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Abstract

Background—Fluoroquinolones and tetracyclines can penetrate epithelial cells, but the
mechanism by which they cross the plasma membrane is unclear. In this study, a cell line derived
from oral epithelium was used as a model to demonstrate a role for active transport.

Methods—Transport of ciprofloxacin and minocycline by confluent cell monolayers was assayed
by measuring the increase in cell-associated fluorescence.

Results—Uptake of both agents was saturable and was inhibited at low temperatures. At 37° C, the
cells transported ciprofloxacin and minocycline with K, values of 351 and 133 ug/ml, respectively,
and maximum velocities of 5.11 and 13.4 ng/min/ug cell protein, respectively. When ciprofloxacin
and minocycline were removed from the extracellular medium, the intracellular levels of both agents
decreased. Ciprofloxacin efflux from loaded cells occurred more rapidly than with minocycline. Cells
accumulated intracellular drug levels that were at least 8-fold higher than extracellular levels for
ciprofloxacin and at least 40-fold higher for minocycline. Transport of ciprofloxacin and minocycline
was significantly influenced by pH and was most favorable at pH 7.7 and 7.2, respectively. While
ciprofloxacin transport was Na*-independent, minocycline transport was strongly inhibited when
sodium in the medium was replaced with choline. Transport of both agents was inhibited by a variety
of organic cations, but the pattern of inhibition was different. Papaverine, phenylephrine and
doxycycline competitively inhibited minocycline transport, but inhibited ciprofloxacin transport by
a noncompetitive mechanism.

Conclusions—Epithelial cells take up ciprofloxacin and minocycline via different active transport
systems. These transporters may play an important role in enhancing the effectiveness of these agents
against invasive pathogens.
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Introduction

While only a small proportion of bacterial pathogens are capable of invading host cells, invasive
infections are among the most difficult to eradicate. When pathogens enter mammalian cells,
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they can elude the host response and gain access to a rich nutrient supply in the host's cytoplasm.
Invasive bacteria can survive and multiply within membrane-bound vacuoles or in the
cytoplasm of the host cell. In the oral cavity, the virulence of the periodontal pathogens
Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis is enhanced by their
ability to invade epithelial cells (1-4). Their tendency to invade soft tissue makes them difficult
to eliminate by scaling and root planing alone.

One logical approach for eradicating these pathogens is to introduce an antimicrobial agent
into invaded epithelial cells. In cases that undergo continued periodontal breakdown after
scaling and root planing, antimicrobial chemotherapy is frequently used as an adjunct to
enhance the elimination of pathogens (5). Penicillins and cephalosporins are not ideal choices
for treating invasive infections because they don’t easily penetrate the plasma membrane.
However, fluoroquinolones and tetracyclines can enter epithelial cells (6), where they can
potentially kill intracellular pathogens. Fluoroquinolones terminate chromosomal replication
and interfere with bacterial cell division and gene expression (7). They are highly active against
most aerobic and facultative Gram-negative bacteria and exhibit good activity against Gram-
positive bacteria (8). Tetracyclines have an unusually wide antibacterial spectrum, which is
related to their inhibition of ribosomal protein synthesis (9). Most strains of A.
actinomycetemcomitans are highly susceptible to ciprofloxacin in vitro (10,11). Tetracyclines
inhibit A. actinomycetemcomitans, P. gingivalis and most other periodontal microorganisms
at concentrations attainable in vivo (12,13).

Based on previous studies, it is unclear whether fluoroquinolones and tetracyclines are actively
transported into epithelial cells. However, many cationic and zwitterionic prescription drugs
are actively translocated into the cell interior by a ubiquitous family of organic cation
transporters. We hypothesized that active transporters mediate the uptake of these antimicrobial
agents. It was impractical to test this hypothesis with primary human gingival epithelial cell
cultures, which divide only a few times in culture. Oral squamous cell carcinomas (SCC), the
malignant variant of oral squamous epithelial cells, share many of their functions and features.
The SCC-25 cell line was used as a model of oral squamous epithelium to characterize the
transport of ciprofloxacin and minocycline in the present study. It does not require a fibroblast
feeder layer (14), which can potentially interfere with epithelial transport assays.

SCC-25 cells (CRL-1628)* were seeded into 24 well tissue culture plates in 50% Dulbecco’s
modified Eagle’s medium, 50% Ham’s F12 medium® containing 10% heat-inactivated fetal
bovine serum®& and 0.4 pg/ml hydrocortisone&. They were seeded at 9000 cells/well, were fed
on the fourth day, and grew to form a confluent monolayer within seven days. Cell protein was
measured by the method of Bradford (15).

Assay of fluoroquinolone and tetracycline transport by SCC cells

Transport was assayed by measuring cell-associated fluoroquinolone or tetracycline
fluorescence. For both agents, the cluster-tray method of Gazzola et al (16) was used to
transport. Multiwell culture plates containing confluent cell monolayers were washed five
times with Hanks balanced salts solution” (HBSS), overlaid with 0.2 ml/well HBSS, and
warmed to 37° C prior to assay. In the ciprofloxacin transport assays, 0.2 ml of warm HBSS

* American Type Culture Collection, Manassas, VA
#GIBCO Division, Invitrogen Corporation, Rockville, MD
&Sigma Chemical Company, St. Louis, MO

J Periodontol. Author manuscript; available in PMC 2008 July 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brayton et al.

Page 3

containing twice the desired final fluoroguinolone concentration was simultaneously added to
each well with a multi-channel pipette. After incubation at 37° C for the indicated times, the
fluoroquinolone solutions were quickly removed and each well was rapidly washed four times
with HBSS. Cell monolayers were lysed in 1 ml of 100 mM glycine (pH 3.0) with a scraper.
The lysate was centrifuged (13,000 x g, 6 min) and its fluorescence was measured as previously
described (17).

Transport of tetracyclines was assayed using a similar approach, except that 0.2 ml of warm
HBSS containing twice the desired final antibiotic concentration was simultaneously added to
0.2 ml of warm HBSS in each well. The assays were terminated by aspirating the antibiotic
solution and washing the plate four times with HBSS. For minocycline transport assays, cells
were lysed in 1 ml of water and added to 1 ml of ethylene glycol containing 200 mM citric
acid and 200 mM magnesium acetate (18). The fluorescence of the lysate was measured at
excitation and emission wavelengths of 380 and 480nm, respectively. Calibration plots were
constructed to relate fluorescence values to cell antibiotic content, which was normalized to
cell protein.

To determine the affinity and maximal velocity of transport, the kinetics of transport were
measured during the linear initial phase of transport (0 to 3 minutes) and analyzed by the
Lineweaver-Burk (double reciprocal) method. A program™ was used to derive Ky, and Viyax
values from least-squares regression lines obtained with the plotted data. Lineweaver-Burk
analysis was also used to determine the inhibition constant (K;) and characterize the
mechanisms of transport inhibition produced by organic cations.

Intracellular volume measurements

Results

The intracellular water space was measured by equilibrating cell suspensions with [3H]-water
% (5 uCi/ml) at 37° C (19). After equilibration for 10 minutes, the cells were rapidly pelleted
through oil as previously described (20). [4C]-inulin® (2 pCi/ml) was used as a marker of
extracellular water trapped between pelleted cells.

As indicated by the linear Lineweaver-Burk plots in Figure 1, the kinetics of minocycline and
ciprofloxacin transport by SCC monolayers obeyed the Michaelis-Menten equation. At 37° C,
the cells transported minocycline with a Ky, of 133 pg/ml and a Vjax 0of 13.4 ng/min/ug cell
protein. Minocycline was taken up with a higher affinity and at a higher velocity than
doxycycline or its parent compound, tetracycline (Table 1). Its transport was dramatically
inhibited when the temperature was reduced to 2° C (inset, Figure 1). Among the
fluoroquinolones, ciprofloxacin was transported with Ky, of 351 pg/ml and a Vax 0f 5.11 ng/
min/ug. Ofloxacin was taken up with higher affinity and a slightly lower velocity.
Moxifloxacin, which is more active against anaerobes (21), was taken up with a higher affinity
and velocity. Ciprofloxacin transport was highly temperature dependent between 4° and 37°
C (r = 0.97, data not shown). Although the affinity of transport was relatively low, the cells
accumulated substantial intracellular levels of minocycline and ciprofloxacin. When incubated
to equilibrium with extracellular antibiotic concentrations of 1 pg/ml, the observed intracellular
concentrations were 8.39 ng/ml for ciprofloxacin and 40.5 pg/ml for minocycline (Table 2).

When ciprofloxacin or minocycline was removed from the extracellular medium after the SCC
cells were loaded to equilibrium, both agents were translocated in the reverse direction. Their
efflux was monitored by the decrease in cell-associated ciprofloxacin or minocycline

fEnzPack for Windows (BioSoft, Ferguson, MO)
YONEN Life Science Products, Boston, MA
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fluorescence. Consistent with its lower affinity and velocity of transport into cells, the efflux
of ciprofloxacin was more rapid than for minocycline (Figure 2). Efflux of half the intracellular
content occurred within 3 minutes for ciprofloxacin and 7 minutes for minocycline. After 25
minutes of efflux, only 6% of the original intracellular ciprofloxacin content remained inside
the cells, while 32% of the intracellular minocycline content remained. Only 13% of the original
minocycline content was still inside the cells after 60 minutes (data not shown).

Ciprofloxacin transport by SCC cells was similar in the presence and absence of sodium. In
contrast, minocycline transport was strongly inhibited when choline chloride was substituted
for sodium chloride in the extracellular medium (Figure 3). To determine the effect of pH on
transport, the kinetics of uptake were analyzed over the pH range of 6.2 to 8.2. For both
ciprofloxacin and minocycline, pH had a significant effect on the efficiency of transport (as
assessed by the Vmax/Km ratio) (P < 0.05, ANOVA, Figure 4). The efficiency of ciprofloxacin
transport was nearly 40% lower at pH 6.2 and 8.2 than at neutral pH (P > 0.05, Dunnett’s test).
For minocycline, the efficiency was only about 20% lower at pH 8.2 than at pH 7.2, but it was
55% lower at pH 6.2 (P < 0.05, Dunnett’s test). To further characterize the mechanisms of
ciprofloxacin and minocycline transport in SCC cells, we examined the pattern of inhibition
produced by several different organic cations (Table 3). Adenine competitively inhibited the
transport of ciprofloxacin and minocycline with a Kj value of 2.7 mM. Diazepam failed to
inhibit ciprofloxacin transport at a concentration of 2 mM, but produced potent competitive
inhibition of minocycline transport (K; = 0.50 mM). Several other cationic agents, including
papaverine, histamine, phenylephrine and doxycycline, inhibited ciprofloxacin transport
through a noncompetitive mechanism, but produced competitive inhibition of minocycline
transport.

Discussion

Our findings provide evidence that oral epithelial cells are capable of actively transporting
fluoroquinolones and tetracyclines. The transport of ciprofloxacin and minocycline was
temperature-dependent and exhibited Michaelis-Menten kinetics. Transport of both agents was
concentrative, and the cellular to extracellular (C/E) concentration ratios were relatively high
(>8 for ciprofloxacin, >40 for minocycline). Previous studies have shown that other types of
cells are capable of concentrating fluoroquinolones and tetracyclines. With respect to
ciprofloxacin, the C/E ratio observed in this study was similar to that reported for
fluoroquinolone uptake by neutrophils, macrophages and McCoy epithelial cells (22,23).
However, the C/E ratio observed for minocycline was much higher than the value previously
reported for the uptake of tetracyclines by neutrophils (24).

Previous studies have shown that inflamed periodontal pockets are more alkaline (pH 7.7 to
8.7) than healthy gingival crevices (25-27). Based on our findings, this alkaline shift could
potentially inhibit the transport of ciprofloxacin and minocycline by crevicular epithelial cells,
but the effect may not be significant. Despite their sensitivity to pH, SCC cells were capable
of transporting both agents over a relatively broad pH range. In other respects, there were
important differences in the transport of these two agents. Ciprofloxacin transport was sodium-
independent, while minocycline transport was inhibited in the absence of sodium. Further,
differences were noted in their susceptibility to inhibition by organic cations. Adenine was a
competitive inhibitor of ciprofloxacin transport by SCC cells, but several other cationic agents
(including doxycycline) inhibited ciprofloxacin transport through a noncompetitive
mechanism. All of these agents produced competitive inhibition of minocycline transport. This
suggests that epithelial cells use different transport systems to take up ciprofloxacin and
minocycline. Ciprofloxacin, which possesses structural features that resemble purines, could
potentially share an uptake path with adenine. Adenine interacts with certain members of the
nucleoside and nucleobase transporter families, which allow cells to import the biosynthetic
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precursors for nucleic acids and ATP, respectively (28). Minocycline and other tetracyclines
possess cationic primary and tertiary amine groups. Minocycline transport was competitively
inhibited by papaverine, phenylephrine, diazepam and histamine, which are substrates of
organic cation transporters. This family of transporters has a ubiquitous distribution and
interacts with a broad spectrum of prescription drugs and cationic compounds (29,30).

Locally delivered tetracyclines and fluoroguinolones have been used as adjuncts in periodontal
therapy (31-33). Although local delivery devices yield high antibiotic levels in the periodontal
pocket, it is uncertain whether these agents are taken up by the pocket epithelium. The results
of this study suggest that they are. Cultured SCC and epithelial cells attach to plastic tissue
culture substrates via their basal surface. This impairs transport across the basal surface, which
is the usual route by which nutrients and systemically administered agents are taken up. Thus,
the main route of antibiotic uptake in our model of oral epithelial transport is across the apical
surface, which is the same direction locally delivered antibiotics could potentially enter pocket
epithelial cells. Based on the efficiency of transport observed in this model (as assessed by the
Vmax/Km ratio), minocycline is most capable of penetrating epithelium, followed by
moxifloxacin, ciprofloxacin and tetracycline. It is likely that these agents are taken up at least
as efficiently across the basal epithelial surface as across the apical surface. Based on our
findings, it is reasonable to predict that systemically administered fluoroquinolones and
tetracyclines accumulate inside pocket epithelial cells at concentrations that are several-fold
higher than those in the subjacent gingival connective tissue. Although these agents translocate
out of epithelial cells when their extracellular concentrations decrease, the efflux of
minocycline occurs more slowly than for ciprofloxacin. Thus, epithelial cells can more easily
sustain effective intracellular levels of minocycline as its concentration decreases in the
interstitial fluid.

Although bacterial susceptibility to inhibition is a primary requirement for successful
antimicrobial chemotherapy, antimicrobial agents must be able to penetrate infection sites to
produce their inhibitory effects. To inhibit invasive pathogens like A.
actinomycetemcomitans and P. gingivalis, antimicrobial agents must attain effective levels
inside an infected host cell. The present study provides evidence that oral epithelial cells
possess active transporters that are capable of accumulating fluoroquinolones and tetracyclines.
Itis likely that they play an important role in enhancing the effectiveness of these agents against
intracellular bacteria. Characterization of these transporters provides a better understanding of
the distribution of antimicrobial agents in the gingiva. These studies also complement the
significant volume of work that has already been done to define the antibiotic susceptibilities
of periodontal pathogens and delineate their mechanisms for invading soft tissue.
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Figure 1.

A representative Lineweaver-Burk plot of minocycline transport by SCC-25 cells at 37° C.
Left inset: Temperature-dependence of minocycline accumulation by SCC cells. Cell
monolayers were incubated in HBSS at 37° and 2° C. Minocycline (10 ug/ml) was added and
uptake was monitored over the indicated time intervals. Data are representative of three
experiments. Right inset: A representative plot of ciprofloxacin transport at 37° C.
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Figure 2.

Efflux of ciprofloxacin and minocycline from loaded SCC cells. Cells were loaded to a steady
state concentration by incubation with HBSS containing 35 pg/ml ciprofloxacin or minocycline
for 15 minutes at 37° C. These solutions were rapidly aspirated and replaced with 37° C HBSS.
The decrease in intracellular antimicrobial content was monitored over 25 minutes.
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Time course of ciprofloxacin and minocycline accumulation by SCC-25 cells in the presence
and absence of Na*. Confluent monolayer cell cultures were washed and overlaid with balanced
salts solutions containing NaCl or choline chloride. Intracellular accumulation of ciprofloxacin
or minocycline (30 pg/ml) was assayed at 37° C. Data are presented as the mean + standard

errors of three experiments.
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Figure 4.

The pH dependence of ciprofloxacin and minocycline transport by SCC-25 cells. Confluent
monolayer cell cultures were washed with PBS and overlaid with HBSS adjusted to the
appropriate pH. The kinetics of ciprofloxacin and minocycline transport were assayed at 37°
C. The data were converted to percent of Vax/Km 0bserved at pH 7.2 and presented as the
means + standard errors of three experiments. Changes in pH produced a significant treatment
effect on ciprofloxacin and minocycline transport (P < 0.05, ANOVA). For ciprofloxacin, no
significant differences in transport were noted between pH 7.2 and other groups. For
minocycline, the pH 6.2 group was significantly different from the pH 7.2 group (* indicates
P < 0.05 in Dunnett’s test).
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Table 1
Kinetic constants for transport of four antimicrobial agents by SCC-25 cells
Agent K, (ng/ml) V o, (NG/Min/pg protein)
minocycline 133+143 13.4+1.35
doxycycline 507 + 38.6 5.33+0.62
tetracycline 592 +59.8 5.86 + 0.56
ciprofloxacin 351+12.7 5.11+0.32
ofloxacin 221 +20.6 4.24+£0.23
moxifloxacin| 244 +8.43 8.68 + 0.69

Page 12

Transport activity was assayed during the rapid initial phase of uptake. The kinetic data was analyzed with the Lineweaver-Burk method to determine the

kinetic constants.
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Table 2

Cellular/extracellular concentration ratios observed in SCC-25 cells

Extracellular concentration

Cellular/extracellular for ciprofloxacin

Cellular/extracellular for Minocycline

1 uag/ml 8.39 +0.28 40.5+3.10
3 ug/ml 8.27 + 0.47 43.3 +4.96
10 pag/ml 8.46 + 0.37 50.8+5.41

Intracellular volume was determined by incubating cell suspensions with [3H]—water. Cells were then separated from the medium by pelleting through an
oil cushion. A correction for trapped extracellular water was applied by incubating with [14C]-inulin. In these studies, extracellular concentration had no

significant effect on the C/E ratio (P > 0.4, repeated measures ANOVA).
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Table 3
Inhibition of ciprofloxacin and minocycline transport by organic cations
Agent Inhibition of ciprofloxacin transport (K;) Inhibition of minocycline transport (K;)

adenine competitive (2.7 + 0.4 mM) competitive (2.7 + 0.3 mM)
papaverine noncompetitive (2.8 + 0.4 mM) competitive (1.7 + 0.2 mM)
histamine noncompetitive (7.0 + 0.6 mM) competitive (3.7 + 0.5 mM)
phenylephrine noncompetitive (0.90 + 0.1 mM) competitive (1.1 + 0.2 mM)
diazepam no inhibition at 2 mM competitive (0.50 + 0.1 mM)
doxycycline noncompetitive (1.0 + 0.2 mM) competitive (0.53 + 0.1 mM)

Transport was assayed in the presence and absence of the indicated agents as described in the methods. The Kinetic data was analyzed with the Lineweaver-
Burk method to determine the mechanism of inhibition and the inhibitory constant (Kj) with respect to ciprofloxacin or minocycline
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