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The capacity of metronidazole to inhibit the growth of Mycobacterium tuberculosis was tested in in vitro and
in vivo mouse models. In vitro addition of metronidazole to cultures of infected bone marrow-derived macro-
phages had no effect, nor did it increase the reduction in bacterial load due to isoniazid. In vivo, metronidazole
did not reduce bacterial numbers in the lungs of aerosol-infected mice during the active stage of the disease,
during a phase of containment, or after prolonged isoniazid therapy (Cornell model). A small but significant
reduction was seen if metronidazole therapy was given during an established chronic disease state 100 days
after aerosol administration. These data indicate that under most conditions M. fuberculosis organisms are not
in a metabolic state in which they are susceptible to the action of metronidazole and, hence, that this drug

would be of limited clinical value.

In many individuals, Mycobacterium tuberculosis infection
takes the form of a latent disease state. At some time there-
after, often for poorly understood reasons, the disease may
reactivate and give rise to an active and often fatal infection. In
some patients, this may occur even after the individual has
been given prolonged chemotherapy. Animal models have
been used to address the latter issue (6), but the basis for why
this minor population of bacilli still survive remains unclear.

What has been equally unclear for some time is the physio-
logical status of these surviving bacilli in the infected host. A
growing body of data indicates that the phagosomal environ-
ment may not be as hostile as was once believed (16), and there
is a growing appreciation of the capacity of major bacterial cell
wall lipoglycans and complex carbohydrates to scavenge oxy-
gen and nitrogen radicals (1), in turn explaining the resistance
of many clinical isolates to these materials (14).

Furthermore, the bacterium may actively adapt in order to
survive. The existence of latent or stationary-phase genes has
been established (4), although whether these are operative or
even needed in mycobacteria has yet to be shown. Another
possibility is that, faced with the low oxygen tension that is
probably operative in the host granuloma, the bacterium is
forced to use anaerobic metabolic pathways in order to gen-
erate energy (via NADH). This hypothesis, recently proposed
by Wayne (20), is based upon the activation of glyoxylic acid
pathway enzymatic activity in bacilli exposed to a hypoxic en-
vironment in vitro. This in turn has led to the suggestion that
drugs such as metronidazole that preferentially target anaero-
bic organisms may be effective against M. tuberculosis under
these conditions. The action of this class of drugs is still not
precisely understood, but the susceptible organism must have
the ability to reduce metronidazole under low redox potential
conditions to produce a metabolite which is believed to cause
DNA strand breakage, thus preventing bacterial replication
(7-9).

In this study, metronidazole was tested for its capacity to kill
M. tuberculosis under a variety of in vitro and in vivo condi-
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tions. In general, the results were negative, although in one
specific situation an apparent antimicrobial effect was seen.

Female C57BL/6 mice were obtained from the Jackson Lab-
oratories, Bar Harbor, Maine, and were used when they were
8 weeks of age. All animals were housed in a level 111 biosafety
facility. M. tuberculosis Erdman was grown and was stored as
described previously (11). Mice were exposed to the infection
with an aerosol generation device (Glas-Col, Terre Haute,
Ind.) that deposited approximately 100 viable bacilli into the
lungs (2). The course of the infection was monitored against
time by plating serial dilutions of individual whole-lung ho-
mogenates on nutrient 7H11 nutrient agar and counting bac-
terial colony formation after 3 weeks incubation at 37°C in
humidified air. Drugs were dissolved in distilled water and
given by gavage. Because the length of time for gavage in the
Cornell model exceeded the length of time that we were per-
mitted to perform gavage, each of the drugs was included in
the water supply at 100 mg/liter (mean water consumption
approximates this to be 25 mg/kg of body weight/day) and mice
were allowed to drink water ad libitum (12). To induce the
regrowth of the surviving bacilli, mice were given hydrocorti-
sone sulfate (1 mg/day) subcutaneously for 7 days. Differences
in bacterial loads were compared by the Student ¢ test or the
Wilcoxon rank test (for the Cornell model).

Bone marrow-derived macrophages were cultured in vitro as
described previously (17). Briefly, bone marrow cells were cul-
tured in fibroblast-conditioned media for 10 days and were
then washed and infected with M. tuberculosis. Four hours later
the monolayer was washed again to remove noningested ba-
cilli. The drugs were then added at the indicated concentra-
tions, and the cells were cultured for another 8 days, after
which the monolayers were lysed and plated as described
above.

The capacity of metronidazole to inhibit the growth of M.
tuberculosis in murine macrophages is indicated in Fig. 1. Iso-
niazid inhibited the growth of the Erdman strain in a dose-
dependent manner, whereas increasing concentrations of met-
ronidazole had no effect. The addition of metronidazole to
cultures already inhibited by a single concentration of isoniazid
also did not decrease bacterial numbers any further.

The effects of metronidazole treatment begun at the time
(day 30) at which acquired immunity causes the active disease
to slow and give rise to a state of chronic disease in vivo are
indicated in Fig. 2. Metronidazole (15 mg/kg) had no effect on
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FIG. 1. Effect of increasing doses of drug on growth of M. tuberculosis Erdman within bone marrow-derived macrophage monolayers. The right panel shows the
results of an experiment in which increasing doses of metronidazole were added to a fixed dose of isoniazid (0.75 pg) previously determined to inhibit 99% of the
bacterial inoculum. Data are expressed as the mean numbers of bacteria recovered from three separate culture wells; standard errors of the means did not exceed 0.5.

the growth of the Erdman strain. The possibility that the dose
of drug was too low was discounted by pharmacokinetic anal-
ysis of mice, which showed an average peak serum metronida-
zole level of 5.9 pg/ml, thus falling within the range of 4.6 to
11.3 pg/ml seen in humans given therapeutic doses of this drug.

At approximately 80 to 100 days after aerosol administra-
tion, mice establish a chronic disease state in which no overt
changes in bacterial load can usually be detected (13). Admin-
istration of metronidazole (15 mg/kg) during this period of
time caused a relatively small but statistically significant reduc-
tion in bacterial counts (Fig. 3).

log 10 viable bacilli in lungs
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FIG. 2. Failure of metronidazole (15 mg/kg/day) given daily from day 30
through day 80 after aerosol administration to inhibit growth of M. tuberculosis
Erdman in the lungs. m, controls; [J, metronidazole therapy. Data indicate mean
numbers of bacteria recovered (n = 4); standard errors of the means did not
exceed 0.3.

Finally, we examined the effect of the addition of metroni-
dazole to the therapy stage of the Cornell model (10) in vivo.
This model was originally developed to try to explain why a
small number of bacteria survive after prolonged chemother-
apy, and many consider it a model (albeit, a still not well
explained model) of persisting bacteria that may be in a latent
or dormant state. In this model mice are infected with M.
tuberculosis and then after several weeks are begun on a pro-
tracted course of chemotherapy until bacteria can no longer be
detected (by colony counts) in target organs. Because very
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FIG. 3. Capacity of metronidazole (15 mg/kg/day) to inhibit growth of M.
tuberculosis Erdman during the chronic stage of disease. Treatment was given
from day 100 to day 130, with bacterial numbers assessed on days 115 and 130.
Data are mean standard error of the mean numbers of bacteria recovered
(n=4).
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TABLE 1. Addition of metronidazole to Cornell model

No. of mice N .
- o. of colonies
Expt no. and treatment with regroyvth/ recovered
no.té)sfterglce (mean = SEM)
Expt 1
Isoniazid only 6/8 35+12
Isoniazid plus metronidazole 4/6 17 = 18
Expt 2
Isoniazid only 19/25 42 =7
Isoniazid plus metronidazole 16/24 37=5

“ Mice were infected by aerosol with approximately 100 viable M. tuberculosis
Erdman organisms. After 60 days the mice were given isoniazid alone or both
drugs for 100 days. No bacteria could be detected in the lungs at 100 days. After
20 days of rest the mice were given cortisol once daily for 1 week, and then after
another 7 days the mice were killed and their lungs were harvested and plated
(whole-organ homogenate on 15-cm petri dishes). No differences in terms of the
numbers of mice with reactivated infections or in the actual colony counts that
were recovered were seen (P > 0.4; Wilcoxon rank test).

small numbers of bacteria persist, cortisol is then given in order
to immunosuppress the animal and induce the regrowth of
bacterial persistors. Hence, if the addition of metronidazole to
the isoniazid therapy further reduced the numbers of persisting
bacilli, then fewer mice would show evidence of regrowth
and/or fewer bacterial colonies would be recovered from the
lungs. As indicated in Table 1, however, metronidazole therapy
did not significantly influence bacterial persistence in two sep-
arate experiments.

The results of this study indicate that in most situations the
addition of metronidazole to antimycobacterial therapy does
not significantly increase the level of bacterial clearance. The
results support the hypothesis that, in general, bacteria in the
infected host are not predominantly in a state of anaerobic
metabolism, at least as it may pertain to susceptibility to met-
ronidazole, even though the bacterial curves may indicate a
state of chronic or latent disease. In this regard, we have
previously shown that the lung granuloma in infected mice is in
an apparent state of flux, despite minimal changes in bacterial
load (15). Bacterial metabolism may be considerably slowed,
and cell wall elongation may have shut down, but there is no
evidence as yet that the oxygen tension has become so low that
anaerobic pathways are required. In addition, the idea that
these bacteria survive over very long periods of time by be-
coming truly latent is not supported by our observation that
bacteria harvested from chronically infected mice and bacteria
taken directly from frozen cultures in vitro grow identically
when inoculated into gamma interferon gene-disrupted mice
3).

Having said that, metronidazole had a small but significant
effect during a phase of the infection in which we speculate
(there is as yet no real hard evidence) that the surviving bac-
teria are in a general state of nonreplication (resulting in a
chronic disease state), probably as a result of the sustained
production of gamma interferon that occurs in the lungs at that
time (2). As a result, a proportion of these bacilli may be
experiencing adverse intraphagosomal conditions (low partial
O, pressure, low pH) which force them into a metabolic state
in which they are susceptible to the action of metronidazole.

Perhaps the conditions most suited to such mechanisms
would be a combined onslaught by host immunity and admin-
istered chemotherapy, as in the Cornell model (taking into
account the assumption, which is as yet unproven, that this
model does indeed model the events in infected humans). Yet
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here, in two separate studies, metronidazole had no effect on
the eventual outcome of the model.

These data therefore provide useful information which sup-
ports the hypothesis that the “persistor” bacilli in the Cornell
model do not survive by entering a state of anaerobic metab-
olism and that the local oxygen tension is not low enough to
switch on anaerobic pathways and make the bacilli susceptible
to metronidazole, as data from the laboratory of Wayne and
colleagues indicate (19-23).

In this regard, it is still not understood how a few bacilli
survive the prolonged exposure to isoniazid therapy. We are
hesistant to invoke the “much granules” hypothesis (18) here,
but certainly, a reasonable working hypothesis is that a few
mycobacteria survive by building only a partially complete cell
wall, perhaps as an adaptation to lower levels of metabolic
energy sources. Thus, if some mycobacteria construct the pep-
tidoglycan core and perhaps the arabinogalactan layer but do
not synthesize the full mycolic acid layer beyond that, then
these bacilli may then be resistant to isoniazid, given the target
for this drug within mycolic acid biosynthesis and elongation.
Once the local conditions (oxygen tension?) are then more
conducive to regrowth, then the residual infection reactivates.
Under these conditions, the bacilli synthesize the full cell wall,
explaining why they are subsequently found to be isoniazid
susceptible.

In summary, therefore, metronidazole therapy of mice in-
fected by aerosol exposure to M. tuberculosis was only mini-
mally effective and was then effective only under very specific
conditions. Unless surrogate clinical markers can be developed
to identify individuals who are in this disease state, then wide-
spread use of this drug seems unwarranted. An exception to
this may be advanced disease, in which clinical improvement
with metronidazole therapy has been reported (5).

This study was supported by NIH programs AI-45244 and AI-45239.
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ADDENDUM IN PROOF

After the manuscript was submitted, similar conclusions
were reported in another article (J. Dhillon, B. W. Allen, Y. M.
Hu, A. R. Coates, and D. A. Mitchison, Int. J. Tuberc. Lung
Dis. 2:736-742, 1998).
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