact, the develop-
ment of such a test might be very challenging.
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Key issues

. Multidrug-resistant tuberculosis (MDR-TB) is a major public health problem that threatens progress made in TB care and control

worldwide. The number of people diagnosed with MDR-TB tripled between 2009 and 2013.

. Pyrazinamide (PZA) is still a key first-line anti-tuberculosis drug used in current therapeutic regimen due to its sterilizing activity

against persisters.

. PZA is a prodrug that has to be converted by mycobacterial PZase to its active form pyrazinoic acid (POA). It appears that its bactericidal

effect is based on the disruption of the membrane energetics and acidification of the cytoplasm by re-import of protonated (POA).

. Despite a majority (72–97%) of PZA-resistant isolates of M. tuberculosis exhibit mutations in pncA, several PZA-resistant M. tuberculosis

isolates have no mutations in pncA, suggesting additional mechanism(s) of PZA resistance.

. Conventional culture-based PZA susceptibility testing of M. tuberculosis is technically challenging and often unreliable. Novel molecular

assays for the detection of PZA resistance are urgently needed to overcome the limitations of conventional testing.

. Latest studies revealed that PZA and POA interfere with protein translation and interact with pyridine nucleotide-binding sites of several

enzymes such as quinolinate phosphoribosyl transferase and fatty acid synthase.

. Several key mechanisms of bacterial nicotinamide/PZA metabolism are still unknown, such as import and export systems for

nicotinamide, PZA and POA.

. Resistance to PZA may result from the complex interplay of several enzymes and transport mechanisms involved in PZA/nicotinamide

metabolism. The knowledge of the complex mechanism underlying PZA resistance may help to develop a novel molecular multiparame-

ter diagnostic tool for reliable detection of PZA resistance.
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