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Actinobacillus actinomycetemcomitans, a pathogen associated with aggressive periodontitis, resists phagocytic
killing by polymorphonuclear leukocytes (PMNs). It is susceptible to ciprofloxacin, which PMNs actively
accumulate. This study tested the hypothesis that ciprofloxacin-loaded PMNs are more effective at killing A.
actinomycetemcomitans than control PMNs. Isolated human PMNs were loaded by brief incubation with 0.5 �g
of ciprofloxacin/ml. Opsonized bacteria (ATCC 43718) were incubated at 37°C with control and ciprofloxacin-
loaded PMNs and in the presence and absence of 0.5 �g of ciprofloxacin/ml. When assayed at bacteria-to-PMN
ratios of 30:1 and 90:1, ciprofloxacin-loaded PMNs killed significantly more bacteria and achieved significantly
shorter half times for killing than control PMNs (P < 0.05; Tukey’s test). At ratios of 3:1 and 10:1, these
differences were not significant.

In the periodontium and elsewhere, polymorphonuclear leu-
kocytes (PMNs) serve as the primary host defense against
bacterial infections. PMN deployment is a complex process
that involves adherence to endothelial cells, transmigration
into tissues, and chemotaxis toward the invading microorgan-
isms. Once they have migrated to an infection site, PMNs
phagocytose bacteria and attempt to kill them with reactive
oxygen metabolites and microbicidal proteins (reviewed in ref-
erences 16 and 24). Although PMNs are highly effective in
defending against bacterial infections, some pathogens are dif-
ficult to kill. For example, Actinobacillus actinomycetemcomi-
tans, a pathogen that has been implicated in aggressive peri-
odontitis, adult periodontitis, and refractory periodontitis (9,
34), resists phagocytic killing by PMNs (10, 11, 33). Its viru-
lence factors include a leukotoxin that kills PMNs and macro-
phages (32, 34). In patients with aggressive periodontitis,
the defense against A. actinomycetemcomitans may be further
compromised by a defect in PMN chemotaxis (12, 26). It is
unclear whether this defect is inherited or induced by pro-
inflammatory cytokines in the serum (1, 27). In addition, PMN
oxidative killing mechanisms are not completely effective un-
der the anaerobic conditions that prevail in the diseased peri-
odontium (16).

Antimicrobial agents can help control bacterial infections
when the host defense is impaired or overwhelmed. Cipro-
floxacin and other fluoroquinolones are especially useful in this
situation because they accumulate and remain active inside
PMNs. The fluoroquinolones inhibit bacterial DNA topoisom-
erase II and produce bactericidal effects against a broad spec-
trum of bacteria. They are highly active against most aerobic
and facultative gram-negative bacteria and possess good activ-
ity against gram-positive bacteria (22). Ciprofloxacin inhibits
most strains of A. actinomycetemcomitans at an MIC of ap-

proximately 0.01 �g/ml (17, 18) and is often used in combina-
tion with metronidazole to treat mixed periodontal infections
(18, 23). This combination does not inhibit gram-positive fac-
ultative bacteria and facilitates recolonization of the pocket by
facultative streptococci of low pathogenic potential (9). PMNs
and macrophages take up ciprofloxacin so efficiently that in-
tracellular levels of the agent can exceed plasma levels several-
fold (6, 8, 20). At least two different transport systems play a
role in the accumulation of fluoroquinolones by PMNs. One is
a low-affinity system that operates continuously and can be
competitively inhibited by adenine, while the other is an in-
ducible high-affinity system that can be competitively inhibited
by a variety of cationic amino acids (31). With their ability to
rapidly infiltrate an infection site in great numbers, PMNs have
the potential to enhance resolution of an infection by increas-
ing the local concentration of ciprofloxacin at these sites (13).

In this study, we tested the hypothesis that ciprofloxacin
enhances phagocytic killing of A. actinomycetemcomitans by
PMNs. Human PMNs were isolated from peripheral blood
collected from healthy donors by Ficoll-Hypaque density gra-
dient centrifugation and dextran sedimentation (4). Residual
erythrocytes were eliminated by hypotonic lysis. Afterwards,
PMNs were washed three times with Ca2�/Mg2�-free phos-
phate-buffered saline and resuspended in Hanks’ balanced salt
solution (HBSS). Cells isolated in this manner are generally
�99% PMNs (based on cytospin preparations stained with
Wright-Giemsa) and �99% viable (based on trypan blue ex-
clusion). PMNs were loaded with 0.5 �g of ciprofloxacin/ml for
15 min at 37°C. Control PMNs were subjected to a similar
incubation without the agent. Intracellular concentrations
were calculated from measurements of intracellular ciprofloxa-
cin content (31) and intracellular water space (conducted with
[3H]-labeled water from NEN Life Science Products as previ-
ously described) (8).

Pure cultures of A. actinomycetemcomitans strain Y4 (ATCC
43718) were grown in brain heart infusion broth at 37°C in
humidified air with 10% CO2. Bacteria were harvested from
broth cultures, washed, and opsonized for 30 min at 37°C in
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HBSS containing 20% pooled human serum (Sigma Chemical
Company, St. Louis, Mo.). The phagocytic killing assay was
initiated by adding opsonized, prewarmed A. actinomycetem-
comitans suspensions to polypropylene microcentrifuge tubes
containing one of the following solutions: 20% human serum
(in HBSS), 0.5 �g of ciprofloxacin/ml in 20% human serum,
control PMNs in 20% human serum, or ciprofloxacin-loaded
PMNs in 20% human serum containing 0.5 �g of ciprofloxa-
cin/ml. Ciprofloxacin was maintained in the medium of the
loaded PMNs throughout the assay, since its removal promotes
efflux of the agent (13). The incubation tubes were slowly
rotated end over end for 120 min at 37°C to facilitate phago-
cytosis. At the beginning of the incubation and every 30 min
thereafter, aliquots were removed and diluted in sterile water
to lyse the PMNs. After further dilution, the samples were
spread on brain heart infusion broth agar plates and incubated
for 48 h at 37°C in 5% CO2. Surviving A. actinomycetemcomi-
tans colonies were counted to assess bacterial killing. Assays
were conducted at several bacteria-to-PMN ratios (3:1, 10:1,
30:1, and 90:1). Half times for killing were calculated as de-
scribed by van Furth et al. (28).

When PMNs were preincubated with 0.5 �g of ciprofloxa-
cin/ml for 15 min prior to the addition of bacteria, the intra-
cellular concentration of this agent reached 3.3 � 0.7 �g/ml
(approximately 330-fold higher than the MIC). Under these
conditions, bacterial killing was enhanced. The magnitude of
this effect was dependent on the ratio of bacteria to PMNs. At
a ratio of 10 bacteria per PMN, control and ciprofloxacin-
loaded PMNs rapidly killed A. actinomycetemcomitans, while
ciprofloxacin alone produced a more gradual pattern of inhi-
bition (Fig. 1, upper panel). PMNs loaded with ciprofloxacin
killed significantly more bacteria than ciprofloxacin alone at
every time point between 30 and 120 min (P � 0.05; Tukey’s
test) but did not kill significantly more bacteria than control
PMNs (P � 0.05; Tukey’s test). When the bacteria-to-PMN
ratio was increased to 30:1 (Fig. 1, lower panel), ciprofloxacin-
loaded PMNs killed significantly more bacteria than control
PMNs at every time point between 30 and 120 min and signif-
icantly more bacteria than ciprofloxacin alone at 30 and 60 min
(P � 0.05; Tukey’s test). The half times for bacterial killing
were consistent with these findings (Fig. 2). Using CFU addi-
tions that yielded bacteria-to-PMN ratios of 3:1 or 10:1, the
half times for killing by control and ciprofloxacin-loaded PMNs
were similar but were significantly shorter than with ciprofloxa-
cin alone (P � 0.05). At a ratio of 30 bacteria per PMN, the
half time for killing by ciprofloxacin-loaded PMNs was signif-
icantly shorter than that by control PMNs or ciprofloxacin
alone (P � 0.05). At a ratio of 90:1, the half time for killing by
ciprofloxacin alone or ciprofloxacin-loaded PMNs was signifi-
cantly shorter than that by control PMNs (P � 0.05).

Treatment of PMNs with phenylbutazone inhibits their re-
spiratory burst and impairs their oxygen-dependent bacterial
killing mechanisms. Incubation of A. actinomycetemcomitans
with phenylbutazone (0.2 mg/ml) did not affect bacterial sur-
vival (P � 0.42; paired t test) (Fig. 3). Similarly, phenylbuta-
zone had no significant effect on bacterial killing by ciprofloxa-
cin alone (P � 0.11). However, PMNs treated with
phenylbutazone killed significantly fewer bacteria than un-
treated control PMNs (P � 0.015). This difference in killing
between control and phenylbutazone-treated PMNs was essen-

tially eliminated when the PMNs were loaded with ciprofloxa-
cin (P � 0.8).

A. actinomycetemcomitans is one of the most common iso-
lates from the subgingival flora of patients with aggressive
forms of periodontitis (25). Since A. actinomycetemcomitans is
capable of invading the gingival soft tissue (21), systemic anti-
biotics can be useful in eliminating this pathogen. Patients with
aggressive periodontitis frequently express a PMN chemotactic
defect that impairs their ability to control subgingival A. acti-
nomycetemcomitans levels (12, 26). PMNs play a critical pro-
tective role in the host defense against pathogens associated
with periodontal diseases (14, 16). If it were possible to aug-

FIG. 1. Effect of ciprofloxacin on the killing of A. actinomycetem-
comitans. A. actinomycetemcomitans was added to tubes containing
20% human serum (Aa only), control PMNs in 20% serum (Aa with
control PMNs), 0.5 �g of ciprofloxacin/ml in 20% serum (Aa with
ciprofloxacin), or ciprofloxacin-loaded PMNs in 20% serum containing
0.5 �g of ciprofloxacin/ml (Aa, PMNs & ciprofloxacin). The suspen-
sions were rotated at 37°C for 2 h, and aliquots were removed every 30
min and diluted for assessment of bacterial killing. Data are presented
as the means � standard errors of the means (SEM) of three separate
experiments performed with PMNs obtained from different donors.
The experiments represented in the upper panel utilized bacteria-to-
PMN ratios of 10:1. PMNs loaded with ciprofloxacin killed significantly
more bacteria than ciprofloxacin alone at 30, 60, 90, and 120 min (P �
0.05; Tukey’s test), but failed to kill significantly more bacteria than
control PMNs (P � 0.05). The experiments whose results are pre-
sented in the lower panel were conducted with 30 bacteria per PMN.
Under these conditions, PMNs loaded with ciprofloxacin killed signif-
icantly more bacteria than control PMNs at every time point between
30 and 120 min. Moreover, ciprofloxacin-loaded PMNs killed more
bacteria than ciprofloxacin alone at 30 and 60 min (P � 0.05; Tukey’s
test).
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ment PMN bactericidal activity against A. actinomycetemcomi-
tans with an antimicrobial agent, this would enhance the ef-
fectiveness of periodontal therapy. Ciprofloxacin exhibits
unique properties that make it useful in this regard. The agent
distributes to the periodontium at concentrations that are five-
fold higher than serum levels (5) and is highly active against A.
actinomycetemcomitans and a broad spectrum of other bacteria
(17, 18, 22). In addition, it is actively accumulated inside PMNs
(6, 8). PMN uptake of ciprofloxacin is mediated by a low-
affinity system that appears to operate continuously (31).
When activated, PMNs also express a second, higher-affinity
transport system. This transport system is acquired during
granulocytic maturation and facilitates avid accumulation of
ciprofloxacin within the cell (3).

The results of the study presented here suggest that cipro-
floxacin may enhance the phagocytic killing of A. actinomyce-
temcomitans in an inoculum-dependent manner. At bacteria-
to-PMN ratios of 10:1 or less, PMNs are capable of rapidly
killing most of the available A. actinomycetemcomitans (15).
Under these conditions, significantly more bacteria were killed
when they were incubated with ciprofloxacin-loaded PMNs
than with a comparable level of ciprofloxacin alone, but there
was not a pronounced difference in killing between ciprofloxa-
cin-loaded PMNs and control PMNs. At ratios of 30:1 or
higher, it is more difficult for PMNs to cope with the massive
bacterial challenge. In this situation, ciprofloxacin-loaded
PMNs killed significantly more bacteria than control PMNs
and the half times for phagocytic killing were significantly
shorter. We speculate that antimicrobial effects produced by

high levels of ciprofloxacin inside loaded PMNs supplemented
their capacity for phagocytic killing. However, lower concen-
trations of ciprofloxacin were present in the assay medium in
our experiments, so it is possible that some of the observed

FIG. 2. Half times for killing of A. actinomycetemcomitans by PMNs and ciprofloxacin. In these experiments, the indicated CFU were added
to tubes containing 4 � 106 PMNs or 0.5 �g of ciprofloxacin/ml. Half times for bacterial killing were calculated from the numbers of CFU recovered
after 30 min. The data are presented as the means � SEM of three separate experiments. Within each group of bars, significant treatment effects
were observed (P � 0.03; repeated measurement by analysis of variance). At lower ratios of bacteria to PMNs (in a solution containing 1.2 � 107

or 4 � 107 CFU), the half time for killing by control or ciprofloxacin-loaded PMNs was significantly shorter than by ciprofloxacin alone (P � 0.05;
Tukey’s test). At a ratio of 30:1, the half time for killing by ciprofloxacin-loaded PMNs was significantly shorter than that produced by control
PMNs or ciprofloxacin alone (P � 0.05). At a ratio of 90:1, the half time for killing by ciprofloxacin alone or by ciprofloxacin-loaded PMNs was
significantly shorter than that produced by control PMNs (P � 0.05).

FIG. 3. The effect of ciprofloxacin on killing by PMNs with an
impaired respiratory burst. Experimental conditions were similar to
those described for Fig. 1 (lower panel), except that phenylbutazone
(0.2 mg/ml final concentration) was added to subaliquots of bacteria
alone, bacteria plus PMNs, bacteria plus ciprofloxacin, and bacteria
plus ciprofloxacin-loaded PMNs. The data are presented as the means
� SEM of CFU recovered after 30 min. The asterisk denotes a sig-
nificant difference in killing between control and phenylbutazone-
treated PMNs (P � 0.015; paired t test).
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effects of ciprofloxacin were produced at an extracellular site of
action.

Ciprofloxacin is not the only antimicrobial agent that has a
propensity to concentrate inside PMNs. Clindamycin accumu-
lates in an active form and potentiates PMN killing of certain
microorganisms (7, 35). However, a previous study demon-
strated that clindamycin has little effect on PMN bactericidal
activity against A. actinomycetemcomitans or Eikenella corro-
dens (another organism associated with periodontitis) (2). At
bacteria-to-PMN ratios of up to 50:1, there was no evidence
that clindamycin enhances the bactericidal capacity of PMNs
for these organisms. In contrast to the activity of ciprofloxacin,
most strains of A. actinomycetemcomitans and E. corrodens are
resistant to clindamycin (30). The agent’s propensity for intra-
cellular accumulation does not appear to overcome its poor
activity against these pathogens.

While PMNs can utilize nonoxidative mechanisms to kill A.
actinomycetemcomitans, their oxidative killing mechanisms
also play an important role (15). Treatment with phenylbuta-
zone impairs the PMN respiratory burst and oxidative killing.
In the present study, PMNs treated with phenylbutazone killed
significantly fewer bacteria than control PMNs. When the
PMNs were loaded with ciprofloxacin, however, control and
phenylbutazone-treated PMNs exhibited similar bactericidal
activities against A. actinomycetemcomitans. With respect to
this organism, accumulation of ciprofloxacin could potentially
help PMNs overcome impairment of their oxygen-dependent
killing mechanisms, which occurs when PMNs infiltrate hy-
poxic periodontitis sites or express oxidase system defects (as
in chronic granulomatous disease). With certain other organ-
isms, there appears to be a greater interaction between fluo-
roquinolones and oxidative killing by PMNs. As an example,
previous studies suggest a synergistic interaction between cip-
rofloxacin and the oxygen-dependent antimicrobial mecha-
nisms of PMNs against Staphylococcus aureus (19, 29).

In conclusion, ciprofloxacin appears to enhance PMN bac-
tericidal activity against A. actinomycetemcomitans Y4, a leu-
kotoxic strain that is capable of resisting phagocytic killing.
This effect is most significant when PMNs are challenged by a
high-concentration inoculum of bacteria, an overwhelming cir-
cumstance that is commonly associated with the acute phase of
an infection. In this situation, PMNs loaded with ciprofloxacin
and maintained in the presence of a therapeutic level of the
agent kill A. actinomycetemcomitans more rapidly than control
PMNs or comparable levels of ciprofloxacin alone. This effect
may be dependent on an interaction between the antimicrobial
effects of ciprofloxacin and nonoxidative PMN bactericidal
mechanisms, since ciprofloxacin can enhance bacterial killing
in PMNs with an impaired respiratory burst. It should be noted
that the ability of A. actinomycetemcomitans to produce leuko-
toxin and resist killing differs among strains and may depend
on environmental factors. Laboratory strains of this organism
appear to be more susceptible to killing by PMNs than fresh
isolates (10). This suggests that ciprofloxacin could have a
greater impact on the killing of A. actinomycetemcomitans in
vivo than it did in the present laboratory study. This could
potentially make ciprofloxacin very useful for treating peri-
odontal A. actinomycetemcomitans infections. Further studies
are needed to determine whether ciprofloxacin significantly

enhances the elimination of A. actinomycetemcomitans from
individuals with aggressive or chronic forms of periodontitis.
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