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Characterization of Minocycline Transport by Human Neutrophils
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Abstract

Background—Tetracyclines are used in periodontal therapy as antimicrobial agents and as
inhibitors of matrix metalloproteinases. Neutrophils appear to accumulate minocycline and other
tetracyclines through a mechanism that has not been fully characterized.

Methods—The transport of minocycline and other tetracyclines by isolated human neutrophils was
characterized by measuring the increase in cell-associated fluorescence.

Results—Quiescent neutrophils took up minocycline through a saturable, concentrative, sodium-
dependent mechanism with a Michaelis constant (K,,) of 153 pg/ml (501 uM) and a maximal velocity
of 240 ng/minute/10°% cells. The efficiency of minocycline transport was not influenced significantly
by a two-unit variation in extracellular pH and was not enhanced upon cell activation with phorbol
myristate acetate. Neutrophil incubation in medium containing 10 ug/ml minocycline, doxycycline,
or tetracycline yielded steady-state intracellular/extracellular concentration ratios of ~64.0, 7.5, or
1.8, respectively. The dilution of extracellular minocycline or doxycycline triggered efflux from cells
loaded with these antibiotics. Minocycline transport was competitively inhibited by the organic
cations carnitine, diphenhydramine, and verapamil, but penicillin and other organic anions failed to
produce inhibition.

Conclusion—Transport of tetracyclines by neutrophils could potentially enhance the effectiveness
of these agents in periodontal therapy by enhancing or sustaining their therapeutic levels at
inflammatory sites and by enhancing the killing of phagocytosed bacterial pathogens.
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Tetracyclines are a class of antimicrobial agents that inhibit ribosomal protein synthesis1 and
produce bacteriostatic effects against an unusually broad spectrum of bacteria. They have been
widely used as adjuncts in the treatment of aggressive and recurrent forms of periodontitis due
to their ability to inhibit Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis,
and many other periodontal microorganisms at concentrations attainable in vivo.4:° In
addition, tetracyclines have been used at subantimicrobial doses in dental practice to inhibit
neutrophil collagenase and other matrix metalloproteinases.“'5 In contrast to many widely used
antimicrobial agents (e.g., cephalosporins and B-lactam antibiotics), there is evidence that
tetracyclines accumulate inside phagocytes.6'8 This process could potentially contribute to the
enhanced intracellular killing of bacteria and decreased activity of neutrophil-derived matrix
metalloproteinases relative to control neutrophils that contain no antimicrobial agent. If
neutrophils could carry tetracyclines with them as they migrate to infection sites, they could
potentially enhance the local tetracycline concentration at these sites. Because neutrophils
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infiltrate these sites in great numbers, this could result in enhanced resolution of tetracycline-
susceptible infections.

Little is known about the mechanisms by which neutrophils take up tetracyclines. A previous
study showed that uptake is temperature dependent,7 but it is unclear whether the process
occurs by active transport or facilitated diffusion. Our previous work demonstrated that
neutrophils take up fluoroquinolone antimicrobial compounds by a transport mechanism that
is energy dependent, obeys Michaelis-Menten kinetics, and is strongly upregulated by agents
that activate protein kinase c910 Many cationic and zwitterionic drugs are actively
transported by the widely distributed family of organic cation transporters. Because
tetracyclines possess amine groups that could potentially interact with these transporters, we
hypothesized that organic cation transporters play a role in the active transport of tetracyclines
into neutrophils. This article provides evidence to support this hypothesis.

MATERIALS AND METHODS

Neutrophil Isolation

Volunteer blood donors were recruited between May 2000 and August 2001 under a protocol
approved by the University’s Institutional Review Board. The donor population ranged from
20 to 49 years of age and included five males and six females. Human neutrophils were isolated
from citrated whole blood obtained from healthy volunteers using Ficoll-Hypaque density
gradient centrifugation and dextran sedimentation.11 Residual erythrocytes were eliminated
by hypotonic lysis. The remaining neutrophils were washed three times with phosphate
buffered saline. For the assays described below, neutrophils (typically >98% pure and >98%
viable) were resuspended in modified Hank’s balanced salt solution (HBSS) comprising 1.9
mM KHyPOy, 1.1 mM NayHPO4, 5 mM KCI, 147 mM NaCl, 5.5 mM glucose, 1 mMMgCl,,
and 1 mMCacCl,, pH7.3.

Transport Assays

The transport of minocycline and other tetracyclines was assayed by measuring cell-associated
fluorescence as previously described.12 Neutrophils were suspended in HBSS at a density of
5 x 10% cells/ml and warmed to 37°C prior to incubation with the indicated tetracycline. The
assay was terminated by withdrawing aliquots of cell suspension, layering the suspension over
0.3 ml canola oil/dibutyl phthalate (3:10), and centrifuging for 45 seconds at 15,000 x g in a
microcentrifuge. The aqueous and oil layers were removed, and the cell pellet was recovered
by cutting off the end of the microcentrifuge tube. The pellet was dispersed and lysed in 1 ml
water by agitation at room temperature. The samples were clarified by centrifugation at 5,600
x g for 5 minutes. For measurement of minocycline, the lysate was added to an equal volume
of ethylene glycol containing 200 mM citric acid and 200 mM magnesium acetate and analyzed
by fluorescence spectroscopy.13 To determine the affinity and velocity of transport, the
kinetics of transport were measured in the presence of several minocycline concentrations (10
to 154 pg/ml) during the linear initial phase (0 to 3 minutes) and analyzed by the Lineweaver-
Burk method. The Michaelis constant (K,,) and maximum transport velocity (Vmax) Values
were derived from regression lines obtained with the plotted data.

Intracellular Volume Measurements

To calculate intracellular antibiotic concentrations, intracellular content was divided by
intracellular volume. The latter was measured by equilibrating neutrophil suspensions with
(3H)—Wa1terJr (5 pCi/mI).14 After 10 minutes, cells were rapidly pelleted through oil as
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previously described. The pellet was lysed and counted with a liquid scintillation system. To
correct for the extracellular water trapped in the pellet, cells were equilibrated with (14C)-
inulin® (2 pCi/ml) and processed similarly.

RESULTS

Human neutrophils took up minocycline from the extracellular medium in a saturable manner
(Fig. 1). Neutrophil minocycline accumulation was significantly inhibited when Na* was
eliminated from the assay buffer by substitution of K;HPO, for NayHPO,4 and choline chloride
for NaCl (Fig. 1). The kinetics of uptake yielded linear plots when analyzed by the Lineweaver-
Burk method (Fig. 1, inset). These assays suggested the involvement of a transporter with a
Km of 152  12.3 pug/ml and a Vg of 240 + 17.2 ng/minute/10° cells. Despite the relatively
low affinity of transport, neutrophils accumulated relatively high intracellular minocycline
levels. Incubation at 37°C with 10 ug/ml minocycline yielded a steady-state intracellular
concentration that was ~64-fold higher than the extracellular level (Table 1). Other
tetracyclines were also concentrated by neutrophils. Incubation with 10 ug/ml doxycycline or
tetracycline resulted in steady-state intracellular concentrations that were 7.5- and 1.8-fold
higher, respectively.

To determine the effect of pH on neutrophil minocycline transport, uptake kinetics were
analyzed over the range of pH 6.2 to 8.2 (Fig. 2). Within this range, changes in pH did not
significantly alter the efficiency of transport (as assessed by Vmax/Km ratio) (P >0.3; analysis
of variance [ANOVA)).

Neutrophils loaded with minocycline or doxycycline lost most of their antibiotic content within
minutes after their concentrations in the extracellular medium were diluted (Fig. 3). Under
these conditions, half of the minocycline content was lost within ~22 minutes, and half of the
doxycycline content was lost within 11 minutes. After 40 minutes, neutrophils retained 37%
of their minocycline content and 27% or their doxycycline content.

Inhibition studies were performed to determine whether minocycline transport could be
inhibited with other organic cations. Kinetic analysis revealed that carnitine, diphenhydramine,
and verapamil acted as competitive inhibitors of minocycline transport, with inhibition
constants (K;j values) of 2.2 + 0.67 mM, 1.3 £ 0.19 mM, and 1.01 + 0.16 mM, respectively
(data not shown). The organic anions penicillin, cephalothin, prednisolone, and hydrocortisone
failed to produce a significant inhibition of minocycline transport.

DISCUSSION

Neutrophils express a saturable, sodium-dependent transport system that allows them to take
up and accumulate minocycline and other tetracyclines. This transport system exhibits
Michaelis-Menten kinetics and a relatively low affinity for substrate. Compared to the kinetics
of fluoroquinolone transport by neutrophils, minocycline is transported with a similar affinity
butatahigher veIocity.9 Despite the low affinity, neutrophils can accumulate high intracellular
concentrations of tetracyclines. The observed cellular/extracellular concentration (C/E) ratios
were >60 for minocycline and >7 for doxycycline. These experiments were conducted with
antibiotic concentrations similar to those found in vivo (1 to 4 pg/ml in serum and 2 to 12 ug/
ml in gingival crevicular quid).15’16 Clinical trials with locally delivered sustained-release
tetracycline agents have yielded gingival crevicular fluid concentrations that are at least 100-
fold higher than those attainable with a systemic route of administration.
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The abilig/to accumulate tetracyclines is not a unique characteristic of neutrophils. In previous
studies, 12,17 gingival fibroblasts and oral epithelial cells that were incubated with minocycline
under similar conditions attained C/E ratios of >60 and >50, respectively. It seems reasonable
to predict that these C/E ratios are lower in vivo, because a portion of minocycline in the serum
and interstitial fluid is bound to protein. Nevertheless, these elevated intracellular
concentrations could potentially enhance the phagocytic killing of susceptible pathogens by
neutrophils. Previous work18 has shown the ciprofloxacin-loaded neutrophils killed
significantly more A. actinomycetemcomitans and achieved significantly shorter half times for
killing than control neutrophils. This effect was most pronounced when the bacteria-to-
neutrophil ratio was relatively high.

The characteristics of the minocycline transport system were probed by identifying compounds
that competitively inhibit minocycline uptake. Tetracyclines possess primary and tertiary
amine groups, making them potential substrates for organic cation transporters. Organic cation
transporters interact with a variety of cationic and zwitterionic compounds and are widely
expressed in human tissues.19:20 In the present study, minocycline transport was competitively
inhibited by the organic cations carnitine, diphenhydramine, and verapamil. Penicillin,
cephalothin, and prednisolone, which are known to interact with organic anion transporters,
produced no significant inhibition of minocycline transport. This suggests that neutrophils
accumulate minocycline through a transport system that interacts with classical organic cations.
The observed differences in uptake between minocycline, doxycycline, and tetracycline are
presumably related to differences in the functional groups attached to the four-ringed structure
of these compounds.

Neutrophil minocycline transport does not appear to be strongly influenced by a variation of
one unit above or below physiological pH. This range lies below the pKj of the amine groups
at positions 4 and 7 in minocycline and above the pK; of the hydroxyl group at position 3, so
variation within this range should not significantly affect ionization of these functional groups.
This finding may have clinical relevance because previous studies have reported that inflamed
periodontal pockets are more alkaline than healthy gingival crevices.21:22 Thus, neutrophils
could retain their ability to accumulate tetracyclines after migrating into the mildly acidic
environment found in healthy gingival crevices or the slightly alkaline environment associated
with periodontal pockets.

Most transporters are capable of moving substrate in a forward or reverse direction across the
plasma membrane to maintain equilibrium between intracellular and extracellular substrate
concentrations. Consistent with this, neutrophils loaded with minocycline or doxycycline can
be induced to release these antibiotics by diluting their concentrations in the extracellular
medium (Fig. 3). Forward transport could result in the enhanced killing of bacteria
phagocytosed by neutrophils. Reverse transport could potentially play a role in maintaining
effective tetracycline levels at inflammatory sites after levels in the blood serum return to
baseline. Overall, the tetracycline transport system of neutrophils could have a favorable
influence on the antimicrobial and anti-MMP effects of tetracyclines used in the treatment of
periodontal disease. Additional studies are warranted to determine whether this system can be
modulated or exploited in a manner that enhances these potentially beneficial effects.
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Figure 1.

The sodium dependence of minocycline transport by human neutrophils. Neutrophils were
suspended in HBSS containing NaCl or a Na*-free balanced salts solution containing choline
chloride. Minocycline (10 xg/ml) was added and uptake was assayed at 37°C. The data are
expressed as the mean (£SEM) transport activity of three experiments. Significant differences
in intracellular minocycline content were observed at every time point (P <0.01; t test). The
insert shows the regression line from Lineweaver-Burk analysis of minocycline transport

kinetics (r = 0.98).
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Figure 2.

The pH dependence of minocycline transport by quiescent neutrophils. Cells were suspended
in HBSS adjusted to the indicated pH, and minocycline transport was assayed at 37°C. Data
are presented as the mean + SEM of three experiments. The transport was not significantly
influenced by pH (P = 0.34; ANOVA).

J Periodontol. Author manuscript; available in PMC 2008 February 13.



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

1duasnuey Joyiny vd-HIN

e
o
o

‘o]

80 A

60

40

Doxycycline

Percent of Initial Intracellular Content

20

o

Minocycline

0 5 10 15 20 25 30
Minutes

Figure 3.

35

40

45

Page 9

Efflux of minocycline and doxycycline from loaded neutrophils. Cells were loaded to a steady-
state intracellular concentration by incubation for 15 minutes at 37°C in HBSS containing 30

ug/ml minocycline or doxycycline. Efflux was triggered by diluting the extracellular

antimicrobial solutions 1:20 with 37°C HBSS and monitored by the decrease in cell-associated

fluorescence.
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