ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Nov. 2008, p. 4137-4140

0066-4804/08/$08.00+0  doi:10.1128/AAC.00196-08

Vol. 52, No. 11

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

NOTES

Metronidazole Lacks Antibacterial Activity in Guinea Pigs Infected
with Mycobacterium tuberculosis’
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Metronidazole, which is used for the treatment of infections caused by anaerobic organisms, was evaluated
in Mycobacterium tuberculosis-infected guinea pigs. M. tuberculosis can adapt to hypoxia, which is present in the
primary lesions of infected guinea pigs. Metronidazole treatment (for 6 weeks at 100 mg/kg of body weight)
resulted in no reduction in the bacillary burden and significantly worsened lesion inflammation.

The excellent distribution of metronidazole (MET) in all
organs and its good bactericidal activity, including its activity
against quiescent bacteria, make it the compound of choice for
the treatment of many infections caused by anaerobic organ-
isms. Mycobacterium tuberculosis also has the ability to adapt to
gradual oxygen depletion or stationary growth. This phenom-
enon has been studied extensively by Wayne and Hayes and
has been described as a sequential progression through two
stages, defined as nonreplicating phase 1 (NRP-1) and NRP-2
(15). MET has no effect on exponentially growing bacilli or on
NRP-1 bacilli, but it is bactericidal for bacilli in stationary
phase and NRP-2 (6, 16).

Nonprogressive M. tuberculosis lesions in the lungs often
have limited vascularization (due to necrosis and dystrophic
mineralization), causing a limited O, supply. Bacterial persis-
tence in these hypoxic lesions has been thought to be accom-
panied by susceptibility to MET. In mouse models of tubercu-
losis (TB), MET has failed to show consistent activity (5, 6, 10).
This is not surprising, as hypoxia was found to be completely
absent in the M. tuberculosis lesions of infected mice (1, 11),
and the progression of disease rarely reaches the stages of
extensive necrosis (2, 3, 8, 12). Lung lesions in guinea pigs
infected with M. tuberculosis, on the other hand, show caseous
necrosis, mineralization, and hypoxia, which are also seen in
natural infections in humans (13, 14). Guinea pigs develop
necrotic primary lesions that differ in their morphology com-
pared to those of the secondary lesions that result after the
activation of adaptive immunity (8). In an earlier paper, we
described that the persisting, acid-fast bacilli are primarily
found extracellularly in a hypoxic microenvironment of pri-
mary lesion necrosis and that only few a bacilli are localized
within the secondary granulomas (8). The same study also
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showed evidence of hypoxia in these primary lesions of guinea
pigs when pimonidazole was used (8), and therefore, we chose
to explore the potential bactericidal activity of MET in the
guinea pig model.

To establish appropriate drug doses in guinea pigs for the
anti-M. tuberculosis drugs used in this study, pharmacokinetic
analysis was performed with a single dose each of isoniazid
(INH), rifampin (RIF), pyrazinamide (PZA), and MET. All
drugs were obtained from Sigma Chemical Co. (St. Louis,
MO). INH, PZA, and MET were dissolved in distilled water,
while RIF was dissolved in dimethyl sulfoxide (final concen-
tration, 0.5%) with sucrose (40%, wt/vol) to increase its palat-
ability. The pharmacokinetic data obtained by validated high-
pressure liquid chromatography assays (National Jewish
Center, Denver, CO) yielded areas under the concentration-
time curves from 0 to 24 h (AUC,,_,,s) of 18.22 mg - h/ml for
INH at 30 mg/kg, 6.22 mg - h/ml for RIF at 50 mg/kg, 31.82
mg - h/ml for PZA at 40 mg/kg, and 35 mg - h/ml for MET at
100 mg/kg. To reach doses in the animals equivalent to the
clinical doses (on the basis of the AUC,_,, and the maximum
concentration of drug in plasma), the doses were calculated
and adjusted to prevent toxicity and were as follows: 30 mg/kg
for INH, 50 mg/kg for RIF, 100 mg/kg for PZA, and 100 mg/kg
for MET. In the combination treatment trial, the dose of MET
had to be reduced from 100 mg/kg in the first week to 50 mg/kg
in the second week due to weight loss (the trial had to be
terminated after 2 weeks of treatment due to severe toxicity).

To assess the efficacy of MET in guinea pigs, the protocol
followed was that described before (7, 8). Briefly, female out-
bred Hartley guinea pigs were exposed to an aerosol of M.
tuberculosis H37Rv (4). Treatment started 30 days after aerosol
infection by administering the drug dose in 40% (wt/vol) su-
crose. The animals were killed at intermittent time points (af-
ter 2, 4, and 6 weeks for the first experiment with single drugs
and after 2 and 4 weeks for the drug combination trial). The
detection limit of the plating procedure was ~25 CFU, as
described before (8). Statistical analysis of the CFU data was
performed by one-way analysis of variance, followed by the
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FIG. 1. Viable bacterial numbers in whole lungs (A) and spleens
(B) of M. tuberculosis-infected guinea pigs treated with 40% (wt/vol)
sucrose, INH, or MET for 2, 4, and 6 weeks on 5 days per week (five
animals per group). LDA, low-dose aerosol.

Tukey test (8). Following euthanasia, the left cranial lung lobe
was infused with 10% neutral-buffered formalin and embedded
in paraffin, and sections were stained for histologic analysis
with hematoxylin and eosin (H&E) or acid-fast stain. The
H&E-stained sections were ranked in the order of severity of
the lesion burden, and the individual primary and secondary
lesions were scored as described earlier (9).

In the first study, the efficacy of MET (100 mg/kg) as well as
that of INH (30 mg/kg) was evaluated when they were used as
single drugs for the treatment of guinea pigs infected with M.
tuberculosis. At the start of treatment, the bacterial load in the
guinea pig lungs reached ~6.0 log,, CFU. At the completion
of the study, the bacterial load in the sucrose-treated control
group was ~5 log;, CFU (Fig. 1). The activities of both drugs
in groups of guinea pigs killed every 2 weeks were evaluated
over 6 weeks. INH significantly reduced the bacterial load in
the lungs over time, with a more pronounced activity in spleens
(P < 0.05) (Fig. 1). MET did not show any significant activity
in the lungs and spleens compared with that in the lungs and
spleens of the sucrose-treated group for all the time points
tested (P > 0.05) (Fig. 1). In the second study, MET (at 50
mg/kg) was tested in combination with INH (30 mg/kg), RIF
(50 mg/kg), and PZA (100 mg/kg) (IRZMe), and its activity
was compared to that of the standard regimen of INH, RIF,
and PZA (IRZ). At the start of treatment, the bacterial load in
the guinea pig lungs reached ~5.2 log,, CFU. After 4 weeks of
treatment, the bacterial load in the sucrose-treated control
group was ~4.8 log,, CFU (Fig. 2). The animals were sched-
uled to be killed after 2 and 4 weeks of treatment. After 2
weeks of treatment, the bacterial numbers in the IRZMe group
were significantly reduced compared with those in the un-
treated controls (P < 0.05) but was found to be similar to that
in the IRZ control group (P > 0.05) (Fig. 2). In conclusion, no
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FIG. 2. Viable bacterial numbers in whole lungs (A) and spleens
(B) of M. tuberculosis-infected guinea pigs treated with sucrose, IRZ,
or IRZMe for 2 and 4 weeks on 5 days per week (six animals per
group). LDA, low-dose aerosol.

additional activity was observed for MET when it was com-
bined with the standard regimen. In addition, MET caused
severe toxicity from the second week of the combination treat-
ment. The animals in the IRZMe group started to lose weight
(more than 20% of their body weight), and four animals had to
be euthanized. The remaining animals were killed at the
2-week treatment time point, and therefore, no data for the
IRZMe group are available beyond this time point due to the
severe toxicity (Fig. 2).

Histologic analysis of the lung samples collected throughout
the first drug trial showed differences in lung pathology (Fig.
3). At the start of treatment, the lungs of the infected guinea
pigs showed both primary and secondary granulomas. Un-
treated guinea pigs showed, as expected, an increase in inflam-
mation of the secondary granulomas over time, while the
primary granulomas largely remained unchanged. After treat-
ment with INH or MET as single drugs, the morphology of the
primary lesions stayed the same (Fig. 3A), however, treatment
considerably affected the development and progression of the
secondary inflammatory lesions compared to the effect in
the untreated controls (Fig. 3B and C). While INH halted the
progression of inflammation and prevented the development
of new secondary lesions (Fig. 3B), in the MET-treated group,
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FIG. 3. Secondary granulomas in lungs of M. tuberculosis-infected
guinea pigs after drug treatment. The extent and the morphology of
the lesions in M. tuberculosis-infected guinea pigs either untreated or
treated for 4 weeks with INH or MET were compared. The images
show the lesions of one animal from each group, which represents an
average animal. (A) Untreated guinea pig treated with 40% (wt/vol)
sucrose for 4 weeks. A single primary granuloma (arrowhead) has
central calcification and residual central lesion necrosis. A single sec-
ondary lesion is characterized by increased numbers of lymphocytes
(basophilia) and is devoid of central necrosis (arrow). (B) An INH-
treated guinea pig has a single primary lesion that lacks necrosis and
calcification but that has fibrosis (arrowhead). No secondary granulo-
mas are evident in the field. (C) A MET-treated guinea pig has exten-
sive inflammation, primarily represented by secondary lesions (arrow)
that coalesce in the perivascular and peribronchial pulmonary paren-
chyma. Among the lymphocytes and mononuclear phagocytes are oc-
casional multinucleated giant cells (inset, white arrowhead). A single
primary granuloma is evident by the central calcification (black arrow-
head). H&E staining was used. Bar, 460 pm.
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the inflammation and the secondary lesion involvement in the
lung increased considerably compared with those in the un-
treated controls (Fig. 3C). The reasons for the increase in
inflammation in the MET-treated group are unclear. Although
the bacillary burden in the MET-treated group was not statis-
tically different from that in the sucrose-treated control group
for the time points tested, one can speculate that a slight
difference in the early dissemination of the bacteria (suggested
by a slightly increased bacterial load 2 weeks after MET treat-
ment; Fig. 1) may have effects later on. Alternatively, the
accelerated formation of TB lesions may be induced by the
drug itself by influencing the host immune response.

The reason that treatment with MET did not result in any
significant reduction in culturable bacterial numbers in M. fu-
berculosis-infected guinea pigs can be multifold. We showed
that MET reached adequate levels in the plasma of the guinea
pigs; however, data about the actual drug penetration into the
necrotic core of the hypoxic granulomas are not available, as
the determination of drug penetration into the necrotic core is
a challenging task. In addition, MET at 16 wg/ml has been
shown to be mostly effective against M. tuberculosis under
completely anaerobic conditions, whereas higher drug concen-
trations (64 pg/ml) are required under microaerophilic condi-
tions (6, 16). We showed earlier that guinea pigs infected with
M. tuberculosis develop hypoxic lesions (8); however, it seems
improbable that the inner core of this caseous necrosis is to-
tally anoxic. To obtain activity against M. tuberculosis under
these microaerophilic conditions, high drug doses are required,
and these concentrations would likely result in significant tox-
icity. In TB patients, it is possible that certain lesion types
which are not present in the guinea pig (such as solid caseous
necrotic lesions or liquefactive necrotic lesions, as well as
closed calcified lesions) could be entirely anoxic. Therefore,
the issue of the anti-M. tuberculosis activity of MET in vivo
cannot be completely closed without further trials involving
animal models with these pathological features. Nevertheless,
the lack of reproducible activity by MET in mouse and guinea
pig models suggests that the use of MET for the treatment of
TB might be limited. Clinical trials conducted to explore the
efficacy and tolerability of MET in combination with the stan-
dard regimen for TB will provide definite answers to these
questions and are under way.
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