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Mechanisms of Tuberculosis Chemotherapy 

D. A .  M I T C H I S O N  
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the two decades after the first clinical trials of streptomycin 
in 1948, the main emphasis in the development of effective 
demotherapy for tuberculosis was in preventing the emer- 
gence of drug resistance by using combinations of two or three 
drugs. In the next twenty years, the emphasis changed to 
hortening the duration of treatment from the earlier 12-24 
months to the present 6 months. At the same time, increasing 
attention was paid to improving compliance, since failure in 
compliance, rather than inadequate drugs, is the main reason 
for the appearance of multidrug resistant Mycobacterium 
tuberculosis. We looked for drug combinations that had the 
greatest bactericidal activity to be used in short-course regi- 
mens and for the best methods for full supervision of the 
patient's drug taking. 

Phases of Chemotherapy 

Bactericidal activity is complex. There appear to be two 
foosely separated phases of chemotherapy. In the first phase, 
tubercle bacilli in the lesions of patients with pulmonary 
tuberculosis lie tightly packed in very large numbers in a 
narrow zone close to the air-caseum interface (Canetti 1955). 
Since caseum is composed of dead cells, the bacilli are usually 
some distance from living macrophages and are extracellular. 
They resemble bacteria in a laboratory culture. As che- 
motherapy proceeds, the necrotic caseum is coughed up, and 
the residual bacilli lie closer to living cells including macro- 
phages. It is reasonable to suppose that they are now often 
phagocytosed and that part, but not necessarily all, of the 
population is intracellular. 
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The Early Phase 

In the first phase, bactericidal activity in the lesions can be 
measured by successive counts of colony forming units (CFU) 
in sputum collections (Jindani et a1 1980). Killing takes place 
rapidly during the first 2 4  days and then progressively slows 
down during the next 12 days. The slowing rate of kill can be 
explained by the presence in lesions of a mixture of rapidly 
growing organisms which are exponentially killed, as occurs in 
log-phase cultures (Fig. la), together with organisms that are 
metabolically less active and therefore killed less quickly, as in 
stationary-phase cultures (Fig. lb). If all lesional bacilli were 
rapidly growing and were eliminated exponentially, it would 
only take about 14 days to sterilize lesions. Unfortunately, 
effective sterilization takes about 6 months because of the 
presence of persisting metabolically inactive bacilli. 

The Late Sterilizing Phase 

In the late phase of chemotherapy the main concern is with 
elimination of the persisting bacilli. What causes their meta- 
bolic inactivity? Bacterial pheromones are sometimes 
responsible for preventing growth beyond a critical density of 
organisms (Wirth et a1 1996), but the close packing of the 
bacilli in lesions suggests that there is no similar bar to a local 
high density of tubercle bacilli. The location of the bacilli 
close to the air-caseum interface gives a clue, suggesting lack 
of oxygen as the main reason rather than lack of carbon or 
nitrogen nutrients. Further evidence for the critical role of 
oxygen tension is shown by the paucity of bacilli in closed 
caseous lesions that do not open to the air. We need to know 
more about tubercle bacilli surviving under microaerophilic or 
anaerobic conditions and their response to antibacterial drugs, 
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FIG. 1. 
culture (a) and a stationary-phase culture (b) of M. tuberculosis H37Rv. 

Bactericidal activity of 0 isoniazid (1 pg mL- I ) ,  1 rifampicin (0.2 pg mt-'), 0 isoniazid + rifampicin, or no drug on a late logphase 
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since they are an important key to improving the speed of 
response to chemotherapy. While low oxygen tension may be 
of critical importance in limiting growth of extracellulax 
bacilli as, for instance, in persisters in the walls of cavities in 
human lesions, other factors, including host defence 
mechanisms, may inhibit the growth of intracellular bacilli 
which may be more common in, for example, experimental 
murine infections and in new areas of tuberculous pneumo- 
nitis in human lungs. 

Metronidazole 

Wayne and colleagues have shown that cultures of M. tuber- 
culosis grown in the depths of liquid medium adapt to 
microaerophilic conditions (Wayne 1994; Wayne & Sramek 
1994; Wayne & Hayes 1996) and these findings have been 
confirmed by Yan-Min Hu in our laboratory (unpublished 
data). When a log-phase culture was placed in strictly anae- 
robic conditions, the organisms were killed. However, if the 
culture had been left incubating until it reached the stationary 
phase, it could be transferred to anaerobic conditions without 
loss of viability. These stationary cultures became sensitive to 
metronidazole. Fig. 2 shows that metronidazole, even at the 
high concentration of 256 pg mL-I, had no effect on the 
growth of log-phase M .  tuberculosis. However, a stationary 
culture, left incubating for 30 days in 7H9 Tween-albumin 
medium, was slowly killed by 64 pg mL-' metronidazole 
(Fig. 3), and when the culture was transferred to strict anae- 
robic conditions in a jar, the culture was killed by 16 pg mL- ' 
metronidazole (Fig. 4), a concentration that can be achieved 
clinically. The change in metronidazole activity when the 
culture was placed in the anaerobic jar probably indicates that 
growth in the depths of liquid medium was microaerophilic 
rather than anaerobic. We do not as yet know whether 
metronidazole might turn out to be of value as an additional 
sterilizing drug with specific activity against persisters. 
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FIG. 2. Absence of activity of metronidazole on log-phase culture of 
M. tuberculosis H37Rv. Control, 0 metronidazole (128 pg mL-I), 
W metronidazole (256 pg mL-I). 
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FIG. 3. Bactericidal activity of A metronidazole (64 pg d-') on 
stationary culture of M. tuberculosis H37Rv. Effects of control anp 
other concentrations of metronidazole; -2 ,4 ,  8, 16 and 32 pg mL- , 
A 128 pg mL-', W 256 pg mL-', 0 512 pg mL-' are also shown. 
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FIG. 4. Bactericidal activity of W metronidazole (16 pg mI- ' )  on 
anaerobic culture of M. tuberculosis H37Rv. Effects of contfol and 
other co7centrations of metronidazole; - 0, T .  4 and 8 pg mL- , 0 32 
pg mL- , A 64 pg mL-', A 128 pg mL- are also shown. 

Examination of Drug Action on Stationary 
(Microaerophilic) Cultures 

For many years we have been testing the activity of drugs 
against stationary-phase as well as log-phase cultures for the 
reason that the stationary-phase tests might show activity 
against persisters and thus indicate the drug's role in short- 
ening chemotherapy (Dickinson & Mitchison 1987, 1990). 
This concept has been strengthened by the similar recom- 
mendation made recently by Wayne & Hayes (1996). A recent 
example explores the bactericidal activities of the quinolone, 
ofloxacin, and a mixture of sulbactam, which inhibits myco- 
bacterial penicillinase, and ampicillin, in comparison with 
isoniazid and rifampicin (Herbert et a1 1996). Fig. 5 shows the 
activity of these drugs against M. tuberculosis in 7H9 medium 
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RG. 5 .  Bactericidal activity of isoniazid, rifampicin, ofloxacin and sulbactam-ampicillin against log-phase (a) and stationary-phase (b) cultures of 
M. tuberculosis H37Rv. 0 No drug, - -0- - isoniazid (1 pg mL-'), - -0- - rifampicin (1 p~ mL-'), 0 ofloxacin (1.25 pg mL- ), 0 ofloxacin (5 pg 
& - I ) ,  A sulbactam+ampicillin (8 pg mL-I), A sulbactamfampicillin (15 pg mL- ). 
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FIG. 6. 
(1 pg mL-I), isoniazid+rifampicin (1 pg mL-l), A rifampicin+ofloxacin (1.25 pg mL-l), A rifampicin+ofloxacin (5 pg mL-'). 

Activity of ofloxacin + rifampicin on log-phase (a) and stationary-phase (b) cultures of M. tuberculosis H37Rv. 0 No drug, 0 rifampicin 
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FIG. 7. Activity of sulbactam-ampicillin + isoniazid on log-phase (a) and stationary-phase (b) cultures of M. fubercylosis H37Rv. 0 No drug, 0 
isoniazid (1 pg mL-I) W isoniazid + rifampicin (1 pg mL-I), A isoniazid + sulbactam-ampicillin (8 pg mL- ), A isoniazid + sulbactam- 
ampicillin (15 pg mL- '). 
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either in the log phase of growth or in a 30-day stationary 
phase. The higher concentrations of ofloxacin (5 pg & - I )  

and sulbactam-ampicillin (15 pg ampicillin mL-') were as 
bactericidal as isoniazid or rifampicin against the log-phase 
culture but were much less bactericidal than either isoniazid or 
rifampicin against the stationary-phase culture. Fig. 6 shows 
that addition of ofloxacin to rifampicin in the log-phase culture 
synergizes the bactericidal activity to approximate equality 
with isoniazid-rifampicin, but no corresponding synergism 
occurs in the stationary-phase culture. Fig. 7 shows similar 
findings with sulbactam-ampicillin. The considerable bacter- 
icidal activity of ofloxacin and sulbactam-ampicillin against 
log-phase cultures, but the much lower activity against sta- 
tionary-phase cultures suggests that, though either of these 
drugs might be useful in the early phase of chemotherapy, they 
would be of little value in the late sterilizing phase. 

Current Drugs 

Early studies in experimental murine tuberculosis established 
that combinations of isoniazid, streptomycin and p-amino- 
salicyclic acid reduced the numbers of viable bacilli in the 
organs, but were unable to sterilize them. However, when 
either rifampicin (Grosset 1978) or pyrazinamide (McCune et 
a1 1956) were given with isoniazid, negative cultures were 
obtained from the organs, and these two drugs are therefore 
known as potent sterilizing drugs. In the treatment of human 
tuberculosis the addition of either rifampicin or pyrazinamide 
to a basic regimen of daily isoniazid and streptomycin sub- 
stantially reduced the relapse rate after the end of che- 
motherapy (Table l),  thus confirming their role as sterilizing 
drugs (East African/British Medical Research Council 1974). 
As a result of this study and subsequent clinical trials under the 
auspices of the Medical Research Council in East Africa, 
Madras, Hong Kong and Singapore, current standard short- 
course chemotherapy is a 6-month regimen of isoniazid and 
rifampicin with the addition of pyrazinamide for the first 2 
months (a fourth drug, usually ethambutol, may be given 
initially with the aim of reducing the chances of drug resis- 
tance emerging). The modes of action of these three essential 
drugs are shown diagramatically in Fig. 8. Actively growing 
bacilli are killed by isoniazid. Rifampicin and pyrazinamide 
kill specific populations of semi-dormant bacilli. 

Early Bactericidal Activity 

The initial rapid kill of actively growing bacilli takes place 
during the first few days. The role of different drugs at this 
early stage has been measured as their early bactericidal 
activity (EBA) (Jindani et al 1980; Sirgel et a1 1993; Botha et 
a1 1996). The EBA is obtained by performing CFU counts, 
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RG. 8. Special populations hypothesis for the sterilizing activity of 
rifampicin and pyrazinamide. Actively growing bacilli (A) are killed 
by isoniazid though other drugs-rifampicin, streptomycin or 
ethambutol-may act if the infecting strain is isoniazid-resistant. 
Semi-dormant bacilli with spurts of metabolism (B) are selectively 
killed by rifampicin, and those in very acid environment (C) are 
selectively killed by pyrazinamide. 

using selective culture medium, on overnight collections of 
sputum just before the start of treatment with the drug con- 
cerned and then at daily or 2-day intervals thereafter. Since the 
rate of kill of different drugs and different doses of the same 
drug varied during the first 2 days of treatment but did not vary 
appreciably thereafter, the EBA is defined as the fall in loglo 
CFU counts (mL sputum)-' day-' during the first 2 days. 
Values of the EBA obtained with usual dose sizes of the main 
antituberculosis drugs are set out in Table 2. 

Isoniazid has the highest EBA of about 0.6, its high activity 
is little influenced by the presence of other drugs, including 
rifampicin and pyrazinamide, given at the same time. Rifam- 
picin has a lower EBA. The EBA of pyrazinamide is so low as 
to be difficult to distinguish from no treatment at all. 

Sterilizing Activity of Rifampicin 

Rifampicin starts to kill after only a short exposure lasting 
about 30 min whereas isoniazid often only starts killing after 
about 24 h. This is the probable reason why rifampicin is such 
an effective sterilizing drug. It can kill when dormant bacilli 
start to metabolize as a result of only brief stimuli such as a 
temporary rise of temperature from 8°C to 37"C, provision of 
additional oxygen or addition of small volumes of fresh culture 
medium (Dickinson & Mitchison 1981). 

Sterilizing Activity of Pyrazinamide 

In both the mouse (McCune et a1 1956) (Fig. 9) and in human 
pulmonary tuberculosis (Mitchison 1985), pyrazinamide is 
only very slowly bactericidal to begin with, but, unlike other 

Table 1. East African/British Medical Research Council short course chemotherapy study. 

Regimen 
(6 months) 

Total patients Relapses 12 months 
after treatment (96) 

Streptomycin + isoniazid 
Streptomycin + isoniazid + thiacetazone 
Streptomycin + isoniazid + pyrazinamide 
Streptomycin + isoniazid + rifampicin 

114 
102 
167 
156 

27 
22 
8 
3 
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Table 2. Early bactericidal activity of antituberculosis drugs. 
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Early bactericidal activity 
(fall in CFU (mL sputum)-' day-') 

Dose size Nairobi* South Africa** 

- None - 0.02 - 0.02 
Pyrazinamide 2 g  0.04 0.004 

0.07 
0.19 0.20 

Streptomycin 1 g  
Rifampicin 10-12 mg kg;' 
Ethambutol 25 mg kg- 0.3 1 0.25 
Isoniazid 300 mg 0.72 0.50 
Rifatert - 0.60 

- 

tRifater = pyrazinamide + rifampicin + isoniazid. *n = 4-8; **n = 9-12. 
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FIG. 9. Sterilizing activity of isoniazid and pyrazinamide com- 
pared with 0 streptomycin, p-amino salicylic acid and isonazid and 
control in experimental murine tuberculosis. Redrawn from McCune et 
al (1956). 

drugs, the killing continues at the same rate throughout treat- 
ment and does not slow down as occurs with other drugs. Thus, 
during the first few days it kills much more slowly than iso- 
niazid, but after about a month it has overtaken the curve due 
to isoniazid. Eventually, only negative organ cultures were 
obtained from mice treated with the combination of high 
dosage pyrazinamide and isoniazid for 12 weeks. There is 
good evidence that pyrazinamide given for the first 2 months in 
the treatment of pulmonary tuberculosis reduces the eventual 
relapse rate and allows shortening of the duration of treatment 
from 9 months to 6 months. Thus, there is strong evidence that 
pyrazinamide is an effective sterilizing drug in the mouse and 
in humans. There is, however, little known about why it is a 
good sterilizing drug. Pyrazinamide is converted to the active 
moiety pyrazinoic acid (Konno et al 1967) by the bacterial 
amidase of M. tuberculosis, whose gene pncA has recently 
been discovered (Scorpio & Zhang 1996). It is only active at an 
acid pH of about 5.6 or less (McDermott & Tompsett 1954). 
Although it inhibits growth of M. tuberculosis in macrophages 
or macrophage-derived cell lines, it never appears to kill 
(Crowle et a1 1986; Rastogi et a1 1988; Dhillon & Mitchison 
1989). Furthermore, the microenvironment in the vesicles in 
which M. tuberculosis resides is probably not acid and inhi- 
bition depends on the accumulation of pyrazinoic acid. These 

observations and the evidence that pyrazinamide is only 
effective during the first 2 months of treatment when bacilli are 
mainly extracellular strongly suggests that the bacilli against 
which it acts are extracellular in lesions made acid by local 
inflammation. Because of the local acidity, these bacilli are 
only just metabolizing and are therefore unaffected by iso- 
niazid but may be killed by pyrazinamide. The difficulty with 
this explanation is that killing in culture is almost as difficult to 
demonstrate as killing of bacilli in cell lines. At the very acid 
pH of 4.8, Heifets & Lindholm-Levy (1992) demonstrated 
active killing, but it must seem unlikely that a pH value as low 
as 4.8 is actually encountered in lesions. Further work on 
pyrazinamide is needed to explain its characteristic slow but 
continued bactericidal activity, its requirement for an acid pH, 
and the nature of the bacteria1 population that it can kill more 
effectively than other antituberculosis drugs. 

Conclusions 
Antituberculosis chemotherapy could be improved by drugs 
that are particularly bactericidal against persisting bacilli. The 
two mechanisms suggested for inhibition of bacterial growth, 
and therefore the creation of persisters, seem to be micro- 
aerophilic conditions inhibiting extracellular bacilli in cavity 
walls and host defence mechanisms slowing intracellular 
growth. Recognition of the role of microaerophilic conditions 
leads to the need to test new antituberculosis drugs against 
stationary (microaerophilic) cultures so as to discover addi- 
tional drugs that might be active against persisters. The inter- 
action between host immunity and the action of drugs needs 
further exploration. In our experience activation of murine 
macrophages by y-interferon did not alter the rate at which 
intracellular M .  tuberculosis was killed by isoniazid or rifam- 
picin (Khor et a1 1986) but the more effective BCG-induced 
immunity decreased the bactericidal activity of isoniazid in 
mice and increased the activities of isoniazid and rifampicin in 
the guinea-pig (Dhillon & Mitchison 1989). 
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