
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY,
0066-4804/98/$04.0010

Dec. 1998, p. 3193–3199 Vol. 42, No. 12

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Bacteriological Efficacies of Three Macrolides Compared with
Those of Amoxicillin-Clavulanate against Streptococcus

pneumoniae and Haemophilus influenzae
VALERIE BERRY,1* CHRISTINE E. THORBURN,2 SARAH J. KNOTT,2† AND GARY WOODNUTT1

SmithKline Beecham Pharmaceuticals, Collegeville, Pennsylvania 19426-098911 and SmithKline Beecham
Pharmaceuticals, Brockham Park, Betchworth, Surrey RH3 7AJ, United Kingdom2

Received 18 December 1997/Returned for modification 4 March 1998/Accepted 16 September 1998

Comparative antibacterial efficacies of erythromycin, clarithromycin, and azithromycin were examined
against Streptococcus pneumoniae and Haemophilus influenzae, with amoxicillin-clavulanate used as the active
control. In vitro, the macrolides at twice their MICs and at concentrations achieved in humans were bacteri-
ostatic or reduced the numbers of viable S. pneumoniae slowly, whereas amoxicillin-clavulanate showed a rapid
antibacterial effect. Against H. influenzae, erythromycin, clarithromycin, and clarithromycin plus 14-hydroxy
clarithromycin at twice their MICs produced a slow reduction in bacterial numbers, whereas azithromycin was
bactericidal. Azithromycin at the concentrations achieved in the serum of humans was bacteriostatic, whereas
erythromycin and clarithromycin were ineffective. In experimental respiratory tract infections in rats, clar-
ithromycin (equivalent to 250 mg twice daily [b.i.d.]) and amoxicillin-clavulanate (equivalent to 500 plus 125
mg b.i.d., respectively) were highly effective against S. pneumoniae, but azithromycin (equivalent to 500 and 250
mg once daily) was significantly less effective (P < 0.01). Against H. influenzae, clarithromycin treatment
(equivalent to 250 or 500 mg b.i.d.) was similar to no treatment and was significantly less effective than
amoxicillin-clavulanate treatment (P < 0.01). Azithromycin demonstrated significant in vivo activity (P < 0.05)
but was significantly less effective than amoxicillin-clavulanate (P < 0.05). Overall, amoxicillin-clavulanate was
effective in vitro and in vivo. Clarithromycin and erythromycin were ineffective in vitro and in vivo against H.
influenzae, and azithromycin (at concentrations achieved in humans) showed unreliable activity against both
pathogens. These results may have clinical implications for the utility of macrolides in the empiric therapy of
respiratory tract infections.

Erythromycin, a highly potent agent against gram-positive
bacteria including streptococci, has a number of disadvantages
including poor gastric stability, relatively poor potency against
respiratory gram-negative pathogens such as Haemophilus in-
fluenzae, and a bacteriostatic mode of action. New macrolide
antibiotics, including clarithromycin, and the first azalide an-
tibiotic, azithromycin, have been developed to overcome these
problems. Clarithromycin is more acid stable than erythromy-
cin, giving enhanced and more reliable concentrations in se-
rum (7) as well as fewer gastrointestinal side effects (22). It is
also metabolized in humans to 14-hydroxy clarithromycin,
which is more active in vitro against H. influenzae than the
parent compound and has been found by some workers (5) to
interact synergistically with the parent compound against this
organism. In addition, clarithromycin has been reported to
have bactericidal activity against Streptococcus pneumoniae
(21). In vitro, azithromycin is more active than erythromycin
against gram-negative bacteria, showing potentially useful ac-
tivity against H. influenzae, but it is less potent against gram-
positive organisms (15). The enhanced capability of azithro-
mycin to penetrate cells leads to a concentration of up to
300-fold inside polymorphonuclear leukocytes and alveolar
macrophages (25). Azithromycin concentrations in infected
tissue have also been shown to be higher than those in nonin-

fected tissue (26). The unusual pharmacokinetic properties of
azithromycin mean that concentrations in serum and other
extracellular fluids are prolonged but low (10). Both clarithro-
mycin and azithromycin show cross-resistance with erythromy-
cin (15, 19), however, suggesting that their introduction will
not overcome the increasing incidence of resistance to eryth-
romycin among key pathogens.

The effectiveness of azithromycin and clarithromycin against
the important respiratory tract pathogens S. pneumoniae and
H. influenzae was assessed in a number of in vitro and exper-
imental animal studies and was compared with the effective-
ness of erythromycin and amoxicillin-clavulanate.

MATERIALS AND METHODS

Compounds. Clarithromycin and 14-hydroxy clarithromycin were supplied by
Abbott Laboratories Ltd. (Kent, United Kingdom); clarithromycin was also
extracted from commercially available tablets (Klaricid; Abbott). Azithromycin
was supplied by Pfizer Laboratories (Kent, United Kingdom) or was used as the
commercial preparation (Zithromax; Richborough Pharmaceuticals, Kent,
United Kingdom). Erythromycin was used as the commercially available lacto-
bionate or as the ethylsuccinate (Erythroped; Abbott). Amoxicillin trihydrate,
sodium amoxicillin, and potassium clavulanate were supplied as laboratory ref-
erence standards by SmithKline Beecham Pharmaceuticals (Worthing, United
Kingdom). All antibiotics were used as pure free-acid equivalents.

Bacterial strains. The strains chosen for time-kill studies were the laboratory
control strain S. pneumoniae ATCC 6303 and a typically susceptible b-lactamase-
producing clinical isolate of H. influenzae, strain LH2803. The strains chosen for
in vivo studies, S. pneumoniae 1629 and H. influenzae H128, also had typical
antibiotic susceptibilities (Table 1) and were chosen for their virulence in animal
models.

MIC determinations. Serial twofold dilutions of antibiotic were prepared in
Mueller-Hinton agar (BBL) supplemented with 5% (vol/vol) sterile defibrinated
horse blood for tests with S. pneumoniae and heat-lysed sterile defibrinated horse
blood for tests with H. influenzae. The agar was inoculated with 4 to 5 log10 CFU
of each test organism per spot and was incubated for 18 h at 37°C. The MIC was
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determined as the lowest concentration of antibiotic that completely inhibited
visible bacterial growth.

Time-kill studies. Antibiotic concentrations were prepared at twice the MIC
for each test organism in 20-ml volumes of Todd-Hewitt broth (Oxoid) supple-
mented with 5% (vol/vol) human serum for S. pneumoniae and in 20-ml volumes
of Mueller-Hinton broth (BBL) supplemented with 2 mg of NAD per ml and 7.5
mg of hemin per ml for H. influenzae. The media were inoculated to give 6 to 7
log10 CFU/ml and were incubated at 37°C on an orbital shaker. Samples were
taken for assessment of the numbers of viable bacteria at 0, 1, 3, 5, and 7 h. Serial
10-fold dilutions of the samples were made, and four dilutions were plated in
triplicate onto nutrient agar (Lab M) supplemented with 5% (vol/vol) sterile
horse blood; the horse blood was heat lysed for H. influenzae. The mean numbers
of CFU were determined following 24 h of incubation at 37°C.

In vitro pharmacodynamic model. The open, one-compartment model used in
the study was based on the biexponential model originally described by Grasso et
al. in 1978 (13) and is shown in Fig. 1. The flow rate of the pump and the volumes
in the flasks were set to simulate the elimination rate of the antibiotic with the
shortest half-life (i.e., 1 h for amoxicillin and clavulanate), and the other antibi-
otics were supplemented at regular intervals to simulate their slower elimination
from humans. The dilution rates of the bacterial cultures in the open system were
therefore the same for all the test antibiotics, and the counts of viable bacteria
were corrected to take this into account.

In the models simulating an oral dosage of clarithromycin, the concentrations
of both the parent compound and the 14-hydroxy metabolite achieved in humans
were mimicked. The media used were Mueller-Hinton broth (Difco) supple-
mented with 5% sterile, heat-treated horse serum for S. pneumoniae and brain
heart infusion broth (Oxoid) supplemented with 2 mg of NAD per ml and 7.5 mg
of hemin per ml for H. influenzae. Samples were removed from the culture flask
at regular time points for determination of the concentration of antibiotic and
the number of viable bacteria present. Viable bacterial counts were determined
as in the time-kill studies, and antibiotic concentrations were assayed microbio-
logically.

Microbiological assays. The macrolides were assayed by using Staphylococcus
saprophyticus ATCC 9341 in blood agar base (Oxoid), which was adjusted to pH
7.8 with NaOH for azithromycin. Amoxicillin was assayed by using a commer-
cially available Bacillus subtilis NCTC 6633 spore suspension (Difco) in nutrient
agar (Lab M), and clavulanate was assayed by using Klebsiella pneumoniae NCTC
11228 in nutrient agar supplemented with 60 mg of benzylpenicillin/ml (18). H.
influenzae samples containing amoxicillin were spiked with 10 mg of clavu-
lanate/ml to prevent hydrolysis in the assay-plate wells by H. influenzae b-lacta-
mase.

Standard solutions for the assay of plasma samples were prepared in the
appropriate dilution of animal plasma (diluted in pH 7.2 phosphate-buffered
saline). Samples were assayed in duplicate against standards over the concen-
tration range of 10 to 0.078 mg/ml for the macrolides, 50 to 0.78 mg/ml for
amoxicillin, and 5 to 0.078 mg/ml for clavulanate. The lowest concentration was
taken as the limit of detection for the assay. The correlation coefficients for the
regression lines of the standard solutions were not less than 0.997. The within-
day coefficients of variation were less than 5% for erythromycin and clarithro-
mycin, 1.1 to 7.5% for amoxicillin, 6.1 to 9.4% for clavulanate, and between 7.2
and 10.1% for azithromycin. Between-day coefficients of variation were less than
5% for erythromycin and clarithromycin, 3.5 to 8.9% for amoxicillin, 6.8 to 10.5%
for azithromycin, and 6.3 to 9.8% for clavulanate.

Pharmacokinetic studies. Compounds were administered to groups of five
uninfected rats at the doses indicated in Table 2; and blood samples were taken
at 5, 15, 30, 60, 90, 120, 240, and 360 min after dosing. Serum was separated by
centrifugation, and antibiotic concentrations were measured by microbiological
assay as described above for all compounds except amoxicillin, which was assayed
by using S. saprophyticus ATCC 9341. (Within-day coefficients of variation were
less than 5%, and between-day coefficients of variation were 3.7 to 6.2%. The
concentration range for standards was 1 to 0.015 mg/ml.) Data were fitted with an
iterative least-squares modeling program, MK-MODEL (17), and appropriate

models were chosen on the basis of visual inspection and the Schwartz criterion.
The areas under the concentration-time curves (AUCs) from time zero to infinity
for serum were calculated by noncompartmental analysis by using the trapezoidal
rule for data up to the last concentration-time point, with the remaining area to
infinity calculated by dividing this point by the elimination rate constant.

Experimental respiratory infection in rats. Experimental respiratory infection
was induced in specific-pathogen-free male Sprague-Dawley CD rats weighing
140 to 160 g (Charles River, Manston, United Kingdom) as described in a
previous report (28), except that the animals were not rendered neutropenic.
Briefly, the bacterial inoculum was prepared from overnight broth cultures in
Todd-Hewitt broth (Oxoid) for S. pneumoniae 1629 and in nutrient broth (Ox-
oid) plus 5% (vol/vol) Fildes extract (Oxoid) for H. influenzae. A 10-fold dilution
was prepared in molten nutrient agar (Oxoid), maintained at 40°C, immediately
prior to infection. Animals were anesthetized by separate intramuscular injec-
tions of fentanyl fluanisone (Hypnorm; Janssen Pharmaceuticals, Oxfordshire,
United Kingdom) and diazepam (Valium; Roche Products, Hertfordshire,
United Kingdom) and were infected by intrabronchial instillation of a 50-ml
inoculum (approximately 5 3 105 CFU) by means of nonsurgical intubation.
Antibacterial agents (or water for untreated animals) were administered orally
by gavage to groups of 8 to 10 animals, commencing 24 h postinfection and
continuing for 2.5 (for S. pneumoniae) or 3 (for H. influenzae) days. The antibi-
otic doses used were chosen to approximate the AUC values measured in the
serum of humans following therapeutic oral dosing (Table 2). At approximately
18 h after the cessation of therapy, the animals were killed and the lungs were
excised and homogenized in 1 ml of isotonic saline to enumerate viable bacterial
numbers.

Data are presented as means 6 standard deviations.
Statistical analysis. Statistical comparison of the data was done by the Student

t test.

RESULTS

Time-kill studies. When tested at twice the MIC for S. pneu-
moniae ATCC 6303 (Fig. 2a), the control compound, amoxi-
cillin-clavulanate (0.03 and 0.015 mg/ml, respectively), reduced
the numbers of viable bacteria by at least 99.5% over 7 h.
Erythromycin (0.06 mg/ml) and clarithromycin (0.12 mg/ml)
caused a slow diminution in the numbers of viable streptococci,
with less than a 10-fold decrease by 7 h. Azithromycin (0.25
mg/ml) was more effective than the other macrolides but was
less active than amoxicillin-clavulanate.

Erythromycin (8 mg/ml) and clarithromycin (16 mg/ml)
caused almost 99% reductions in the numbers of viable H.
influenzae LH2803 when the drugs were tested at twice their
MICs (Fig. 2b), but no difference was seen between the activ-
ities of these compounds and that of a 1:1 combination of
clarithromycin and 14-hydroxy clarithromycin (8 mg/ml each).
In contrast, azithromycin at 2 mg/ml (twice the MIC) showed a
good bactericidal effect against H. influenzae LH2803. Al-
though this effect was not initially as rapid as that seen with
amoxicillin-clavulanate tested at the same concentration, by
7 h it was as extensive as that seen with amoxicillin-clavulanate.

In vitro pharmacodynamic model. The concentrations of
antibiotic simulated in the in vitro pharmacodynamic model

FIG. 1. Diagrammatic representation of the in vitro pharmacodynamic
model.

TABLE 1. Antibiotic susceptibilities of the test organisms by agar
dilution MIC determination

Antibiotic

MIC (mg/ml)

S. pneumoniae H. influenzae

ATCC 6303 1629 LH2803 H128

Erythromycin 0.03 0.03 4 2
Clarithromycin 0.06 0.03 8 8
Azithromycin 0.12 0.25 1.0 0.5
Amoxicillin 0.015 0.015 4 32
Amoxicillin-clavulanatea 0.015 0.015 1.0 0.5

a Tested as a 2:1 ratio of amoxicillin:clavulanate and expressed as the concen-
tration of amoxicillin.

3194 BERRY ET AL. ANTIMICROB. AGENTS CHEMOTHER.



are presented in Fig. 3. Microbiological assay results confirmed
that the concentrations in the culture flasks were close to those
achieved in humans. The viable bacterial counts were cor-
rected for the dilution rate in the culture, which explains the
apparently high (10 log10 CFU/ml) bacterial counts in some of
the cultures.

All of the macrolides showed a bacteriostatic effect against
S. pneumoniae ATCC 6303 when tested at concentrations
achieved in the serum of humans following the administration
of oral doses of 250 mg of erythromycin, 250 mg of clarithro-
mycin, and 500 mg of azithromycin (Fig. 4a). The model sim-
ulating the concentrations of clarithromycin in serum also con-
tained concentrations of the 14-hydroxy metabolite measured
in humans following the administration of an oral dose of 250
mg of clarithromycin, so the activity of this compound was
included in the effect that was observed. The control com-
pounds amoxicillin-clavulanate (oral doses of 500 plus 125 mg,
respectively) and amoxicillin alone (500 mg) were rapidly bac-
tericidal against S. pneumoniae ATCC 6303, causing at least
99.9% decreases in the numbers of viable bacteria by 6 h.

Against H. influenzae LH2803, the maximum concentrations

of erythromycin in serum (Cmax; 1.9 mg/ml [19]) were ineffec-
tive, with the erythromycin-treated culture (erythromycin
MIC, 4 mg/ml) growing as rapidly as the untreated control
culture (Fig. 4b). Similarly, the simulated concentrations of
clarithromycin in serum (serum Cmax, 1.5 mg of clarithromycin
per ml plus 0.8 mg of 14-hydroxy clarithromycin per ml [7])
showed little activity against H. influenzae LH2803 (MICs, 8
and 4 mg/ml for the parent compound and the metabolite,
respectively). Azithromycin, although initially ineffective,
slowly reduced the numbers of viable bacteria from 2 h, at
which time the concentration in serum peaked at 0.4 mg/ml
(10). At 8 h after dosing, however, the numbers of viable
bacteria had grown to the level of the starting inoculum (Fig.
4b). Amoxicillin showed an initial inhibitory effect, which was
not unexpected, since the Cmax of 7.7 mg/ml was above the MIC
of 4 mg/ml for this strain, but the culture regrew rapidly after
2 h. Microbiological assay results revealed that the concentra-
tion of active amoxicillin in this b-lactamase-producing culture
had fallen below the limit of detection (0.1 mg/ml) by 2 h (data
not shown). In contrast, the concentrations of amoxicillin in
the culture of H. influenzae LH2803 treated with amoxicillin-

FIG. 2. Bactericidal activities of erythromycin (F), clarithromycin (■), clarithromycin plus 14-hydroxy clarithromycin (1:1) (h), azithromycin (Œ), and amoxicillin-
clavulanate (}) at twice the MICs compared with the results for untreated control cultures (3) of S. pneumoniae ATCC 6303 (a) and H. influenzae LH2803 (b).

TABLE 2. Dose levels used in the rat and serum AUC values compared with those achieved in humans following conventional oral dosage

Antibiotic Regimen

Rat Human

ReferenceDose
(mg/kg) t1/2 (h)a Cmax (mg z

liter21)
AUC (mg z h z

liter21) Dose (mg) AUC (mg z h z
liter21)

Erythromycin t.i.d.b 100 1.1 6 0.15 1.90 6 0.23 3.50 6 0.41 500 3.6 30
Clarithromycin b.i.d. 20 1.7 6 0.28 3.04 6 0.37 7.94 6 0.42 250 6.3 11
Clarithromycin b.i.d. 40c 15.88 500 15.4 11
Azithromycin o.d. 20 2.87 6 0.34 1.02 6 0.07 4.1 6 0.25 500 3.4 10
Amoxicillin b.i.d. 200 0.75 6 0.11 28.5 6 5.3 25.2 6 3.15 500 22.5 18
Clavulanate b.i.d. 50 0.68 6 0.12 4.03 6 0.34 4.91 6 2.86 125 5.9 18

a t1/2, half-life.
b t.i.d., three times daily.
c Data extrapolated from a 20-mg/kg dose.
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clavulanate were close to the concentrations achieved in hu-
mans for the whole 8-h period (Fig. 3) and consequently pro-
duced a good antibacterial effect, with a 99% reduction in the
numbers of viable bacteria.

In vivo studies. The results of treatment of experimental
respiratory tract infections in rats are presented in Fig. 5, 6,
and 7.

Against S. pneumoniae 1629 (a typical penicillin-susceptible,
macrolide-susceptible strain), amoxicillin, amoxicillin-clavu-
lanate, and clarithromycin were all highly effective (Fig. 5)

(P , 0.01). Bacterial numbers in the lungs of the treated
animals were reduced to below the limit of detection (,1.7
log10 CFU) compared with those in the lungs of animals in the
untreated control group (mean, 6.6 6 1.3 log10 CFU/lungs). In
contrast, azithromycin (given at 20 mg/kg of body weight once
daily [o.d.] on day 1 and at 10 mg/kg o.d. thereafter) was
significantly less active than the other three treatments (P ,
0.01), with a mean of 3.7 6 2.5 log10 CFU of S. pneumoniae
cultured from the lungs at 96 h.

Two studies have compared the efficacies of these agents

FIG. 3. Concentrations of antibiotic achieved in the serum of humans following the administration of oral doses of 250 mg of erythromycin (F) (21), 250 mg of
clarithromycin (clarithromycin plus 14-hydroxy clarithromycin) (■) (9), 500 mg of azithromycin (Œ) (11), and 500 mg of amoxicillin (}) (18) and concentrations
achieved in the pharmacokinetic model used to simulate these data (open symbols).

FIG. 4. Bactericidal activities of simulated concentrations achieved in the serum of humans following the administration of oral doses of 250 mg of erythromycin
(F), 250 mg of clarithromycin (■), 500 mg of azithromycin (Œ), 500 and 125 mg of amoxicillin and clavulanate, respectively (}), and 500 mg of amoxicillin ({) compared
with the results for untreated control cultures (3) of S. pneumoniae ATCC 6303 (a) and H. influenzae LH2803 (b).
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against H. influenzae H128. In the first study, mean bacterial
numbers in untreated control animals were 7.6 6 1.1 log10
CFU/lungs (Fig. 6). Amoxicillin given at 200 mg/kg twice daily
(b.i.d.) (mean, 6.3 6 1.2 log10 CFU/lungs) was considerably
less effective (P , 0.01) than amoxicillin-clavulanate (200 plus
50 mg/kg, respectively), which reduced the numbers of viable
bacteria to 3.7 6 1.7 log10 CFU/lungs. The bacterial numbers
obtained following the administration of 100 mg of erythromy-
cin per kg three times daily (6.1 6 1.7 log10 CFU/lungs) and 20
mg of clarithromycin per kg b.i.d. (6.6 6 1.6 log10 CFU/lungs)
were significantly (P , 0.01) higher than those seen following
treatment with amoxicillin-clavulanate, and this was also true
with a higher dosage of clarithromycin, 40 mg/kg b.i.d. (mean,
7.0 6 1.7 log10 CFU/lungs). In fact, both dosages of clarithro-
mycin produced an effect which was not significantly different
(P . 0.05) from that observed in the untreated control group.

In a second study with H. influenzae H128, the efficacies of
amoxicillin and amoxicillin-clavulanate were compared with
that of azithromycin (Fig. 7). Amoxicillin administered at 200
mg/kg b.i.d. was ineffective in reducing the numbers of viable
organisms in the lungs (7.7 6 0.96 log10 CFU/lungs), and
bacterial numbers were not significantly different (P . 0.05)
from those in the lungs of untreated control animals (8.0 6

1.05 log10 CFU/lungs). Azithromycin (given at 20 mg/kg on day
1 followed by 10 mg/kg o.d.) reduced the bacterial numbers
significantly compared with those in nontreated control ani-
mals (5.28 6 2.25 log10 CFU/lungs; P , 0.05). In contrast,
amoxicillin-clavulanate (given at 200 plus 50 mg/kg, respec-
tively, b.i.d.) significantly reduced the bacterial numbers in the
lungs (3.66 6 1.4 log10 CFU/lungs) compared with the num-
bers in the lungs of control animals and animals in all other
treatment groups (P , 0.05).

DISCUSSION

The aim of these studies was to investigate parameters other
than tolerability in order to differentiate the two new macro-
lides, clarithromycin and azithromycin, from erythromycin and
to investigate their potential utility in the eradication of the
two key respiratory pathogens, S. pneumoniae and H. influen-
zae. In these studies amoxicillin-clavulanate was included for
comparison.

Clarithromycin was essentially bacteriostatic against S. pneu-
moniae in our studies, which is in contrast to the bactericidal
activity reported by other workers (21). Despite the bacterio-
static mode of action, clarithromycin was effective against S.
pneumoniae in an experimental respiratory tract infection in
rats. These data therefore indicate that clarithromycin may
have good clinical efficacy when it is used as treatment against
macrolide-susceptible S. pneumoniae infections. This has pre-
viously been seen with erythromycin and could be due to the
clearance of the organisms by the defense system in an immu-
nocompetent host. Nevertheless, antibiotics which inhibit
rather than kill the infecting organism may allow a recurrence
of infection or spread between individuals (2) and may encour-
age the selection of resistance.

Against H. influenzae, clarithromycin and erythromycin at
twice their MICs both showed a slow diminution in viable
bacterial numbers, and this was not improved for a 1:1 com-
bination of clarithromycin plus 14-hydroxy clarithromycin. This
was in contrast to the synergistic interactions reported between
clarithromycin and its 14-hydroxy metabolite against H. influ-
enzae (5) but is in agreement with the findings of other work-
ers, who found no greater than an additive effect (24).

Neither clarithromycin nor erythromycin is highly potent in
vitro against H. influenzae, with MICs higher than the Cmaxs
achieved in the serum of humans following oral administration
of conventional 250- or 500-mg doses. Consequently, neither of
these compounds prevented the growth of H. influenzae in the

FIG. 5. Efficacies of amoxicillin (AMX) given at 200 mg/kg b.i.d., amoxicillin-
clavulanate (AMX/CA) given at 200 plus 50 mg/kg, respectively, b.i.d., azithro-
mycin (AZI) given at 20 and then 10 mg/kg o.d., and clarithromycin (CLA) given
at 20 mg/kg b.i.d. against respiratory tract infection in rats caused by S. pneu-
moniae 1629. Each circle represents an animal. Closed circles represent animals
that died before the end of the study.

FIG. 6. Efficacies of amoxicillin (AMX) given at 200 mg/kg b.i.d., amoxicillin-
clavulanate (AMX/CA) given at 200 plus 50 mg/kg, respectively, b.i.d., clarithro-
mycin (CLA) given at 20 mg/kg b.i.d., clarithromycin (CLA1) given at 40 mg/kg,
and erythromycin (ERY) given at 100 mg/kg against respiratory tract infection in
rats caused by H. influenzae H128. Each circle represents an animal. The closed
circle represents an animal that died before the end of the study.

FIG. 7. Efficacies of amoxicillin (AMX) given at 200 mg/kg b.i.d., amoxicillin-
clavulanate (AMX/CA) given at 200 plus 50 mg/kg, respectively, b.i.d., and
azithromycin (AZI) given at 20 and then 10 mg/kg o.d. against respiratory tract
infection in rats caused by H. influenzae H128. Each circle represents an animal.
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in vitro pharmacodynamic model, despite the presence of con-
centrations of 14-hydroxy clarithromycin in serum in the model
simulating those achieved after the administration of an oral
dose of clarithromycin. These findings were confirmed by the
in vivo studies: the effect of clarithromycin at dosages equiva-
lent to both 250 and 500 mg b.i.d. was not significantly different
from that seen from no treatment. Erythromycin was also
significantly less effective than the active control, amoxicillin-
clavulanate. Both strains of H. influenzae produced b-lacta-
mase and were therefore amoxicillin resistant, but they had
typical susceptibility to clarithromycin (MIC, 8 mg/ml). There-
fore, they would be classified as susceptible to clarithromycin
by the current National Committee for Clinical Laboratory
Standards breakpoints.

Clinical trials with the recommended empiric dose of clar-
ithromycin, 250 mg b.i.d., have also shown it to be less effective
against lower respiratory tract infections attributed to H. influ-
enzae than comparator compounds (14). The time for which
the concentrations in serum are above the MIC is the most
important pharmacokinetic parameter for determining the ef-
ficacies of clarithromycin and erythromycin (3). Because this
value is zero for both compounds (4) against H. influenzae,
these results are not unexpected. Moreover, the concentrations
of clarithromycin (2.5 mg/ml) and 14-hydroxy clarithromycin
(1.3 mg/ml) achieved in the middle-ear fluid of children with
secretory otitis media following 5 days of oral treatment with
7.5 mg of pediatric suspension per kg b.i.d. (29) did not reach
the MICs for H. influenzae (14), suggesting unreliable efficacy
against otitis media infections caused by H. influenzae. This was
supported by data from the clinical study (29), in which only
50% of H. influenzae infections were eradicated following
treatment with clarithromycin, whereas 100% of S. pneu-
moniae infections were eradicated.

Azithromycin demonstrated marginally better in vitro bac-
tericidal activity than erythromycin and clarithromycin against
S. pneumoniae when the drugs were used at twice their MICs,
but azithromycin was bacteriostatic at concentrations achieved
in the serum of humans. The lower potency of azithromycin
compared with those of erythromycin and clarithromycin
against S. pneumoniae and its low levels in serum meant that
the AUC:MIC ratio (considered to be the important pharma-
cokinetic parameter for determination of the efficacies of aza-
lides [3]) was 20. It is thought that an AUC:MIC ratio of at
least 50 is required to achieve bacterial stasis in immunocom-
petent animals treated with azithromycin (9), and this may
explain the poor activity of azithromycin observed against the
rat respiratory tract infection caused by S. pneumoniae. The
dose administered to the rats gave serum AUC values equiv-
alent to those seen in humans following the administration of
an oral dose of 500 mg, and the concentrations of azithromycin
achieved in the lungs of rats following administration of this
dose (27) are reported to be higher than those achieved in the
lungs of humans following oral administration of 500 mg (10),
so the poor efficacy observed in rats is likely to reflect the
clinical situation.

The good level of activity observed against H. influenzae with
twice the MIC of azithromycin for H. influenzae was consistent
with previously reported data (12). At concentrations simulat-
ing those achieved in the serum of humans, however, azithro-
mycin showed no activity for the first 2 h. Once the Cmax had
been reached, slow antibacterial activity was observed, even
though the Cmax (0.4 mg/ml) did not reach the MIC for this
strain in agar (1.0 mg/ml) and even though the AUC:MIC ratio
was only 2.4. In the experimental respiratory tract infection in
the rat, azithromycin showed efficacy against H. influenzae but
was not as effective (when given at a dosage approximating 500

mg on the first day, followed by 250 mg o.d., in humans) as
amoxicillin-clavulanate (given at dosages approximating 500
plus 125 mg, respectively, b.i.d. in humans).

These data indicate that the high intracellular concentra-
tions of azithromycin achieved both in rats (27) and in humans
(10) do not translate into good in vivo efficacy against S. pneu-
moniae and H. influenzae in these models. Although a number
of clinical trials show equivalent efficacies of azithromycin and
various comparator agents (16, 23, 31), there are also data that
suggest a relatively poor response. The data presented here are
consistent with those reported by Davies et al. (8) from an
open clinical study of acute exacerbation of chronic bronchitis
in which azithromycin failed to eradicate H. influenzae. More
recently, Beghi et al. (1) reported data from a comparative
clinical trial of acute exacerbation of chronic bronchitis. Those
investigators found a 32% treatment failure with azithromycin
at 500 mg o.d. and only a 1% treatment failure with amoxicil-
lin-clavulanate at 875 plus 125 mg, respectively, b.i.d. The
bacteriological failure rate in that study was 50% for H. influ-
enzae infections and 30% for S. pneumoniae infections among
patients treated with azithromycin and 0% for infections
caused by both pathogens in the amoxicillin-clavulanate-
treated group. In addition, Dagan et al. (6) have reported high
bacteriological failure rates in patients with acute otitis media
caused by H. influenzae following treatment with azithromycin.

In conclusion, clarithromycin showed no advantage over
erythromycin in terms of either antibacterial activity or en-
hanced in vivo efficacy, even when it was combined with the
14-hydroxy metabolite, against S. pneumoniae or H. influenzae.
The superior potency of azithromycin at twice the MIC com-
pared with the potencies of erythromycin and clarithromycin
and the antibacterial activity of azithromycin against H. influ-
enzae were confirmed. Azithromycin was not as effective as
clarithromycin against S. pneumoniae in vivo or as effective as
amoxicillin-clavulanate in any of the studies against S. pneu-
moniae and H. influenzae. An agent with a greater potential for
efficacy against both key pathogens, S. pneumoniae and H.
influenzae, such as amoxicillin-clavulanate, may therefore be
the preferred choice for empiric therapy of respiratory tract
infections.
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