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We tested the hypothesis that exposure of extracellular Mycobacterium tuberculosis to low concentrations
(<100 ppm) of nitric oxide (NO) for short periods (24 h or less) will result in microbial killing. We observed
that NO had both dose- and time-dependent cidal effects that were very significant by two-way analysis of
variance (F ratios of 13.4 [P < 0.001] and 98.1 [P < 0.0001], respectively). Conceivably, extracellular bacilli
in patients with pulmonary tuberculosis might be vulnerable to exogenous NO.

In healthy humans, nitric oxide (NO) is synthesized from
three types of NO synthases, an endothelial type (eNOS), a
neuronal type, and an inducible type (iNOS) thought to be
important in the intracellular killing of Mycobacterium tuber-
culosis in vivo (7–9, 12, 13, 17). The dominant mechanism(s)
whereby iNOS-derived NO results in microbial killing is still
unknown (17). Multiple molecular targets exist, including in-
tracellular targets of peroxynitrite, the product of the reaction
between NO and superoxide (19).

Whereas the vasodilatory action of eNOS-derived NO can
be reproduced with exogenous (inhaled) NO (14, 16, 18), there
has to date been no attempt to reproduce the mycobactericidal
action of iNOS-derived NO with exogenous NO. If exogenous
NO destroys mycobacteria plated on nutrient-rich growth me-
dium, then it might also destroy extracellular bacilli within the
airways of patients with pulmonary tuberculosis. This would
accelerate disinfection of the airways, a particularly desirable
goal in the era of disease caused by drug-resistant organisms,
and reduce the likelihood of drug resistance emerging in sus-
ceptible strains during standard therapy (6).

To test the hypothesis that in vitro exposure of M. tubercu-
losis to NO will result in microbial killing, we built an airtight
exposure chamber that could be seated in a heated biological
safety cabinet (Fig. 1). This chamber measured 31 by 31 by 21
cm and is made of Plexiglas. It has a lid which can be firmly
sealed, a single entry port and a single exit port through which
continuous, low-flow, sterile 5 to 10% CO2 in air can pass, and
a thermometer. A Y connector in the inflow tubing allows
delivery of NO, at predetermined concentrations, to the expo-
sure chamber. Between the Y connector and the exposure
chamber is a baffle box which mixes the gases. Finally, between
the baffle box and the exposure chamber is placed an in-line
NO analyzer (Pulmonox Sensor; Pulmonox Research and De-
velopment Corp., Tofield, Alberta, Canada). This analyzer
continuously measures the NO concentration in the gas mix-
ture entering the exposure chamber.

On the day before an experiment a precise quantity of ac-
tively growing virulent M. tuberculosis was plated on solid me-
dium (Middlebrook 7H10 with oleic acid-albumin-dextrose-
catalase enrichment) after careful dilution by McFarland
nephelometry (a 1-in-10 dilution that was diluted further to an
estimated 103 bacteria/ml; a 0.1-ml inoculum of this suspension

was used) (10). Control and test plates were prepared for each
experiment. Control plates were placed in a CO2 incubator
(Forma Scientific, Marietta, Ohio) and were incubated in a
standard fashion at 37°C in 5 to 10% CO2 in air. The test plates
were placed in the exposure chamber for a predetermined
period of time, after which they were removed and placed in
the incubator along with the control plates. The temperature of
the exposure chamber was maintained at 32 to 34°C. The
colony counts on the control and test plates were measured at
2, 3, and 6 weeks from the day of plating. Reported counts are
those measured at 3 weeks and are expressed as a percentage
of the control counts.

Experiments were of two varieties: (i) those that involved
exposure of the drug-susceptible laboratory strain H37RV to
fixed concentrations of sterile NO, i.e., 0 (sham), 25, 50, 70,
and 90 ppm, for periods of 3, 6, 12, and 24 h, and (ii) those that
involved exposure of a multidrug (isoniazid and rifampin)-
resistant wild strain of M. tuberculosis to fixed concentrations
of sterile NO, i.e., 70 and 90 ppm, for periods of 3, 6, 12 and
24 h. One experiment with 90 ppm NO and in which both
strains of M. tuberculosis were used was extended to allow a
total exposure time of 48 h.

The NO analyzer was calibrated at least every third experi-
ment with oxygen (0 ppm of NO) and NO at 83 ppm.

For each NO exposure time and NO concentration studied,
at least two and, in most cases, three or four separate experi-
ments were performed with three to six exposure plates per set.
The colony counts determined for each exposure plate were
expressed as a percentage of the mean colony count for the
matched nonexposed control plates. The values from all ex-
periments with each NO concentration and exposure time
were then averaged. These data were analyzed by two-way
analysis of variance (ANOVA) with the F statistic to test for
independent effects of NO exposure time and NO concentra-
tion and for the effects of any interaction between them on the
colony counts.

With two exceptions the incubation environment exactly
simulated the usual incubation environment of M. tuberculosis
in a diagnostic laboratory. First, the temperature of our expo-
sure chamber was maintained at 32 to 34°C rather than the
usual 37°C to avoid desiccation of the nutrient medium upon
which the bacteria were plated, and second, the test plates
were openly exposed. That a stable and comparable incubation
environment was reproduced was verified in four sham exper-
iments with the H37RV laboratory strain of M. tuberculosis.
The colony counts on plates exposed to 5 to 10% CO2 in air (0
ppm NO) at 32 to 34°C in the exposure chamber were not
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significantly different from those on control plates placed in
the laboratory CO2 incubator at 37°C (Table 1).

Seventeen experiments of the first variety, in which plates
were inoculated with a 0.1-ml suspension of 103 bacteria of the
H37RV strain of M. tuberculosis per ml were exposed to a fixed
concentration (0, 25, 50, 70, or 90 ppm) of NO for increasing
periods of time (3, 6, 12, and 24 h), were performed. The
results have been pooled and are outlined in Table 1. NO had
both dose- and time-dependent cidal effects that were very
significant by two-way ANOVA (F ratios, 13.4 [P , 0.001] and
98.1 [P , 0.0001], respectively), and NO also had a statistically
significant interactive effect on microbial killing efficacy (F ra-
tio, 2.03 [P , 0.048]). Although there was some variability in
the percentage of organisms killed from experiment to exper-
iment increasing the standard error of the pooled data, the
dose and time effects were highly reproducible. Only one con-
trol plate and one test plate (12-h incubation time with 90-ppm
NO) were contaminated. That the effect of NO was cidal and
not inhibitory was confirmed by the absence of new colony
formation beyond 3 weeks.

Dose-related microbial killing did not appear to increase
with NO at a concentration greater than 70 ppm, since the

colony counts on plates exposed to NO at 70 and 90 ppm were
indistinguishable. At 24 h of NO exposure at both the 70- and
90-ppm levels, more than one-third of the exposed plates were
sterile. One experiment with NO at 90 ppm was extended to
allow for a total exposure time of 48 h; all of the plates in that
experiment were sterile (Table 2).

Four experiments (two experiments each with NO at 70 and
90 ppm) of the second variety, in which plates were inoculated
with a 0.1-ml suspension of 103 bacteria of a multidrug-resis-
tant wild strain of M. tuberculosis per ml were exposed to a
fixed concentration (either 70 or 90 ppm) of NO for increasing
periods of time (3, 6, 12, and 24 h), were performed. Again,
NO had significant dose- and time-dependent cidal effects (Ta-
ble 2). Although the percent killing at 24 h was less than that
observed with strain H37RV, when an inoculum of this strain
was exposed to NO at 90 ppm for a period of 48 h, there was
also 100% killing.

We have demonstrated that exogenous NO delivered at con-
centrations of less than 100 ppm exerts a powerful dose- and
time-dependent mycobacteriocidal action. This action was ob-
served for both the H37RV laboratory strain and a multidrug-
resistant wild strain of M. tuberculosis, suggesting that the
mechanism of action of NO is independent of the pharmaco-
logic actions of isoniazid and rifampin.

The relative ease with which NO may be delivered exog-
enously and the theoretical ability of NO to rapidly destroy the
extracellular population of bacilli in the patient with sputum
smear-positive pulmonary tuberculosis, especially drug-resis-
tant disease, make NO of great clinical appeal. Consideration
of this application of NO, however, raises important caveats.
First, would doses of NO of 100 ppm or less delivered over a
period of 48 h be safe for humans? Clinical experience indi-
cates that NO is very safe. Doses that are effective in vitro, for
example, 80 ppm, are delivered for up to 2 weeks to neonates
with hypoxic respiratory failure and persistent pulmonary hy-
pertension without significant adverse effects (14, 16).

Second, would exogenous NO exert negative feedback inhi-
bition of iNOS resulting in a decreased host response to intra-
cellular mycobacteria? Such feedback inhibition has been dem-
onstrated in vitro (1, 4, 5), but whether it occurs in vivo and, if
it does, whether it is reversible are unknown.

Third, could population density, which is known to have a
profound effect on the microbicidal activities of a variety of
agents, be an important determinant of the effect of NO? In
order to achieve countable colonies the population density
tested in our in vitro system was relatively low, i.e., 103 bacteria
or CFU/ml, in comparison to the numbers of bacteria that may

FIG. 1. Exposure chamber and NO delivery system.

TABLE 1. Colony counts after exposure of laboratory strain
H37RV of M. tuberculosis to various concentrations of NO for

periods of 3, 6, 12, and 24 h

NO
(concn)

Colony count (mean 6 SE) at the following exposure times (h)a:

3 6 12 24

0 107 6 5 (6) 100 6 5 (6) 97 6 9 (6) 105 6 5 (18)
25 109 6 6 (12) 109 6 4 (12) 102 6 3 (12) 66 6 4 (18)
50 97 6 5 (12) 96 6 2 (12) 69 6 3 (12) 41 6 5 (18)
70 80 6 10 (7) 63 6 12 (7) 58 6 12 (11) 21 6 6 (11)
90 101 6 15 (11) 67 6 7 (11) 64 6 7 (14) 15 6 3 (15)

a Colony counts are expressed as a percentage of the count for the control.
Values in parentheses refer to the number of plates prepared for each NO
concentration at each time interval.

TABLE 2. Colony counts after exposure of a multidrug-resistant
wild strain of M. tuberculosis to NO for periods of 3, 6, 12, 24,

and 48 h

NO
(concn)

Colony count (mean 6 SE) at the following exposure timesa:

3 6 12 24 48

70 113 6 2 (4) 75 6 4 (4) 85 6 10 (4) 66 6 4 (4) ND
50 6 25 (4) 10 6 5 (4) ND

90 97 6 11 (2) 91 6 11 (2) 71 6 8 (2) 36 6 10 (2) ND
59 6 4 (4) 32 6 3 (4) 0 6 0 (4)
79 6 5 (4)b 20 6 3 (4)b 0 6 0 (4)b

a Colony counts are expressed as a percentage of the count for the control.
Each series represents an individual experiment; values in parentheses refer to
the number of plates prepared for each experiment at each time interval. ND,
not determined.

b Results for the H37RV laboratory strain.

404 NOTES ANTIMICROB. AGENTS CHEMOTHER.



be present in the sputum of patients with smear-positive pul-
monary tuberculosis (105 to 106 CFU/ml) (20).

Fourth, although NO is known to be extremely soluble (3),
would it diffuse into the bronchial mucus or liquid caseum that
contains the extracellular bacilli in vivo?

Fifth, might strains of M. tuberculosis vary in their suscepti-
bilities to NO, as has been suggested by others and which
appeared to be the case in our study (15)?

Sixth, and finally, might airway injury, an invariable accom-
paniment of pulmonary tuberculosis (11), reduce ventilation to
diseased areas of the lung and limit the access of NO to the
very regions that harbor the largest concentrations of bacilli
(2)?

Further studies that will examine these questions are being
pursued in our laboratory.
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