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The accumulation of macrolide antibiotics in Bacteroides fragilis ATCC 25285 was increased in the order
erythromycin, josamycin, and rokitamycin, depending on hydrophobicity. The half-times of efflux were also
prolonged in the same order. Furthermore, MICs of the antibiotics were correlated with the extent of
hydrophobicity. These findings suggest that the macrolide antibiotics are accumulated in B. fragilis by means

of their hydrophobic properties, and the efficient accumulation of the drugs may explain the susceptibility of
this gram-negative bacterium to macrolides.

There are several lines of evidence that macrolides are
intrinsically inactive against gram-negative bacteria (1, 7).
Since the site of action of macrolides has been thought to be
the ribosomal subunits located in cytoplasm (16), efficient
permeation across the surface envelope is required for the
drugs to be effective. It has thus been proposed that the
resistance in gram-negative organisms is due to the perme-
ability barrier of the outer membrane (7, 15, 18, 19). How-
ever, some anaerobic gramn-negative rods such as Bacte-
roides spp. which carry complete outer membranes (11) are
usually susceptible to lower concentrations of macrolide
antibiotics (21, 23), suggesting differences in the properties
of the outer membrane between gram-negative anaerobes
and aerobes. Although some information on the transport of
macrolide antibiotics in aerobic bacteria (7, 15) is available,
little is known about antibiotic transport in anaerobic gram-
negative bacteria.

In view of the considerable clinical significance of the
anaerobic bacteria (6), particularly the Bacteroides group,
this study was undertaken to examine macrolide transport in
Bacteroidesfragilis. Since we were particularly interested in
relating the permeability of macrolide antibiotics to their
physical properties such as hydrophobicity, the transport of
three macrolides which differ greatly in their hydrophobicity
was systematically assessed.

B. fragilis ATCC 25285 was grown at 35°C in an anaerobic
glove box containing an atmosphere of 80% N2, 10% Co2,
and 10% H2. The medium was GAM (Gifu Anaerobic Me-
dium) broth (Nissui Seiyaku Co.) containing (per liter) 10 g
of Proteose Peptone, 13.5 g of serum digest, 5 g of yeast
extract, 2.4 g of beef extract, 1.2 g of liver extract, 3 g of
glucose, 2.5 g of potassium dihydrogen phosphate, 3 g of
sodium chloride, 5 g of soluble starch, 0.3 g of L-cysteine
hydrochloride, 0.3 g of sodium thioglycolate, 3 g of soy
peptone, and 10 g of peptone. The medium was supple-
mented with 0.0005% hemin and menadione. Bacteria were
harvested by centrifugation, washed, and suspended in
anaerobic salt solution (ABS) containing 20 mM MOPS
(morpholinepropanesulfonic acid)-Tris (pH 7.0), 155 mM
NaCl, 5.3 mM KCI, 1 mM MgCl2, 1.7 mM CaCl2, and 3 mM
L-cysteine, all under anaerobic conditions. Antibacterial
activity (expressed as MIC) was determined by the agar
dilution technique, as described previously (12). Octanol-
water partition coefficients for macrolide antibiotics were
obtained by the method of Ohno et al. (20), which measured

* Corresponding author.

the drug concentration in octanol and water phases at 25°C
spectrophotometrically.
Uptake from the extracellular medium was measured in

the anaerobic glove box for [14C]erythromycin (specific
activity, 3.68 mCi/mmol), ['4Cljosamycin (specific activity,
4.55 mCi/mmol), and [14C]rokitamycin (specific activity,
4.32 mCi/mmol). Bacteria were suspended in 1 ml ofABS to
produce a final optical density at 420 nm of 6.0 to 7.0. After
preincubation for 5 min at 37°C, the reaction was started by
adding each 14C-macrolide to a final concentration of 100
,uM. At time intervals after addition of the drug, portions (0.1
ml) were removed and filtered through 0.45 ,um HAWP
membrane filters (Millipore Corp.) prewashed with ABS
containing 100 ,ug of nonradioactive macrolide per ml. The
filters were washed with 10 ml of the same solution at 4°C
and put into scintillation vials for measurement of radioac-
tivity. The amount of each drug bound to membrane filters in
the absence of bacteria was subtracted from the experimen-
tal values.
The efflux of antibiotics was measured by the decrease in

14C-macrolides from preloaded cells. To load the 14C-mac-
rolides, bacteria were suspended in 1 ml of ABS and
incubated with 100 ,uM "4C-labeled drug for 10 min at 37°C.
This period of incubation allowed the drug in the cell to
reach maximal levels (Fig. 1). Immediately after the 10-min
incubation, 50 ml of ABS was added to dilute the extracel-
lular drug, and the efflux rate of the preloaded 14C-drug was
measured by filtering 2.5 ml of cell suspension through
Millipore filters at different times. The washed filters were
counted for radioactivity. Data were fitted to a first-order
exponential function: C,1CO = e-kf (k = 0.693/t1/2), where CO
and C, are the cellular 14C-macrolide at zero and t times,
respectively; t1/2 is the time at which C, reaches one-half of
CO; and k is the first-order rate constant. CO was determined
by directly filtering the preloaded cells without any interven-
ing efflux interval. The tl/2 values were determined from the
slopes of the plots of ln C,1Co versus t.

Erythromycin, josamycin, and rokitamycin as well as the
corresponding "4C-labeled drugs were kindly supplied by
Toyo Jozo Co., Ltd., Shizuoka, Japan.

Figure 1 shows the uptake of erythromycin, josamycin,
and rokitamycin by B. fragilis ATCC 25285. The profiles of
time course of the drug uptake were similar for three
macrolides, showing an initial rapid-uptake phase within 10
min, followed by a slower release phase. The initial velocity
was calculated by measuring the amount accumulated during
the first 5 min. The preliminary studies indicated the linearity
of the drug uptake during this time period. Of the drugs
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FIG. 2. Efflux of macrolides from B. fragilis. To determine t1/2

values, the data were plotted using a semilog scale. C, is the cellular
4C-macrolide present at time t, and CO is the zero-time cellular
'4C-macrolide (0, rokitamycin; 0, josamycin; C, erythromycin).

TIME (min)
FIG. 1. Uptake of macrolides by B. fragilis ATCC 25285. Accu-

mulation of macrolide antibiotics was measured in an anaerobic
glove box using '4C-labeled drugs (0, rokitamycin; 0, josamycin;
C, erythromycin).

studied, rokitamycin had the highest initial velocity of accu-
mulation. The velocities (in nanomoles per minute per mil-
ligram of dry weight) were as follows: rokitamycin, 10.1;
josamycin, 3.32; and erythromycin, 0.68. The maximal lev-
els of accumulation (nanomoles per milligram of dry weight)
determined at 10 min were as follows: erythromycin, 5.4;
josamycin, 20.5; and rokitamycin, 63.2. If the cellular vol-
ume of B. fragilis was assumed to be similar to that of
Escherichia coli (2.7 ,uL/mg of dry weight [14]), the maximal
concentration would be 2 mM for erythromycin and 23 mM
for rokitamycin. These concentrations of antibiotics in the
cell are 20- to 230-fold greater than that of the extracellular
medium (100 ,uM). At present, the molecular mechanism by
which B. fragilis can accumulate macrolide antibiotics
against a concentration gradient remains to be explored.
Many reports have demonstrated that bacterial cells can
actively accumulate antibiotics such as aminoglycosides (2)
and tetracyclines (13) in an energy-dependent manner. Al-
though such energy-dependent uptake of aminoglycosides
(3) and tetracycline (5) has also been reported for B. fragilis,
addition of glucose or carbonyl cyanide m-chlorophenylhy-
drazone to the cell suspension did not affect the macrolide
accumulation in B. fragilis ATCC 25285 (data not shown).
These results suggest that the accumulation of macrolides in
B. fragilis is not mediated by the energy-dependent mecha-
nism, but further, work is required to elucidate the precise
mechanism of the macrolide uptake.

Efflux from cells is also important in the accumulation of
antibiotics in the cell. We therefore examined efflux of
macrolide antibiotics from B. fragilis cells. When the cells
preloaded with 14C-labeled macrolide were diluted by adding
ABS, the concentration of the drug in the cells decreased
exponentially with time. The time courses of efflux were
fitted to an exponential function described and plotted using
a semilog scale (Fig. 2). The linear relationship between ln
C,/CO versus time indicated that the efflux process followed
a single exponential curve. From the slopes of semilog plots,
t1/2 (half-time for drug efflux) was calculated. The t1/2 values

of rokitamycin, josamycin, and erythromycin for efflux were
2,310, 1,205, and 792 s, respectively. Since t1/2 is inversely
proportional to velocity for drug efflux, the present results
demonstrate that erythromycin possessed the highest efflux
rate, followed in decreasing order by josamycin and rokita-
mycin.
The octanol-water partition coefficient is an index of

hydrophobicity (4). The partition coefficients were reported
to be 42 for erythromycin, 244 for josamycin, and 1,202 for
rokitamycin (20). The partition coefficients of three macro-
lide antibiotics correlated well with the values of initial
velocity for uptake (Fig. 3A) and t1/2 for efflux (Fig. 3B). This
indicates that the velocity for uptake and t112 for efflux of the
antibiotics may be dependent on the hydrophobicity of the
drugs. It can therefore be postulated that the increase of drug
hydrophobicity may result in the enhancement of the drug
accumulation in the cell. To assess this possibility, we
determined the MICs of three macrolide antibiotics for B.
fragilis ATCC 25285. The values were 0.78, 0.10, and 0.05
,ug/ml for erythromycin, josamycin, and rokitamycin, re-
spectively. These values were found to correlate well with
the octanol-water partition coefficients (Fig. 3C).
The results obtained in the present investigation indicate

that macrolide antibiotics are accumulated by a process
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FIG. 3. Correlation of octanol-water partition coefficient with
initial velocity of uptake, tj/2 for efflux, and MICs of macrolide
antibiotics. Ordinate: logarithm of the initial velocities (v) for
macrolide uptake (A), t112 values for macrolide efflux (B), or MICs of
macrolide antibiotics (C). Abscissa: logarithm of the octanol-water
partition coefficients (0, rokitamycin; 0, josamycin; C, erythromy-
cin). Correlation coefficients calculated by the least-squares method
for three macrolide antibiotics ranged between 0.97 and 0.99.
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dependent on their hydrophobicity. Moreover, the antibac-
terial activity expressed in terms of the MICs increased with
the drug hydrophobicity. These observations suggest that
the antimicrobial activity of macrolides against B. fragilis
correlates with the extent of drug accumulation in the
bacteria. In the present study, however, the concentration of
antibiotics used for the transport studies (100 ,uM) was in
excess of the MICs. It is likely that antibiotics at this
relatively high concentration may have some effects on the
properties of macrolide transport itself. Therefore, the rela-
tionship between antibacterial activity and drug accumula-
tion have to be interpreted with caution. The extent of drug
accumulation in a cell is determined by the dynamic equilib-
rium between the influx and efflux processes (22). Efflux of
macrolide antibiotics was seen in B. fragilis cells (Fig. 1).
Furthermore, kinetic data (Fig. 2) demonstrated that the
efflux rates of three macrolides were inversely correlated
with the maximal amounts of accumulation of the drugs (Fig.
1). Thus, a decrease in efflux and an increase in uptake
contribute to the efficient accumulation of the macrolides in
B. fragilis cells.

Substantial evidence indicates that gram-negative bacteria
are deficient in a pathway for penetration of hydrophobic
substances, like macrolides, crystal violet, and detergents
(8, 15, 19). However, results with B.fragilis presented above
indicate that the bacteria were susceptible to macrolide
antibiotics and that the drugs were efficiently accumulated in
these cells, depending on the hydrophobicity of the drugs.
Similar observations have also been reported for some
Neisseria strains (24) and several mutant strains such as the
"deep rough" Salmonella mutant (17). These and other
investigations (19) have shown that the barrier for hydropho-
bic solutes was lipopolysaccharide located in the outer
membrane and that alteration of the chemical composition or
the amount of lipopolysaccharide in the outer membrane was
responsible for elevated permeability of hydrophobic solutes
(19). In this context, it is interesting to note that lipopoly-
saccharide isolated from the outer membrane of B. fragilis
was chemically different from endotoxins of aerobic gram-
negative bacteria and exhibited reduced biological potency
(9, 10). Thus, relatively high permeability of macrolide
antibiotics in B. fragilis cells may be related to the specificity
of chemical composition of lipopolysaccharide. Further
studies on the transport of macrolide and the physicochem-
ical nature of surface envelopes in B. fragilis will provide
valuable information concerning the transport mechanism of
hydrophobic drugs.
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