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Recent in vitro pharmacokinetic data suggest that the currently recommended dose of pyrazinamide may be
suboptimal for killing intracellular bacilli in humans. We evaluated a range of pyrazinamide doses against
intracellular and extracellular Mycobacterium tuberculosis in chronically infected mice and guinea pigs, respec-
tively. Antibiotics were given five times weekly for 4 weeks beginning 28 days after infection. Human-equivalent
doses of isoniazid reduced lung bacterial counts 10-fold in each species. Pyrazinamide given at 1/4 and 1/2 the
human-equivalent dose was minimally active, while human-equivalent doses reduced lung bacterial counts by
�1.0 log10 in each species. Doubling the human-equivalent dose of pyrazinamide reduced the lung bacillary
burden by 1.7 and 3.0 log10 in mice and guinea pigs, respectively. As in humans and mice, pyrazinamide showed
significant synergy with rifampin in guinea pigs. Clinical studies are warranted to investigate the sterilizing
activity and tolerability of higher doses of pyrazinamide in combination tuberculosis regimens.

Although the antituberculous activity of pyrazinamide (Z)
was recognized in the early 1950s, its mechanism of action
remains poorly understood (25). After passive diffusion and
active transport (35), Z accumulates intracellularly (52) and is
converted to pyrazinoic acid by Mycobacterium tuberculosis
pyrazinamidase (24, 39). Originally thought to act on myco-
bacterial fatty acid synthase I (54), pyrazinoic acid likely acts by
disrupting the proton motive force required for essential cel-
lular functions at acidic pH (53).

Although Z is poorly active against multiplying bacilli (22),
the synergy of Z with rifampin (R) (27) has permitted the
shortening of tuberculosis (TB) chemotherapy from 9 months
to 6 months (41). Because of the strict requirement for acidic
pH, Z is believed to target dormant bacilli residing within an
acidic environment (30). Although Z-susceptible bacilli have
been postulated to persist in the macrophage phagolysosome
(37), recent studies suggest that the interior pH of these or-
ganelles may be only slightly acidic (11, 43), and Z lacks even
bacteriostatic activity against intracellular M. tuberculosis in
human monocyte-derived macrophages (20). However, activa-
tion of macrophages by gamma interferon (IFN-�) leads to
phagosome acidification to a pH range where Z is highly active
(45). An alternative hypothesis is that Z kills bacilli residing in
acidified lung compartments present during the early inflam-
matory stages of infection (30), which is consistent with clinical
observations that Z activity is primarily limited to the first 2
months of therapy (5–7). In addition, hypoxia enhances the
antituberculous activity of Z (48).

A recent study using an in vitro pharmacokinetic (PK) sys-
tem found that that the area under the serum concentration-
time curve (AUC)/MIC is the PK parameter most closely
linked with M. tuberculosis killing by Z (18). Using Monte
Carlo simulations of 10,000 patients, these investigators rea-
soned that the persistent bacilli targeted by Z are likely to be
extracellular based on the unlikelihood of achieving bacteri-
cidal drug levels within pulmonary macrophages of most pa-
tients receiving standard Z doses, while effective exposures
were achieved in the epithelial lining fluid of 80 to 90% of
simulated patients treated with equal Z doses. Based on in vitro
PK data and mathematical modeling, they suggested that in-
creasing the currently recommended Z dose may improve
treatment outcomes in patients with TB (18).

In order to determine whether Z is active against intracel-
lular and/or extracellular bacilli in the mammalian host, we
evaluated the bactericidal activity of a range of Z doses against
chronic TB infection in mice and guinea pigs. Unlike mice,
guinea pigs infected with M. tuberculosis form necrotic granu-
lomas histologically resembling their human counterparts (29).
Such lesions in humans (46) and guinea pigs (28) likely harbor
persistent bacilli, which may encounter microenvironmental
stress conditions including hypoxia (19, 28, 47) and acidic pH
(16). On the other hand, TB infection in mice appears to be
confined to the intraphagosomal compartment within cellular
lesions lacking necrosis and associated microenvironmental
conditions (14).

MATERIALS AND METHODS

M. tuberculosis strain. The Johns Hopkins Center for Tuberculosis Research
laboratory reference strain M. tuberculosis H37Rv (2) was passaged twice
through mice and frozen in aliquots at �80°C before use. Aliquots were thawed
and grown to logarithmic phase (optical density at 600 nm � 0.5) in Middlebrook
7H9 broth (Fisher, Pittsburgh, PA) with 10% oleic acid-albumin-dextrose-cata-
lase (Difco, Detroit, MI) and 0.1% Tween 80 (Sigma, St. Louis, MO) prior to
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aerosol infections. The MICs of isoniazid and rifampin against this strain were
determined to be 0.03 and 0.12 mg/liter, respectively. The H37Rv strain used for
these studies was fully susceptible to Z. It tested positive for pyrazinamidase
activity by the niacin test and was found to have an MIC of �100 �g/ml in 7H12
broth (pH 6.0) using Z concentrations of 100, 300, and 900 �g/ml. By the
BACTEC 460 TB system (Becton Dickinson Microbiology Systems, Sparks,
MD), the MIC was determined to be �100 �g/ml, and by MGIT 960 (Becton
Dickinson) it was determined to be �900 �g/ml. Testing was performed by
Leonid Heifets (National Jewish Medical Center, Denver, CO).

Antibiotics. Isoniazid (H) and R were purchased from Sigma, and Z was
obtained from Acros Organics (Morris Plains, NJ).

Animals. Female outbred Hartley guinea pigs (250 to 300 g) and female
BALB/c mice (6 to 8 weeks old) were purchased from Charles River (Wilming-
ton, MA). All procedures were approved by the Johns Hopkins Animal Care and
Use Committee.

Aerosol infections. Log-phase cultures of M. tuberculosis H37Rv were diluted
50-fold (to �106 CFU/ml) for aerosol infection of mice and 500-fold (to �105

CFU/ml) in 1� phosphate-buffered saline for aerosol infection of guinea pigs. A
group of 40 guinea pigs was aerosol-infected with a Madison chamber aerosol
generation device (College of Engineering Shops, University of Wisconsin, Mad-
ison, WI) calibrated to deliver �100 bacilli into guinea pig lungs. A separate
group of 50 mice were aerosol-infected by using an inhalation exposure system
(Glas-Col, Terre Haute, IN) calibrated to deliver 100 bacilli to mouse lungs.

Antibiotic treatment. Chemotherapy was initiated 28 days after aerosol infec-
tion (day 0) in each species. The dosing frequency was daily (5 days/week) for a
total of 4 weeks. Guinea pigs received one of the following regimens: no treat-
ment; H, 60 mg/kg; R, 50 mg/kg; Z, 75 mg/kg; Z, 150 mg/kg; Z, 300 mg/kg; Z, 600
mg/kg; or R (50 mg/kg) plus Z (300 mg/kg). To enhance palatability, doses of
each drug were prepared in a homogeneous suspension of 40% sucrose in a final
volume of 0.5 ml for each guinea pig, and delivered in the posterior oropharynx
by automatic pipette with disposable tip (1). In the combination regimen RZ, the
rifampin dose preceded the Z dose by at least 1 h to limit drug interactions (17).
Mice received one of the following regimens by esophageal cannula: no treat-
ment; H, 10 mg/kg; Z, 37.5 mg/kg; Z, 75 mg/kg; Z, 150 mg/kg; or Z, 300 mg/kg.
Z doses in mice were selected to match those in guinea pigs, on the basis that Z
at 150 mg/kg in mice and Z at 300 mg/kg in guinea pigs yield a similar AUC,
which closely approximates that following standard dosing of Z in humans (2).
The dose of H at 60 mg/kg in guinea pigs was chosen based on the observations
that this dose yields an AUC of 34.1 � 4.9 mg h/liter, which is well within the
range of AUC for human slow and rapid acetylators (19.9 � 6.1 and 48.2 � 1.5,
respectively) and closely matches the AUC of H at 25 mg/kg in the mouse (1).
Although our prior work has suggested that R at 100 mg/kg yields an AUC that
most closely approximates the AUC in humans after standard R dosing (2), a
pilot experiment confirmed the results of previous studies showing excessive
morbidity and mortality when guinea pigs are given such high doses of R on a
daily basis (13). Since R at 50 mg/kg has been used successfully in combination
regimens administered daily to M. tuberculosis-infected guinea pigs (21, 32, 40),
this dose of R was chosen for the present study.

Study endpoints. Mice and guinea pigs were sacrificed on the day after infec-
tion (day �27), at day 0, and at day 28 after treatment. At necropsy, lungs were
harvested, weighed, examined for gross pathology, and photographed. One lung
from each animal was fixed in 10% buffered formaldehyde for histopathology.
The lungs were sectioned in a standardized fashion along the longitudinal axis
(apex to lower lobe), traversing the maximum horizontal dimension (through the
hilum). The tissue was embedded in paraffin wax, sectioned, and stained with
both hematoxylin and eosin (H&E) and Kinyoun stain for acid-fast bacilli (AFB)
detection. Each block had at least one H&E-stained slide and one AFB-stained
slide. The tissue sections were evaluated by a single pathologist with expertise in
pulmonary pathology (M.M.F.). Images were obtained by using an DP72 camera
(Olympus, Center Valley, PA). The other lung from each animal was homoge-
nized (23), and diluted and undiluted lung homogenates were plated on Middle-
brook 7H11 plates (Becton Dickinson, Sparks, MD) for CFU enumeration.

Statistical analysis. CFU data are derived from five mice and four guinea pigs
per group. Log-transformed CFU were used to calculate means and standard
deviations. A Student t test was used to assess the statistical significance between
monotherapy groups. A linear regression model including single drug exposures,
as well as an interaction term for the combination RZ, was used to determine the
potential synergy for this drug combination relative to the contribution of R or
Z given alone. A P value of 0.05 was considered significant for all statistical
analyses.

RESULTS

Gross pathology and histopathology. Treatment was initi-
ated 28 days after infection in order to allow for the develop-
ment of adaptive immune responses and species-specific dif-
ferences in pathology prior to antibiotic treatment. At day 0
(start of treatment), gross examination of mouse lungs re-
vealed discrete tubercle lesions (data not shown). Histological
evaluation of mouse lungs revealed aggregates of mononuclear
cells, predominantly lymphocytes admixed with few histiocytes
and plasma cells, which were surrounded by areas of pulmo-
nary edema in the intra-alveolar spaces (Fig. 1A and B). AFB
were predominantly localized to foamy macrophages (Fig. 1B).
Well-formed granulomas were not detected in any of the
treated or untreated mice. Neither H nor Z (Fig. 1C and D)
had a significant effect on the number or localization of the
organisms or the pattern of inflammation.

Examination of guinea pig lungs at day 0 revealed grossly
visible tubercles (data not shown), and histological evaluation
revealed poorly formed granulomas comprising aggregates of
epithelioid histiocytes admixed with a few lymphocytes and
plasma cells with punctate necrosis (Fig. 2A and B). The or-
ganisms were more dispersed than those in mice and were
located primarily within histiocytes (Fig. 2B, inset). At day 28,
well-formed caseous granulomas were observed in each group,
and organisms were localized extracellularly within necrotic
areas in the center of the granuloma (Fig. 2D, inset). Z at 300
mg/kg led to a decrease in the number, as well as the size of
granulomas, which tended to localize more peripherally (Fig.
2C and D). A similar effect was seen in the lungs of guinea pigs
receiving H at 60 mg/kg and RZ (data not shown).

Dose-dependent activity of Z against chronic TB infection in
mice. On the day after aerosol infection (day �27), 1.23 � 0.43
log10 CFU were recovered from mouse lungs, and the lung
bacillary burden increased to 5.7 � 0.3 log10 CFU on the day
of treatment initiation (day 0). Bacillary growth was contained
by host immune responses in untreated mice, maintaining a
stable lung census of 5.5 � 0.2 log10 CFU at the completion of
the experiment (Fig. 3). H at 10 mg/kg showed significant
activity against M. tuberculosis in mice, reducing the lung CFU
by �1.0 log10 to 4.5 � 0.2 log10 CFU after 28 days of treatment
(P � 0.00001). Z at 37.5 mg/kg and Z at 75 mg/kg did not
exhibit significant bactericidal activity by day 28, since the lung
CFU counts in these groups were 5.5 � 0.3 log10 (P � 0.22)
and 5.4 � 0.3 log10 (P � 0.17), respectively. In contrast, by day
28, Z at 150 mg/kg (the human-equivalent dose) had signifi-
cantly greater activity than Z at 75 mg/kg, reducing the bacte-
rial burden in mouse lungs by �1.0 log10 to 4.6 � 0.3 log10

CFU (P � 0.002). Doubling the Z dose to twice the human-
equivalent dose (300 mg/kg) further significantly increased the
bactericidal activity of Z relative to the 150-mg/kg dose, reduc-
ing lung CFU by 1.7 log10 to 4.0 � 0.4 log10 CFU (P � 0.03;
Fig. 3).

Dose-dependent activity of Z against chronic TB infection in
guinea pigs. Guinea pig lungs were implanted with 1.6 � 0.3
log10 bacilli on day �27, and the organisms multiplied to a
peak lung burden of 6.4 � 0.2 log10 CFU on day 0. As in mice,
bacillary growth was controlled in the lungs of untreated
guinea pigs, which had 6.4 � 0.3 log10 CFU at the end of the
study (Fig. 4). H at 60 mg/kg showed significant activity against
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M. tuberculosis in guinea pigs, reducing lung CFU by �1.0 log10

to 5.4 � 0.3 log10 CFU after 28 days of treatment (P � 0.0009).
Z at 75 mg/kg showed no bactericidal activity, since the lung
bacillary burden of animals in this group at the end of treat-

ment (6.4 � 0.5 log10) was identical to that at treatment initi-
ation (P � 0.997). Z at 150 mg/kg showed somewhat greater
activity than Z at 75 mg/kg, reducing lung CFU by �0.4 log10

to 6.0 � 0.1 log10, although this result was not statistically

FIG. 1. Lung histopathology in the murine model of chronic TB infection following pyrazinamide therapy. (A and B) Day 0 of treatment (28 days
after aerosol infection). Magnifications: A, �2; B, �10. Interstitial fibrosis and marked pulmonary edema in the alveolar spaces. Cellular lesions are seen
comprising mainly lymphocytes with few histiocytes and plasma cells (H&E stain). (Inset in panel B) AFB are detected within cells. (C and D) Day 28
after treatment with pyrazinamide at 150 mg/kg. Magnifications: C, �2; D, �10. Interstitial lymphocytic infiltrates surrounded by areas of pulmonary
edema (H&E stain) can be seen. (Inset in panel D) AFB are confined to the intracellular compartment. Well-formed granulomas were not seen at either
time point in any group.

FIG. 2. Lung histopathology in the guinea pig model of chronic TB infection after pyrazinamide therapy. (A and B) Day 0 of treatment (28
days after aerosol infection). Magnifications: A, �2; B, �10. Granulomas with punctuate necrosis and large areas of epithelioid histiocytes (H&E
stain) are visible. (Inset in panel B) AFB are detected primarily within histiocytes. (C and D) Day 28 after treatment with pyrazinamide at 300
mg/kg. In panel C a decrease in the number and size of granulomas, which are localized more peripherally in the lungs (H&E stain, �2
magnification), can be seen. Panel D shows a caseating granuloma with partially missing necrotic center, encircled by epithelioid histiocytes and
lymphocytes (H&E stain, �10 magnification). In the inset, AFB are extracellular and confined to areas of necrosis.
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significant (P � 0.17). Guinea pigs receiving Z at 300 mg/kg
(human-equivalent dose) had a statistically significant reduc-
tion in lung CFU relative to those receiving Z at 150 mg/kg,
since CFU dropped by 1.1 log10 to 5.3 � 0.4 log10 (P � 0.02).
Relative to Z at 300 mg/kg, doubling the human-equivalent
dose to Z at 600 mg/kg markedly increased its bactericidal
activity against M. tuberculosis in guinea pigs, since lung CFU
counts were reduced by 3 log10 to 3.4 � 0.5 log10 CFU (P �
0.001; Fig. 4).

Synergistic bactericidal activity of RZ combination against
chronic TB in guinea pigs. The synergistic activity of R and Z
against M. tuberculosis has been well documented in mice (26)
and humans (50). We evaluated the potential synergy of the
RZ combination administered at human-equivalent doses in
guinea pigs. Although treatment with R at 50 mg/kg alone and
Z at 300 mg/kg alone resulted in bacillary kills of �0.5 and
�1.0 log10, respectively, the combination RZ showed synergy,
reducing the lung bacillary burden of guinea pigs by 3 log10 to
3.4 � 0.4 log10 (Fig. 4). In a linear regression model, there was
a statistically significant interaction between R and Z, indicat-
ing a multiplicative (as opposed to simply additive) effect of
both drugs when used in combination compared to use of
either drugs alone, no drugs, or isoniazid alone (P � 0.001 for
interaction term).

DISCUSSION

Our study presents three major findings. (i) In contrast to
previous studies (12, 42), Z is highly active in the guinea pig
model of chronic TB infection. (ii) Z given at the currently
recommended dose in humans exhibits equivalent activity
against tubercle bacilli in both predominantly intracellular and
predominantly extracellular animal models of TB infection.
(iii) Finally, the activity of Z increases against both intracellu-

lar as well as extracellular bacilli by doubling the standard
clinical dose of the drug.

Our findings appear to conflict with those of older studies,
which showed limited or no activity of Z in M. tuberculosis-
infected guinea pigs (12, 42). Dessau et al. showed that, when
initiated 14 days after intraperitoneal inoculation with M. tu-
berculosis and continued for 3 weeks, Z at 50 mg given orally
once daily was slightly more effective than p-aminosalicylic acid
at 300 mg in the diet and nicotinamide at 200 mg orally but was
slightly less effective than 4,4�-diaminodiphenylsulfone at 50
mg given orally and streptomycin at 15 mg given subcutane-
ously, as assessed by gross pathology of the spleen, omentum,
and lymph nodes (12). These investigators were not able to
establish a dose-response curve for Z because of significant
variability in response to the same drug dosage with different
batches of the drug. Moreover, Z did not appear to be associ-
ated with any significant survival benefit in M. tuberculosis-
infected guinea pigs relative to untreated controls in two sep-
arate survival experiments (12). Steenken and Wolinsky
showed that Z at 50 mg given orally twice daily, when initiated
21 days after subcutaneous infection with M. tuberculosis
H37Rv, had no significant effect on organ gross pathology 75
days after infection (42). In a second experiment, in which
treatment was initiated 30 days after infection and gross pa-
thology was assessed 100 days after infection, Z at 55 mg/kg
given orally twice daily showed very modest activity relative to
daily H at 5 mg given intramuscularly (42). These early findings
have led authorities to conclude that Z lacks activity in the
guinea pig model of TB infection (50). However, recent studies
have found that the PK parameter most closely linked with M.
tuberculosis killing by Z is the AUC/MIC (18), and it should be
noted that the doses of Z used in the earlier studies yield an
AUC well below that achieved by the currently recommended

FIG. 4. Dose-dependent activity of pyrazinamide (Z) and synergis-
tic activity of Z and rifampin (R) against chronic guinea pig TB.
Guinea pigs were aerosol infected with M. tuberculosis H37Rv, and
antibiotic treatment was initiated 28 days later (Day 0). Guinea pigs
were randomized to one of the following regimens: no treatment
(untreated), isoniazid at 60 mg/kg (H60); Z at 75 mg/kg (Z75), Z at 150
mg/kg (Z150), Z at 300 mg/kg (Z300), Z at 600 mg/kg (Z600), R at 50
mg/kg (R50), or R (50 mg/kg) plus Z (300 mg/kg) (R50Z300). Guinea
pigs were treated with antibiotics five times weekly for a total of 28
days. ***, P � 0.0009; **, P � 0.001; *, P � 0.02; ****, P � 0.001 for
multiplicative as opposed to additive interaction of R and Z by linear
regression model. The data represent mean CFU counts per lung �
the standard deviation. n � 4 guinea pigs per data point.

FIG. 3. Dose-dependent activity of pyrazinamide (Z) against
chronic murine TB. Mice were aerosol infected with M. tuberculosis
H37Rv, and antibiotic treatment was initiated 28 days later (day 0).
Mice were randomized to one of the following regimens: no treatment
(untreated), isoniazid at 10 mg/kg (H10), Z at 37.5 mg/kg (Z37.5), Z at
75 mg/kg (Z75), Z at 150 mg/kg (Z150), or Z at 300 mg/kg (Z300).
Mice were treated with antibiotics five times weekly for a total of 28
days. ***, P � 0.00001; **, P � 0.002; *, P � 0.03. The data represent
mean CFU counts per lung � the standard deviation. n � 5 mice per
data point.
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dose of 1 to 2 g (15 to 30 mg/kg) a day for adult humans (34).
On the other hand, the Z dose used to treat guinea pigs in our
study (300 mg/kg) more closely approximates the plasma AUC
after standard Z dosing in humans (2), and our data indicate
that the subtherapeutic doses used in the earlier studies show
minimal antituberculous activity. In addition, the early studies
used only gross pathology and survival as study outcome mea-
sures. Our findings show that even at a dose twice the human-
equivalent dose, Z had no detectable effect on gross pathology
and histology.

Our data differ from clinical observations showing that Z
monotherapy leads to the emergence of drug resistance in
some patients within 2 to 3 weeks, particularly in those with
large cavities or high sputum bacillary content (49), thus ter-
minating the dose effect of the drug. Although Z-resistant
mutants were not enumerated at the conclusion of our study
due to the technically challenging and nonstandardized nature
of Z resistance testing, it is important to note that our animal
models of chronic TB infection differ significantly from hu-
mans with pulmonary TB. The bacillary burden at the start of
treatment in mice and guinea pigs in our study was �106 CFU,
whereas in most cases of human cavitary TB, the number of
bacilli exceeds 109 (8). Since the spontaneous mutations asso-
ciated with Z resistance occur at a frequency of 10�6, it is
possible that there were no Z-resistant mutants present at the
start of therapy in our study. Alternatively, Z-resistant mutants
may have reduced virulence in mice and/or guinea pigs, as in
the case of H-resistant mutants in guinea pigs (1).

A recent study using an in vitro pharmacokinetic (PK) sys-
tem and Monte Carlo simulations of 10,000 patients concluded
that the population of persisters targeted by Z must be local-
ized to an extracellular compartment in the lungs (18). Our
findings corroborate the hypothesis that Z has activity against
extracellular bacilli in mammalian lungs. However, our obser-
vations that human-equivalent doses of Z have similar bacte-
ricidal activity in the mouse model of TB infection indicate that
the drug may also target intracellular populations of slowly
replicating bacilli. There are several potential explanations for
the apparent discrepancy between our findings and those of
Gumbo et al. Previous studies have shown that Z is more active
against “old,” nongrowing tubercle bacilli than against
“young,” actively replicating organisms (51). Thus, it is possible
that the killing activity of Z since may not be best represented
in the in vitro hollow fiber system, in which the organisms are
not senescent and are actively multiplying (18). This hypothesis
is consistent with our observations that Z lacks even bacterio-
static activity against M. tuberculosis in mice if initiated imme-
diately after infection, when the organisms are multiplying
exponentially prior to immune containment (3, 36). In addi-
tion, the Monte Carlo simulations in the study by Gumbo et al.
were based on measurements of Z concentration in plasma, as
well as in epithelial lining fluid and alveolar cells recovered by
bronchoalveolar lavage from 40 normal volunteers and sub-
jects with AIDS following administration of 1 g of Z once daily
for 5 days (10). First, drug concentrations within alveolar cells
accessible by bronchoscopy may not be representative of those
within activated macrophages in the lung parenchyma. Second,
even if drug concentrations are significantly lower in IFN-�-
activated lung macrophages relative to those in plasma and
epithelial lining fluid (i.e., lower AUC), it is possible that

acidification of the intraphagosomal compartment pH to �4.5
within activated macrophages may render the slowly replicat-
ing bacilli contained therein more susceptible to Z (44). Drug
concentrations in mouse and guinea pig epithelial lining fluid
and alveolar macrophages were not measured directly in our
study. However, since IFN-� is critical for immune contain-
ment of M. tuberculosis infection in mice (15), it is possible that
bacilli contained within the phagosomes of IFN-�-activated
macrophages in chronically infected mice may be more sus-
ceptible to Z. Although its precise role has not been estab-
lished, IFN-� is induced and appears to be functional in pa-
tients with TB (4, 9, 38) and may be important in human
immune protection against mycobacterial infection (31). Thus,
Z may target at least two different populations of M. tubercu-
losis: bacilli contained within the phagosome of activated lung
macrophages, as represented in the mouse model of TB infec-
tion, and extracellular organisms residing within acidic com-
partments of necrotic granulomas, as represented by the
guinea pig model of TB infection.

Although the experimental design of our study did not allow
us to identify the dose associated with the maximum possible
bacterial killing in each model (Emax), our data demonstrate
increased antituberculous activity of Z in mice and guinea pigs
when the human-equivalent dose is doubled. In particular, this
effect was most pronounced in guinea pig lungs, in which the
bacilli are located primarily extracellularly within necrotic
granulomas resembling human TB lesions (28, 29). Our find-
ings support the hypothesis that higher doses of Z than those
currently used in clinical practice could result in better treat-
ment outcomes (18), which may be particularly important in
the setting of multidrug-resistant TB, for which the treatment
is longer and cure rates lower than for drug-susceptible TB.
Recent data suggest that doubling the currently recommended
dose of Z to 60 mg/kg daily may not be associated with an
increased risk of hepatotoxicity (33). Clinical studies designed
to investigate the potential benefit versus toxicity of higher
doses of Z in combination regimens are warranted.
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