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We evaluated the activities of several macrolide antibiotics against M. leprae infections in mouse footpads.
Erythromycin and azithromycin were inactive, while both roxithromycin and clarithromycin were found to be
consistently active and, in fact, bactericidal. By both methods, clarithromycin was found to be superior to roxi-
thromycin, a finding which, at least in part, may be a consequence of the higher levels of clarithromycin at the
site of infection.

The World Health Organization (23) estimates that there
are 10 million patients with leprosy, and yet there remains a

compelling need for new antimicrobial agents to treat lep-
rosy (2, 14). At present, only dapsone, rifampin, and clofa-
zimine are available to treat patients with leprosy. Because
(i) Mycobacterium leprae resistance to dapsone and rifampin
is encountered and is of considerable concern (18), (ii)
toxicities and unacceptable side effects from each of these
agents are not uncommon, and (iii) there is general consen-
sus that lepromatous patients require multidrug therapy (25),
other antimicrobial agents are certainly required to treat
leprosy (2, 14). A number of studies (9-11, 17, 19) performed
with cell-free and macrophage in vitro culture systems
demonstrated that many macrolide antibiotics inhibit the
metabolic activity of M. leprae. However, to date there has
been only one study that has confirmed that any macrolide
has activity against the actual growth of M. leprae in vivo
(11). In that study, clarithromycin, but not erythromycin or

roxithromycin, was found to be effective against M. leprae in
infected mice. Here we report results of studies on the
activities of several macrolides against M. leprae-infected
mice and findings that, while erythromycin and azithromycin
were inactive, roxithromycin and clarithromycin were con-
sistently active and, indeed, bactericidal.

Unfortunately, M. leprae cannot be grown on artificial
medium. In 1960, Shepard (20) demonstrated that M. leprae
multiplies locally when it is injected into the footpads of
mice: an inoculum of 5 x 10i M. leprae per footpad generally
results in a plateau of 1 x 106 M. leprae per footpad in 6
months. For the past three decades, this animal model has
proved extremely useful for evaluating the efficacy of anti-
microbial agents against M. leprae; and in general, antimi-
crobial agents active in the mouse footpad model at clinically
achievable levels, including dapsone, rifampin, clofazimine,
ethionamide, and streptomycin, have proved to be effective
clinically (2, 14).
For the initial studies of antimicrobial agents in this model,

we used continuous therapy from the time of infection and
did not distinguish between bacteriostatic and bactericidal
activity. To avoid this problem in these studies, we used the
kinetic method of Shepard et al. (22) and, later, the propor-
tional bactericidal test of Colston et al. (4). By the kinetic
method, mice were treated from days 60 to 150 after the

* Corresponding author.

footpads were infected with 5,000 M. leprae. At day 150 and
intervals thereafter, the number of M. leprae in four feet
(two mice) was assessed microscopically. The activity of a
drug was determined by measuring the delay in the appear-
ance of the bacterial plateau in treated mice compared with
that in control mice. A delay no longer than the period during
which the drug was administered represented bacteriostasis,
whereas a longer delay that could not be explained by drug
accumulation represented bactericidal activity. In the pro-
portional bactericidal test, hind footpads of mice were inoc-
ulated with 101, 102, and 103 M. leprae; the mice were
treated for the initial 60 days; the footpads were harvested
and counted a year later (a time sufficient to detect multipli-
cation of M. leprae from any bacilli surviving therapy; the
number of M. leprae per footpad, 2105); and the percentage
of bacteria killed was quantitated by the Spearman and
Karber method described by Shepard (21). For these stud-
ies, the drugs were initially dissolved in 95% ethanol and
evenly distributed in chow by using a Patterson-Kelly twin-
drum liquid-solid blender (Patterson-Kelly, East Strouds-
burg, Pa.). Diets were made fresh every 2 weeks and stored
in a refrigerator.

In our first study by the kinetic technique, there were two
groups of BALB/c mice (Jackson Laboratories, Bar Harbor,
Maine): those administered erythromycin (0.06%) in the diet
and untreated controls. We concluded that in this study,
erythromycin was inactive; at 5 months after footpad infec-
tion, the number of M. leprae in untreated control footpads
was 1.3 x 106, and in those mice treated with erythromycin,
there were 9.5 x 105 M. leprae per footpad.

In our second study using the kinetic technique, other
BALB/c mice were treated as controls or received 0.1%
dietary azithromycin, roxithromycin, or clarithromycin. The
results are presented in Fig. 1. While azithromycin was
inactive, roxithromycin delayed M. leprae multiplication for
5 months after therapy was discontinued. Clarithromycin
appeared to be even more active, entirely preventing multi-
plication until all the mice had died 11 months after therapy
ended.

In the study by the proportional bactericidal technique,
the killing of M. leprae by a dietary concentration of 0.1% by
these three macrolides (azithromycin, roxithromycin, cla-
rithromycin) was determined (Table 1). Azithromycin re-
sulted in no significant killing of M. leprae (11% + 74%
bactericidal). On the other hand, roxithromycin and espe-

760



NOTES 761

I-.0.
0

a.,

I'

'u 1

100 200 300 400 500

DAYS AFTER FOOT PAD INFECTION

FIG. 1. Effect of 0.1% dietary macrolides on growth of M. leprae in the mouse footpad by the kinetic technique.
azithromycin; 0, roxithromycin; *, clarithromycin.

cially clarithromycin resulted in significant bacillary killing
(82% ± 13% and 96% ± 2% bactericidal, respectively). It is
noteworthy that for this same M. Ieprae isolate we found
previously (12) that the two antimicrobial agents most com-
monly used to treat leprosy, dapsone and rifampin, were 87
and 99.9% bactericidal, respectively.

In these studies, the stabilities of macrolides in the diet
and drug concentrations in mouse serum and footpads were
analyzed just after preparation and at 3, 7, and 14 days
subsequently. Azithromycin (Pfizer) (15), roxithromycin
(The Clinical Microbiology Institute) (3), and clarithromycin
(Abbott) (7) levels were determined by previously published
microbiological methods. The levels in serum and footpads
were determined on pools obtained from two mice (four hind
feet) in the early morning. The concentrations of these
macrolides in the diet, sera, and footpads are presented in
Table 2. It is noteworthy that all three macrolides appeared
to be stable in the diet. Levels in serum were found to be
rather similar for the three macrolides, with azithromycin
resulting in the lowest levels (0.18 to 0.49 ,ug/ml), roxrithro-
mycin resulting in intermediate levels (0.23 to 0.8 pg/ml),
and clarithromycin resulting in the highest levels 0.45 to 1.46
,ugIml. At the site of infection, relative macrolide concentra-

TABLE 1. Bactericidal activities of macrolide antibiotics by the
proportional bactericidal test

No. of footpads with viable
M. leprae/total no. of
footpads inoculated for

Therapy the following no. of % Killed"
M. leprae inoculated:

lo 102 103

Control 7/14 7/18 9/16
Azithromycin (0.1%) 5/10 4/10 5/10 11 ± 74
Roxrithromycin (0.1%) 1/10 2/10 4/10 82 ± 13
Clarithromycin (0.1%) 0/10 0/10 0/10 96 + 2

a Values are means ± standard deviations.

*, Control; OI,

tions followed the same order. It is noteworthy that the
footpad concentration of clarithromycin was not only con-
sistently highest but continued to increase significantly over
the period of observation.

In these studies, we found that erythromycin and azithro-
mycin are inactive against M. leprae, while both roxithro-
mycin and clarithromycin are consistently bactericidal. Be-
cause macrolides concentrate intracellularly, they offer a
particular advantage for the treatment of infections with M.
leprae, an obligate intracellular parasite. The newer macro-
lides appear to have the advantage over erythromycin by
virtue of superior pharmacokinetic features (5): (i) acid
stability resulting in better absorption and higher levels in
serum, (ii) longer serum half-lives, and (iii) superior tissue
penetration.

TABLE 2. Macrolide levels

Macrolide level in:
Therapy and day

postinfection Feed (,ug/g) Serum (,ug/ml) Footpad harvest

Azithromycin
0 927 0 0
3 846 0.490 1.78
7 894 0.254 0.49
14 874 0.175 0.57

Roxithromycin
0 1,000 <0.25 <0.4
3 1,300 0.8 5.0
7 1,500 0.23 5.4
14 1,000 0.5 4.6

Clarithromycin
0 583 <0.5 <0.050
3 535 0.45 3.75
7 555 1.46 7.97
14 563 1.23 9.96
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Although, as described in previously published reports (8,
15), azithromycin given to humans results in levels in the
kidney, spleen, liver, and lung that are between 8- and
35-fold greater than those in serum, levels in muscle and fat
are only 4-fold greater than those in serum. Since footpad
tissue is mostly skin (predominantly dermal fat) and muscle,
the finding that the footpad levels of azithromycin found in
this study were only two to three times those in serum is not
surprising. These low footpad levels for azithromycin (0.57
to 1.78 p.g/g) may account for its inactivity found in this
study, in contrast to the activities of roxithromycin and
clarithromycin, which achieved considerably higher levels at
the site of infection, 4.6 to 5.4 and 3.75 to 9.96 ptg/g,
respectively).

This study and those of others (11, 19) have demonstrated
that clarithromycin has superior activity against M. leprae
compared with erythromycin; these activities were also
found against M. avium (6). Clarithromycin is more lipo-
philic than erythromycin (6), and perhaps its consistently
superior activity against mycobacteria in vitro and in vivo
may also be a result of its ability to penetrate the outer
mycobacterial lipid-rich cell wall, a situation we found
previously (13) to be the likely cause of the unique activity of
minocycline among the tetracyclines against M. leprae.

In our two studies, clarithromycin appeared to be more
active than roxithromycin. These results largely confirm the
findings of Franzblau and Hastings (11). They found that all
four macrolides, especially roxithromycin and even more
profoundly clarithromycin, reduced M. leprae oxidation of
[1-14C]palmitic acid and phenolic glycolipid synthesis in
vitro. They also found that the relative activity in vitro, as
determined by reduction of M. Ieprae ATP pools of eryth-
romycin, roxithromycin, and clarithromycin, follows that
same order. In their mouse studies, 0.01% dietary erythro-
mycin and roxithromycin were inactive against M. Ieprae,
while clarithromycin was found to be active. The fact that
we studied roxithromycin at a 10-fold higher dietary concen-
tration almost certainly explains the differences in results
between this study and those of Franzblau and Hastings (11).
The higher levels in serum found in the previous study (11)
and this one and the higher levels of clarithromycin found in
footpad tissues in this study compared with those of
roxithromycin may, at least partially, account for the supe-
riority in vivo of clarithromycin vis-a-vis roxithromycin.
Indeed, Ramasesh et al. (19), using an in vitro assay quan-
titating the metabolic activity of M. leprae within mouse
peritoneal macrophages based on the incorporation of radio-
labeled palmitic acid into its unique phenolic glycolipid I,
found clarithromycin and roxithromycin to be equally ac-
tive.

It is noteworthy that, in humans, clarithromycin (1) is less
protein-bound than roxithromycin is (24) (67 versus 95%,
respectively). This advantage of bioavailability in humans
for clarithromycin over roxithromycin is negated by the fact
that levels of roxithromycin in serum after administration of
equivalent oral doses are considerably higher than those of
clarithromycin; while 400 mg of clarithromycin results in a
peak level in serum of only 1.1 p.g/ml and a shorter half-life
(3.6 h) (1), 300 mg of roxithromycin yields peak levels in
serum of 9 ,ug/ml and a serum half-life of 7.9 (16). Thus,
clarithromycin's superior pharmacokinetics in mice which
may contribute to its increased activity against M. leprae in
that species are not found in humans.

In summary, we found that two new macrolides, clarithro-
mycin and roxithromycin, having pharmacokinetics superior
to those of erythromycin, are consistently bactericidal for

M. leprae in mice and are bactericidal at levels that can be
easily obtained in humans. The clinical efficacies of newer
macrolides in patients with leprosy are awaited with antici-
pation.
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