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ABSTRACT Multidrug-resistant (MDR) Acinetobacter baumannii is increasingly more
prevalent in nosocomial infections. Although in vitro susceptibility of A. baumannii to
minocycline is promising, the in vivo efficacy of minocycline has not been well es-
tablished. In this study, the in vivo activity of minocycline was evaluated in a neutro-
penic murine pneumonia model. Specifically, we investigated the relationship be-
tween minocycline exposure and bactericidal activity using five A. baumannii isolates
with a broad range of susceptibility (MIC ranged from 0.25 mg/liter to 16 mg/liter).
The pharmacokinetics of minocycline (single dose of 25 mg/kg of body weight, 50
mg/kg, 100 mg/kg, and a humanized regimen, given intraperitoneally) in serum and
epithelial lining fluid (ELF) were characterized. Dose linearity was observed for doses up
to 50 mg/kg and pulmonary penetration ratios (area under the concentration-time
curve in ELF from 0 to 24 h [AUCELF,0 –24]/area under the concentration time curve in
serum from 0 to 24 h [AUCserum,0 –24]) ranged from 2.5 to 2.8. Pharmacokinetic-
pharmacodynamics (PK-PD) index values in ELF for various dose regimens against
different A. baumannii isolates were calculated. The maximum efficacy at 24 h was
approximately 1.5-log-unit reduction of pulmonary bacterial burdens from baseline.
The AUC/MIC ratio was the PK-PD index most closely correlating to the bacterial
burden (r2 � 0.81). The required AUCELF,0 –24/MIC for maintaining stasis and achiev-
ing 1-log-unit reduction were 140 and 410, respectively. These findings could guide
the treatment of infections caused by A. baumannii using minocycline in the future.
Additional studies to examine resistance development during therapy are warranted.
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Acinetobacter baumannii is an opportunistic pathogen that mostly affects patients
with compromised immune function. It is commonly implicated in infections of the

respiratory tract, bloodstream, urinary tract, and skin. In recent years, the prevalence of
multidrug-resistant (MDR) A. baumannii isolates has been increasing (1). Many com-
monly used antimicrobial agents are ineffective, and increased mortality was reported
in patients infected with MDR A. baumannii (2, 3). Minocycline is a semisynthetic
derivative of tetracycline that has a broad spectrum of activity against Gram-positive
and Gram-negative bacteria. Compared to other tetracyclines, it has excellent penetra-
tion into tissues and a long elimination half-life (4, 5). Conventionally, minocycline has
not been used as a first-line agent in Gram-negative bacterial infections. However, the
shortage of new effective antibiotics against MDR A. baumannii has motivated us to
reevaluate the utility of minocycline. Despite good in vitro results of minocycline
against MDR A. baumannii (6), satisfactory clinical response was not consistently seen
in patients treated with minocycline (7).
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Although the typical dosing regimen of minocycline is 200 mg/day, 400 mg given
intravenously (i.v.) every 12 h (q12h) with a 800-mg loading dose has been used in
humans for acute spinal cord injury (8). A higher minocycline daily dose may be necessary
for infections caused by MDR A. baumannii. However, the in vivo efficacy of minocycline has
not been well established, and the rationale of minocycline dosing regimen design needs
to be further substantiated. In this study, the relationship between minocycline exposure
and bactericidal activity was studied in a neutropenic murine pneumonia model. The
minocycline exposure at the infection site was correlated to systemic exposure. We
expect these findings will be used to optimize the dosing regimens of minocycline for
more-favorable therapeutic outcomes.

RESULTS
Susceptibility and clonality assessment. The known tetracycline resistance mech-

anisms and susceptibilities of the A. baumannii isolates to various antibiotics are shown
in Table 1. Cross-resistance was observed between minocycline and doxycycline. The
isolates were found to belong to three clonally diverse groups (data not shown).

Minocycline pharmacokinetic study. The initial estimation of area under the
concentration-time curve from 0 to 24 h (AUC0 –24) in serum and the best-fit maximum
concentration of drug in serum (Cmax) suggested that the pharmacokinetics of 25-
mg/kg and 50-mg/kg doses were within the linear range. Also, the daily dose of 50
mg/kg was found to be comparable to the human equivalent AUC reported in a
previous study (9). Therefore, the total daily dose was split into five doses to mimic a
humanized regimen. Briefly, 18 mg/kg of minocycline was given at 0 h to achieve the
serum Cmax similar to that in humans, and four supplemental doses (11 mg/kg, 9 mg/kg,
8 mg/kg, and 4 mg/kg given at 4 h, 9 h, 14 h, and 22 h, respectively) were given to
maintain the serum concentrations around the target pharmacokinetic profile reported
in humans (4).

The data from these three dosing regimens were comodeled. The best-fit minocy-
cline concentration-time profiles of different dosing regimens are shown in Fig. 1. The
profiles of minocycline in both serum (r2 � 0.977) and epithelial lining fluid (ELF) (r2 �

0.952) were captured satisfactorily (Fig. 2). The elimination half-life in serum was 2.6 h.
The serum AUC0 –24 values were 34 mg · h/liter, 68 mg · h/liter, and 63 mg · h/liter for
25 mg/kg, 50 mg/kg, and the humanized regimen, respectively; while the ELF AUC0 –24s
were 94 mg · h/liter, 189 mg · h/liter, and 175 mg · h/liter, respectively. The pulmonary
penetration ratio of minocycline was 2.8.

Compared to 50 mg/kg, the AUC0–24 of the 100-mg/kg dose observed was more than
3 times higher. Therefore, the concentration-time profiles of 100 mg/kg were analyzed
separately (shown in Fig. 1). The r2 values were 0.971 and 0.867 for serum and ELF
concentration-time profiles, respectively (Fig. 2). The elimination half-life was prolonged
(3.9 h), suggesting saturable clearance for the 100-mg/kg dose. The AUC0 –24s were 227
mg · h/liter and 564 mg · h/liter for serum and ELF, respectively. The pulmonary
penetration ratio was 2.5.

Minocycline in vivo PD study. The baseline bacterial burdens in lung tissues
ranged from 7.75 to 8.18 log CFU/g. In the absence of treatment, the tissue burdens
increased to 8.60 to 9.65 log CFU/g in 24 h. All treatment groups infected with the
minocycline-resistant isolate (AB 7416) showed results similar to those of the no-

TABLE 1 Susceptibilities of A. baumannii isolates

Isolate Source Tetracyline resistance mechanism(s)

MIC (mg/liter)a

Minocycline Doxycycline Imipenem Amikacin

AB BAA 747 Laboratory Wild-type 0.25 0.25 0.25 2
AB 7283 Clinical Moderate overexpression of adeB 0.5 0.5 128 128
AB 1261 Clinical Moderate overexpression of adeB 1 0.5 128 128
AB 1129 Clinical adeABC and adeIJK overexpressed 4 4 8 32
AB 7416 Clinical tetB; moderate overexpression of adeB 16 128 16 >512
aValues in bold type indicate a resistant phenotype as defined by the Clinical and Laboratory Standards Institute (CLSI).
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treatment control group, while the other susceptible/intermediate isolates were sup-
pressed to various extents.

PK-PD correlation. Looking at all the data collectively, the relationships between
minocycline PK-PD indices in ELF and bacterial tissue burden at 24 h are shown in
Fig. 3. The strongest relationship was observed when the tissue burdens were

FIG 1 Serum and ELF minocycline concentration-time profiles. The observed data are shown as means � standard
deviations (SDs) (error bars). Red closed circles are observed serum data; blue closed circles are observed ELF data;
red solid lines depict best-fit serum profiles; blue solid lines depict best-fit ELF profiles; black dashed line represents
the target serum profile in humans.

FIG 2 Correlation between observed and best-fit PK data. (A) 25 mg/kg, 50 mg/kg, and humanized
regimen. (B) 100 mg/kg. The dashed line is the line of identity (i.e., y � x).
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correlated with AUCELF,0 –24/MIC (r2 � 0.81). Using the best-fit parameters, the required
AUCELF,0 –24 h/MIC for maintaining stasis was 140, and the required AUCELF,0 –24/MIC for
achieving 1-log-unit reduction was 410.

DISCUSSION

The shortage of new effective antibiotics against MDR A. baumannii prompted us to
maximize the effectiveness of the currently available drugs, such as minocycline. With
a good understanding of the drug exposures and bacterial susceptibilities likely to be
encountered, a PK-PD model could facilitate the optimal use of minocycline.

In vitro susceptibility results of minocycline are promising. Denys et al. (10) reported
susceptibility data of Gram-negative bacteria in the United States between 2005 and
2011. In that study (n � 883), the susceptibility rate of MDR Acinetobacter isolates to
minocycline was 72.1%, whereas these isolates were found to be resistant to most of
the other drugs examined (10). In addition, the pharmacokinetics of minocycline in
animals and humans has been characterized previously. In horses, the elimination
half-life was 7.7 � 1.9 h (mean � standard deviation [SD]) after a single 2.2-mg/kg i.v.
injection (11). A prolonged half-life (11.5 � 3.2 h [mean � SD]) at steady state was
observed when the dose was increased to 4 mg/kg q12h (12). The observation of
nonlinear pharmacokinetics reported with high doses was consistent with our findings
from the current study (100 mg/kg in mice) and might be due to saturation of drug
metabolism (13). The elimination half-life in humans ranged from 12 h to 18 h, and the
area under the concentration-time curve from 0 h to infinity (AUC0 –∞) in serum ranged
from 70 to 86 mg · h/liter after 200 mg was given intravenously (4). Up to 800 mg of
minocycline daily has been given intravenously in a clinical trial for acute spinal cord
injury (8); however, there is little known thus far about the dose linearity of minocycline in
humans. A prospective study examining the safety, tolerability, and pharmacokinetics of
minocycline (single and multiple ascending doses) in heathy adults has been planned
(ClinicalTrials.gov identifier NCT02802631).

Free drug exposures in serum are commonly used in PK-PD studies. In the current
study, we found that minocycline concentrations in ELF were higher than those observed
in serum. Subsequently, the PK-PD analysis was performed with unbound minocycline
concentrations in ELF (i.e., the site of infection), as they were deemed to be more relevant
to therapeutic outcomes of pneumonia. Furthermore, serum protein binding of the
tetracyclines may not be as straightforward as one might anticipate. Tigecycline
was previously shown to exhibit atypical serum protein binding; the fraction of
binding was higher with increasing total drug concentration in serum (14). The
serum protein binding of minocycline was found be dependent on the experimen-
tal conditions. However, our preliminary data showed that the levels of protein
binding to minocycline in human and mouse sera were comparable at different
concentrations (15). Since the ELF exposure of minocycline achieved in humans
after a clinical dose is not available, the total drug concentration-time profiles in serum
was mimicked, and we assumed that pulmonary penetration ratios of minocycline in
humans and mice were similar.

FIG 3 Correlation of PK-PD indices in ELF and tissue burden at 24 h. Each data point represents an observation from a single animal. In
view of the logarithmic scale used, AUC/MIC values were input as 1 and Cmax/MIC values were input as 0.1 for placebo controls. Black solid
lines depict the best-fit profiles.
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Using three different bacterial isolates, regimens with the same daily dose (single
dose of 50 mg/kg, 25 mg/kg every 12 h, and humanized regimen) showed similar in vivo
efficacy. Since these dosing regimens have similar AUC0 –24 values but different Cmax

and percentage of time above the MIC (T%�MIC), AUCELF,0 –24/MIC was expected be the
PK-PD index best correlating to the bacterial burden. Using a wide range of minocycline
exposure and bacterial susceptibility (23 dose regimen-bacterium combinations in
total), our initial finding was subsequently substantiated by the results of the full PK-PD
analysis.

The PK-PD model described the relationship between minocycline exposure and bac-
tericidal activity quantitatively. The maximum efficacy observed was approximately 1.5-log-
unit reduction of the bacterial burden from the baseline. The required AUCELF,0–24/MIC
values for maintaining stasis or achieving 1-log-unit reduction of bacterial tissue
burdens were also estimated. AUCELF,0 –24 h of the humanized regimen (a clinical dose
of 200 mg is given intravenously to humans) was 175 mg · h/liter. With a MIC of 0.25
mg/liter, the corresponding AUCELF,0 –24/MIC (700) is expected to achieve more than
1-log-unit kill. However, the therapeutic outcomes will vary when the MICs are different.
Using these estimates, minocycline dosing regimens could be optimized when the
susceptibility of an A. baumannii isolate is known. Furthermore, it is also important to
avoid selective amplification of the resistant subpopulation(s) during treatment. In the
future, additional studies will be needed to evaluate resistance development during
therapy and to correlate minocycline exposures to therapeutic outcomes of patients
with infections caused by A. baumannii.

In conclusion, the pharmacokinetics of minocycline in mouse serum and ELF were
characterized. We have also identified threshold target exposures for achieving differ-
ent pharmacodynamic responses in A. baumannii infections.

MATERIALS AND METHODS
Chemicals and reagents. Liquid chromatography-mass spectrometry (LC-MS)-grade water, metha-

nol, and acetonitrile were purchased from EMD Millipore Corporation (Billerica, MA). Dimethyl sulfoxide
(DMSO) was obtained from EM Science (Gibbstown, NJ). LC-MS-grade formic acid, minocycline hydro-
chloride, and doxycycline hyclate powder were purchased from Sigma-Aldrich (St. Louis, MO). Mouse
serum was obtained from Equitech-Bio, Inc. (Kerrville, TX). The Ultra Clean microbial DNA isolation kit was
from Mo Bio Laboratories, Inc. (Carlsbad, CA). The DNA Acinetobacter strain typing kit was a product of
DiversiLab (Marcy I’Etoile, France), and Taq DNA polymerase was purchased from Bioline USA Inc.
(Randolph, MA). The urea assay kit was from BioAssay Systems (Hayward, CA).

Bacterial isolates. Five A. baumannii isolates (one laboratory wild-type isolate and four clinical
isolates) with a wide range of minocycline MICs were used. Susceptibilities to minocycline, doxycycline,
amikacin, and imipenem were determined by the broth dilution method as recommended by the Clinical
and Laboratory Standards Institute (CLSI). Pseudomonas aeruginosa strain ATCC 27853 (American Type
Culture Collection, Manassas, VA) was used as a control strain. The clonal relatedness of the A. baumannii
isolates was assessed by repetitive-element-based PCR (rep-PCR) (16, 17). Briefly, genomic DNA was
isolated with a Ultra Clean microbial DNA isolation kit, and the DNA was used as the template for the
Acinetobacter strain typing kit. The DNA fragments of rep-PCR products were separated by the Agilent
2100 bioanalyzer (Agilent Technologies, Santa Clara, CA) and compared by the DiversiLab software using
the Pearson correlation coefficient (Bacterial Barcodes, Inc., Athens, GA).

Neutropenic murine pneumonia model. A neutropenic murine pneumonia model was used to
examine the in vivo bactericidal activity of minocycline. The experimental setup was as previously
described (9, 18). Briefly, female Swiss Webster mice between 20 and 25 g (Harlan, Indianapolis, IN) were
rendered neutropenic by two doses of intraperitoneal cyclophosphamide prior to the experiment (150
mg/kg on day �4 and 100 mg/kg on day �1). Anesthetized mice were inoculated with approximately
107 CFU of A. baumannii under laryngoscopic guidance. The protocol was approved by the Institutional
Animal Care and Use Committee of the University of Houston.

Infected animals were treated with different dosing regimens of minocycline approximately 2 h after
infection. For reference, there was a no-treatment control group for each bacterial isolate. There were 80
animals given 23 dosing regimen-bacterium combinations in total (n � 3 for each regimen). For
reference, there was a placebo (i.e., no-treatment) control group for each bacterial isolate. The bacterial
burdens in lung tissues were determined at 0 h (baseline) and 24 h after the first dose of minocycline as
described elsewhere (9, 19). Briefly, after the animals were sacrificed by CO2 asphyxiation, the lung tissues
were harvested and homogenized in sterile saline. Pulmonary bacterial burdens were determined by
quantitative culture and normalized by the weight of the lung tissue.

Minocycline pharmacokinetic study. The single-dose pharmacokinetics of minocycline in mouse
serum and epithelial lining fluid (ELF) were characterized. Minocycline was administered intraperitoneally
in 67 animals 2 h after infection (by AB 1261). Serum or bronchoalveolar lavage (BAL) fluid samples were
collected serially over time (n � 3 for each time point). Blood samples were collected by cardiac
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puncture. BAL fluid samples were recovered through the trachea after 1 ml of saline was injected into
the lungs. Minocycline concentrations were determined by the liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method as detailed below. The minocycline concentrations in ELF were
calculated by correcting the minocycline concentration in BAL fluid samples for urea concentrations as
described previously (20). The serum and ELF concentration-time profiles were comodeled by a modified
two-compartmental model in ADAPT 5 (21; data not shown). Three regimens were initially evaluated: 25
mg/kg, 50 mg/kg, and 100 mg/kg. Based on the preliminary results, a humanized regimen mimicking the
human serum concentration-time profile of minocycline (when a clinical dose of 200 mg is given
intravenously to humans) was validated. The area under the curve (AUC) values of the serum and ELF
concentration-time profiles were derived by integrating the best-fit instantaneous concentrations with
respect to time. The pulmonary penetration ratio of minocycline was estimated by the AUC ratio of ELF
to serum. In addition, using the best-fit parameters, various PK-PD indices (i.e., AUC/MIC, Cmax/MIC, and
percentage of time above the MIC [T%�MIC]) for ELF profiles were calculated for different dosing
regimens against different A. baumannii isolates (data not shown).

Minocycline assay. Minocycline concentrations in serum and epithelial lining fluid samples were
determined by a validated liquid chromatography-tandem mass spectrometry method. The samples for the
standard curve were prepared by spiking minocycline into blank serum. Briefly, 10 �l of serum or ELF sample
was mixed with 10 �l water (with 0.5% DMSO), 30 �l of internal standard (10 mg/liter doxycycline in water),
and 170 �l acetonitrile (with 0.03% formic acid). The samples were centrifuged for 15 min at 18,000 � g.
Aliquots (40 �l) of the supernatants were transferred into new tubes and evaporated under a stream of
ambient air. After being reconstituted with 1 ml of 50% methanol, 5-�l portions of the samples were injected
into the ultraperformance liquid chromatography (UPLC) system. The conditions and parameters of LC-MS/MS
were described previously (9). The linear range of quantification was 0.0625 to 128 mg/liter. The intraday and
interday variability of the assay method were �2.5% and �3.6%, respectively.

Data analysis. The relationships between minocycline PK-PD indices (unbound drug exposures in
ELF) and bacterial burden in lung tissues at 24 h were described by an inhibitory sigmoid maximum
effect (Emax) model, as shown previously (22). The coefficient of determination was used to discriminate
the PK-PD index most closely correlated to bactericidal activity. In addition, the best-fit parameters were
also used to derive the required PK-PD exposures for maintaining stasis or achieving 1-log-unit reduction
in the bacterial tissue burden at 24 h.
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