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Mutations which severely affect the function of the outer membrane of Escherichia coli and Salmonella
typhimurium (lpxA4 and firA mutations of lipid A synthesis and rfaE mutation of the lipopolysaccharide
inner-core synthesis) were found to decrease the MICs of erythromycin, roxithromycin, clarithromycin, and
azithromycin by factors of 32 to 512, 32 to 1,024, 64 to 512, and 16 to 64, respectively. The sensitization factors
for three other hydrophobic antibiotics (rifampin, fusidic acid, and mupirocin) ranged from 16 to 300. The
outer membrane permeability-increasing agents polymyxin B nonapeptide (3 ,ug/ml) and deacylpolymyxin B (1
,ug/ml) sensitized wild-type E. coli to azithromycin by factors of 10 and 30, respectively. Quantitatively very
similar sensitization to the other macrolides took place. Polymyxin-resistant pmrA mutants of S. typhimurium
displayed no cross-resistance to azithromycin. Proteus mirabilis mutants which were sensitized to polymyxin by
a factor of .300 to .1,000 had a maximal two- to fourfold increase in sensitivity to azithromycin. These results
indicate that azithromycin and the other new macrolides use the hydrophobic pathway across the outer
membrane and that the intact outer membrane is an effective barrier against them. Furthermore, the results
indicate that azithromycin, in contrast to polymyxin, does not effectively diffuse through the outer membrane
by interacting electrostatically with the lipopolysaccharide.

The outer membrane (OM) of gram-negative bacteria acts
as a relatively effective permeability barrier against all
hydrophobic antibiotics, including erythromycin (8, 9).
Therefore, erythromycin has only very limited use in the
treatment of gram-negative infections. On the other hand,
the newer macrolides clarithromycin and azithromycin have
increased activity against several gram-negative bacterial
species (4, 7, 10). This could suggest that they penetrate the
OM better than erythromycin. The present communication
assesses the role of the OM as a resistance factor to these
antibiotics by using (i) bacterial mutants which have drasti-
cally altered OM permeability barrier function (mutants
supersusceptible to hydrophobic antibiotics and mutants
resistant or supersusceptible to polycations) as well as (ii)
agents which permeabilize the OM.

OM-defective, antibiotic-supersusceptible mutants in-
cluded those which produce a heptose-deficient lipopolysac-
charide (LPS) (strain D21f2 of Eschenichia coli and strain
SL1102 of Salmonella typhimunium [17, 18]) and those which
are thermosensitive for growth and defective in the synthesis
of the lipid A component of the LPS (the firA mutants of E.
coli and S. typhimurium as well as the lpxA mutant of E. coli
[3, 16, 17]). The MICs were determined by broth microdilu-
tion method in L broth as described previously (16). Eryth-
romycin base, rifampin, and fusidic acid (Na salt) were
purchased from Sigma Chemical Co. (St. Louis, Mo.).
Roxithromycin, clarithromycin, azithromycin, and mupiro-
cin were kind gifts from Roussel Uclaf (Paris, France),
Abbott (Queensborough, Kent, United Kingdom), Pfizer
(Groton, Conn.), and SmithKline Beecham (Worthing, West
Sussex, United Kingdom), respectively.

All the mutants proved to be extremely susceptible to the

macrolides tested (Table 1). A very low azithromycin MIC
(0.06 ,ug/ml) was recorded for four of the five mutants
studied; in all these cases, the mutation decreased the MIC
of azithromycin by a factor of 64. In the fifth mutant, the
corresponding sensitization factor was 16. Even larger fac-
tors were occasionally observed for other macrolides. The
most susceptible permeability mutant (IpxA2) was sensitized
to roxithromycin, erythromycin, and clarithromycin by fac-
tors of 1,024, 512, and 512, respectively. Regression analysis
of the results of Table 1 revealed that the MICs of erythro-
mycin correlated well with those of other macrolides (r2
values of 0.99, 0.98, and 0.91 with roxithromycin, clarithro-
mycin, and azithromycin, respectively).

Furthermore, the susceptibility of the OM permeability
mutants to all macrolides paralleled very closely their sus-
ceptibility to other hydrophobic antibiotics, such as ri-
fampin, fusidic acid, and mupirocin (Table 1). The correla-
tion of fusidic acid MICs with those of each macrolide was
good (r2 values of 0.89, 0.86, 0.94, and 0.86 with erythromy-
cin, roxithromycin, clarithromycin, and azithromycin, re-
spectively). These results suggest that azithromycin and the
other new macrolides use the hydrophobic pathway across
the OM, as does erythromycin and the other hydrophobic
antibiotics. In other words, the intact OM, where this
pathway is largely closed, is an effective barrier against all
these macrolides.

Next, the effect of two potent OM permeability-increasing
agents, polymyxin B nonapeptide (PMBN, lot F7; Farmos
Group Ltd., Turku, Finland) and deacylpolymyxin B
(DAPB; a kind gift from Yukio Kimura, Mukogawa Wom-
en's University, Nishinomiya, Japan), was tested. Both are
known to sensitize at low concentrations (0.3 to 3 p,g/ml)
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TABLE 1. Susceptibility of OM-defective mutants to macrolides and to other hydrophobic antibiotics

MIC" (p.g/ml) of: Fold increaseb in susceptibility to:
Organism and Relevant

strain genotype Erythro- Roxithro- Clarithro- Azithro- Erythro- Roxithro- Clarithro- Azithro- Ri- Fusidic Mupiro-
mycin mycin mycin mycin mycin mycin mycin mycin fampin acid cin

E. coli
SM105 Wild type 64 128 32 4
SMio1 lpxA 0.125 0.125 0.06 0.06 512 1,024 512 64 64 128 30
CDH23-213 firA 0.5 1 0.25 0.06 128 128 128 64 128 64 30
D21f2 rfac 1 2 0.5 0.06 64 64 64 64 64 64 30

S. typhimunum
SH5014 Wild type 64 128 64 4
SH7622 firA 2 4 1 0.25 32 32 64 16 132 256 100
SL1102 rfaEc 1 2 1 0.06 64 64 64 64 16 256 300

a MICs were determined at 28'C for SM101 and CDH23-213 and at 37°C for the other strains in L broth.
b Values are the approximate ratio between the MIC for the wild-type control strain and that for the mutant strain.
c Encodes heptose-deficient LPS.

wild-type enteric bacteria to erythromycin and other hydro-
phobic antibiotics by factors of 10 to 1,000 (12), and as

shown in Table 2, they sensitized the wild-type E. coli
(IH3080 [14]) to each of the new macrolides as well. PMBN
(3 ,ug/ml) and DAPB (1 ,ug/ml) decreased the MICs of
azithromycin by factors of 10 and 30, respectively. Quanti-
tatively very similar sensitization to roxithromycin and
clarithromycin as well as to the control (erythromycin) also
took place. These results give further credence to the view
that the OM markedly limits the penetration of azithromy-
cin.
Why then is azithromycin more active than erythromycin

against bacteria such as E. coli and S. typhimurium?
Azithromycin hardly diffuses significantly better than eryth-
romycin through the unspecific and hydrophilic porin chan-
nels (1), even though this has not yet been tested. On the
other hand, erythromycin, roxithromycin, and clarithromy-
cin are monobasic whereas azithromycin is a dication. Since
for E. coli SC9252 (the polymyxin-resistant variant de-
scribed by Meyers et al. [6] the polymyxin B MIC is
64-fold higher and the azithromycin MIC is 4-fold higher but
the erythromycin MIC is only 2-fold higher than the MICs
for its parent strain, it has been suggested (1, 2) that
azithromycin interacts with the acidic LPS and penetrates
the OM by virtue of this interaction, in analogy to the
pentacationic antibiotics of the polymyxin family.
The hypothesis was reevaluated by studying the azithro-

mycin susceptibility of the well-characterized polymyxin-

TABLE 2. MICs of macrolides for wild-type E. coli (IH3080) in
the absence and presence of OM permeability-increasing agentsa

MIC (j±g/ml) with OM permeability-
Macrolide increasing agent":

None PMBN DAPB

Erythromycin

Roxithromycin > 100 10 3

Clarithromycin 30 3 0.3

Azithromycin 10 1 0.3

a As determined by a synergistic 18-h growth inhibition assay (15) in L
broth.

b PMBN (3 ,ug/ml); DAPB (1 1Lg/ml).

resistant mutants of S. typhimurium, mutated at the pmrA
locus. These mutants are resistant to a number of cationic
agents because of an alteration in their LPS which makes the
LPS less anionic (for a review, see reference 12). Polymyxin
resistance was found to reduce the susceptibility to azithro-
mycin very little, if at all (Table 3). Whereas the polymyxin
MICs (polymyxin B sulfate; Sigma) for both pmrA mutants
were 30-fold higher than the MICs for their parent strains,
the azithromycin MICs were not higher (SH6497) or only
twofold higher (SH7426). Also, polymyxin-susceptible mu-
tants of the deep rough Proteus mirabilis R45 strain (LPS
chemotype Re, i.e., heptose-deficient LPS) were included in
this study (Table 3). Even though wild-type P. mirabilis is
known to be very resistant to azithromycin (7, 10), heptose-
deficient R45 was susceptible. Its mutants, which were
sensitized to polymyxin by a factor of >300 to 1,000,
displayed a maximal two- to fourfold increase in susceptibil-
ity to azithromycin and a twofold increase in susceptibility to
erythromycin (Table 3). When all the results shown in Table
3 were combined, the difference between the MICs of
erythromycin and azithromycin was 16- to 32-fold for all
polymyxin-resistant strains and 32-fold for all polymyxin-
susceptible strains. This could suggest that the enhanced
activity of azithromycin over that of erythromycin may not
be mediated by any putative electrostatic binding to LPS.

TABLE 3. MICs of azithromycin and erythromycin for the
polymyxin-resistant S. typhimurium mutants and polymyxin-

susceptible P. mirabilis mutants

MIC (,ug/ml) of:
Relevant Ref

Strain characteris- ence Poly- Azithro- Erythro
tic(s) myxin mycin mycin

S. typhimunum SH6482 pmrA+ 11 0.3 4 128
S. typhimunum SH9178 pmrA+ 11 0.3 2 64
S. typhimurium SH6497 pmrA125 11 10 2 64
S. typhimurium SH7426 pmrA163 11 10 4 64
P. miirabilis R45 rfa 5 >300 4 64
P. mirabiis IH1301 rfa, PM-Sa 13 0.3 2 64
P. mirabilis IH1304 rfa, PM-S 13 1 1 32

a PM-S, polymyxin-susceptible mutant of P. mirabilis R45.
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