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The doubling times of bacteria at sites of colonization or infection are considerably longer than those in
laboratory culture media, and slow growth reduces the susceptibility of bacteria to antimicrobial agents.
Helicobactor pylori is susceptible to a wide range of antimicrobial agents in vitro; however, tests for inhibitory
activity do not adequately predict which antimicrobial agents will eradicate slowly growing H. pyloni from the
stomachs of patients. The chemostat can be used to compare the bactericidal activities of antimicrobial
substances against slowly growing bacteria. In this study we compared the bactericidal activities of
antimicrobial agents against slowly growing H. pyloni. The bactericidal activities of erythromycin, minocycline,
ampicillin, amoxicillin, cefixime, metronidazole, and bismuth subcitrate against slowly growing H. pyloni
NCTC 11,637 in a chemostat were compared. Antimicrobial agents were added to the system at four to eight
times the MIC. Exposure of H. pyloni to metronidazole was associated with the rapid development of
metronidazole resistance, preventing assessment of the bactericidal activity of metronidazole. Resistance to the
other antimicrobial agents tested did not develop. The poor bactericidal activities of the antimicrobial agents
against slowly growing H. pylori may be a contributory factor in limiting their clinical efficacies. Of the agents
tested, only amoxicillin and bismuth subcitrate showed bactericidal activity against slowly growing H. pyloni.
The chemostat allows comparison of the bactericidal activities of antimicrobial agents against slowly growing
H. pylori and may therefore provide results which more accurately identify those agents or combinations of
agents that will eradicate H. pylori from patients.

Helicobacter pylori probably contributes to the pathogen-
esis of antral gastritis and peptic ulcer disease (3). Eradica-
tion of H. pylori is associated with a reduction in the relapse
rate of peptic ulcer disease (15).
H. pylori is susceptible to a wide range of antimicrobial

agents in vitro, but eradication usually requires the use of
combinations of agents (3, 4, 8) such as amoxicillin and
bismuth subcitrate. Bacteria grow slowly at sites of infection
(7, 13). The bactericidal activities of antimicrobial agents
against slowly growing bacteria may be greatly reduced
because of changes in outer membrane permeability, pepti-
doglycan structure, or penicillin-binding proteins (6). The
influence ofgrowth rate on the susceptibilities of members of
the family Enterobacteriaceae (6) and Pseudomonas aerug-
inosa (1) to antimicrobial agents has been studied in a
chemostat model. We describe here the use of a chemostat
to study the susceptibilities of slowly growing H. pylori to
antimicrobial agents.

MATERIALS AND METHODS
A stable continuous culture ofH. pylori NCTC 11,637 was

established in an LH 500 direct-drive fermentor (LH Fer-
mentation; Stoke Poges, Slough, United Kingdom). The
growth medium was a modified brucella broth containing
0.5% fetal calf serum and sodium pyruvate (0.25 g/liter). A
gas mixture consisting of 5% oxygen, 10% carbon dioxide,
and 85% nitrogen was bubbled through the chemostat vessel
at a rate of 300 ml/min. The stir rate was maintained at 700
rpm. The pot volume at this stir rate was 700 ml. Broth was
added to the chemostat vessel at a rate of 29 ml/h (700 ml/24
h). The viable count usually stabilized 7 to 10 days after
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inoculation of the vessel. When the viable count was stable,
the oxygen concentration remained in the range of 4 to 6%.
The pH was maintained at 7.0 by using 2 M sodium hydrox-
ide or 2 M hydrochloric acid. This pH was chosen because it
probably represents most closely that of the pH at the apices
of gastric epithelial cells (16).
Bismuth subcitrate was provided by Gist-Brocades (Delft,

Holland). Chloramphenicol and metronidazole were ob-
tained from Sigma Chemical Co. (Poole, United Kingdom).
Erythromycin was obtained from Abbott (Queenborough,
United Kingdom). Cefixime and minocycline were obtained
from Lederle Ltd. (Gosport, United Kingdom), and ampicil-
lin and amoxicillin were from Beecham Laboratories (Betch-
worth, United Kingdom). The MICs of the antimicrobial
agents were determined by a plate inclusion method with
heated blood agar, and repeat determinations were done by
a broth dilution method (with modified brucella broth) (12).
The results obtained by both methods were similar to those
obtained for NCTC 11,637 by Goodwin et al. (9), using a
broth dilution method. Antimicrobial agents were added
directly to the broth within the vessel through an injection
port to give a final concentration of four to eight times the
MIC at the start of the experiment and to ensure that
supra-MICs were present in the chemostat for 24 h.
A sample of 0.5 ml was removed from the chemostat

vessel for viable count determinations. The sample was
serially diluted 10-fold in Tryptone soy broth (Oxoid CM
129B), and 10- and 100-,ul volumes from each dilution were
spread onto heated blood agar plates. Inoculated plates were
incubated under microaerophilic conditions at 37°C for 7
days before colonies were counted. Samples were collected
for viable count determinations immediately preceding addi-
tion of the antimicrobial agents to the chemostat vessel and
at 2, 4, 6 (or 8), and 24 h after addition of the antimicrobial
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FIG. 1. Bactericidal activities of antibiotics. BIS, bismuth subcitrate; ERY, erythromycin; CHLOR, chloramphenicol; MINO, mino-
cycline; CEFIX, cefixime; AMOX, amoxicillin; AMP, ampicillin.

agents. The antimicrobial susceptibility of H. pylori NCTC
11,637 24 h after exposure to the antimicrobial agents was
compared with that of NCTC 11,637 from a heated blood
agar plate subculture (without antimicrobial agents) by disk
diffusion testing. The presence of antimicrobial activity in
the chemostat broth 24 h after addition of the antimicrobial
agents was confirmed by a microbiological plate assay (12)
with H. pylori NCTC 11,637.
Each experiment was repeated at least once to ensure

reproducibility.

RESULTS
The MICs of antimicrobial agents for Helicobacter pylori

NCTC 11,637 in modified brucella broth were 0.25 mg/liter
for erythromycin, 0.25 mg/liter for minocycline, 0.12 mg/liter
for ampicillin, 0.25 mg/liter for amoxicillin, 0.5 mg/liter for
cefixime, 4 mg/liter for chloramphenicol, 0.5 mg/liter for
metronidazole, and 8 mg/liter for bismuth subcitrate.
The viable counts of slowly growing H. pylori NCTC

11,637 following addition of the antimicrobial agents are
shown in Fig. 1. Addition of metronidazole did not result in
a reduction of the viable count by 8 or 24 h. At 24 h, the MIC
of metronidazole for bacteria from the chemostat increased
to a level similar to the concentration in the vessel at the
start of the experiment. Resistance to the other antimicrobial
agents tested did not develop. Only the addition of amoxi-
cillin or bismuth subcitrate was associated with bactericidal
activity (less than 0.1% survival at 24 h). Inhibitory activity
was present in the chemostat broth 24 h after the addition of
all of the antimicrobial substances tested.

DISCUSSION
Poor penetration into gastric mucus and inactivation by

low pH may be factors that contribute to the limited clinical
efficacies of antimicrobial agents that are active in vitro
against H. pylori. Slow growth reduces the bactericidal
activities of antimicrobial agents against Escherichia coli (6)
and P. aeruginosa (1). In this study the bactericidal activities
of antimicrobial agents against slowly growing H. pylori

were studied, because it may be that antimicrobial agents
that are bactericidal against slowly growing H. pylori are
more likely than those that are bacteriostatic to eradicate H.
pylori from patients.

Bismuth salts and amoxicillin are both commonly used in
antimicrobial regimens for the eradication of H. pylori (3, 4,
8), and both of these antimicrobial agents showed bacteri-
cidal activity against slowly growing H. pylori. Previous
studies have shown that amoxicillin is more bactericidal than
ampicillin against E. coli in experimental infections in mice
(11) and against slowly growing E. coli 205 in a chemostat
(6). The results of this study suggest that amoxicillin is more
bactericidal than ampicillin against slowly growing H. pylori.
Armstrong et al. (2) demonstrated the bactericidal activity of
bismuth salts against H. pylori in liquid media, although the
bactericidal activity was less rapid than that in this study.

Metronidazole resistance is not uncommon in strains of H.
pylori from patients previously treated with metronidazole
(8, 10), and development of resistance prevented the assess-
ment of the bactericidal activity of metronidazole. The lack
of inhibitory activity of metronidazole was unexpected and
suggests a change in the phenotype of the population rather
than selection of a resistant subpopulation. None of the
other antimicrobial agents tested have been shown to be
effective at eradicating H. pylori from the stomachs of
patients, and none showed bactericidal activity against
slowly growing H. pylori. Otto et al. (14) were unsuccessful
in attempts to eradicate Helicobacter mustelae from the
stomachs of ferrets using orally administered chloramphen-
icol, and in the present study chloramphenicol was not
bactericidal against H. pylori. Cefixime has been shown to
be bactericidal against gram-negative bacterial species such
as E. coli (5). The rate of reduction in viable count following
the addition of cefixime to the chemostat approximated that
expected from the washout of nongrowing cells, suggesting a
bacteriostatic activity against slowly growing H. pylori.

Eradication of H. pylori is associated with a reduction in
the rate of relapse of peptic ulcer disease. Current strategies
for the eradication of H. pylori make use of combinations of
antimicrobial agents, but even the most effective regimens
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fail to eradicate H. pylori from 20% of patients. There is a
need for improved antimicrobial regimens for the eradication
of H. pylori. The chemostat provides a method for compar-
ing the bactericidal activities of antimicrobial agents against
slowly growing H. pylori and may therefore provide results
which more accurately identify those agents or combinations
of agents that will eradicate H. pylori from patients.

REFERENCES
1. Anwar, H., T. van Biesen, M. Dasgupta, K. Lam, and J. W.

Costerton. 1989. Interaction of biofilm bacteria with antimicro-
bial agents in a novel in vitro chemostat system. Antimicrob.
Agents Chemother. 33:1824-1826.

2. Armstrong, J. A., S. H. Wee, C. S. Goodwin, and D. H. Wilson.
1987. Response of Campylobacter pyloridis to antimicrobial
agents, bismuth and an acid-reducing agent in vitro-an ultra-
structural study. J. Med. Microbiol. 24:343-350.

3. Axon, T. 1991. Duodenal ulcer: the villain unmasked? Br. Med.
J. 302:919-921.

4. Borsch, G., U. Mai, and K.-M. Muller. 1988. Monotherapy or
polychemotherapy in the treatment of Campylobacter pylori-
related gastroduodenal disease. Scand. J. Gastroenterol. 23
(Suppl. 142):101-106.

5. Brittain, D. C., B. E. Scully, T. Hirose, et al. 1985. The
pharmacokinetic and bactericidal characteristics of oral ce-
fixime. Clin. Pharmacol. Ther. 38:590-594.

6. Cozens, R. M., E. Tuomanen, W. Tosch, 0. Zak, J. Suter, and
A. Tomasz. 1986. Evaluation of the bactericidal activity of
3-lactam antibiotics on slowly growing bacteria cultured in the

chemostat. Antimicrob. Agents Chemother. 29:797-802.
7. Eudy, W. W., and S. E. Burrows. 1973. Generation times of

Proteus mirabilis and Escherichia coli in experimental infec-
tions. Chemotherapy 19:161-170.

8. Glupczynski, Y. 1990. In vitro susceptibility of Helicobacter

pylori to antimicrobial agents and bismuth salts and the impor-
tance of acquired resistance to antimicrobial agents in treatment
failures of H. pylori infection, p. 49-58. In P. Malfertheiner and
H. Ditschuneit (ed.), Helicobacter pylori, gastritis and peptic
ulcer. Springer-Verlag KG, Berlin.

9. Goodwin, C. S., P. Blake, and E. Blincow. 1986. The minimum
inhibitory and bactericidal concentrations of antimicrobial
agents and anti-ulcer agents against Campylobacter pyloridis. J.
Antimicrob. Chemother. 17:309-314.

10. Goodwin, C. S., B. J. Marshall, E. D. Blincow, D. H. Wilson, S.
Blackbourn, and M. Phillips. 1988. Prevention of nitroimidazole
resistance in Campylobacter pylori by coadministration of bis-
muth subcitrate: clinical and in vitro studies. J. Clin. Pathol.
41:207-210.

11. Hunter, P. A., G. N. Rolinson, and D. A. Witting. 1973.
Comparative activity of amoxycillin and ampicillin in an exper-
imental bacterial infection in mice. Antimicrob. Agents Chemo-
ther. 4:285-293.

12. Lennette, E. H., A. Balows, W. J. Hausler, Jr., and H. J.
Shadomy (ed.). 1985. Manual of clinical microbiology, 4th ed.
American Society for Microbiology, Washington, D.C.

13. Maw, J., and G. G. Meynell. 1968. The true division and death
rates of Salmonella typhimurium in the mouse spleen deter-
mined with superinfecting phage P22. Br. J. Exp. Pathol.
49:597-613.

14. Otto, G., J. G. Fox, P.-Y. Wu, and N. S. Taylor. 1990.
Eradication of Helicobacter mustalae from the ferret stomach:
an animal model of Helicobacter (Campylobacter) pylori che-
motherapy. Antimicrob. Agents Chemother. 34:1232-1236.

15. Rauws, E. A. J., and G. N. J. Tytgat. 1990. Cure of duodenal
ulcer associated with eradication of Helicobacter pylori. Lancet
i:1233-1235.

16. Rees, W. D. W., and L. A. Turnberg. 1982. Mechanism of
gastric mucosal protection: a vote for the mucus-bicarbonate
barrier. Chin. Sci. 62:343-348.

VOL. 36, 1992


