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Cystic fibrosis (CF) is characterized by a chronic neutrophilic inflammatory response resulting in airway remodeling and pro-
gressive loss of lung function. Doxycycline is a tetracycline antibiotic that inhibits matrix metalloproteinase 9, a protease known
to be associated with the severity of lung disease in CF. The pharmacokinetics of doxycycline was investigated during the course
of a clinical trial to evaluate the short-term efficacy and safety in adults with CF. Plasma samples were obtained from 14 patients
following a single intravenous dose and after 2 and 4 weeks of oral administration of doses ranging from 40 to 200 mg daily. The
data were analyzed using noncompartmental and compartmental pharmacokinetics. The maximum concentration of drug in
serum (Cmax) and area under the concentration-time curve from 0 h to infinity (AUC0-�) values ranged from 1.0 to 3.16 mg/liter
and 15.2 to 47.8 mg/liter � h, respectively, following single intravenous doses of 40 to 200 mg. Cmax and time to maximum con-
centration of drug in serum (Tmax) values following multiple-dose oral administration ranged from 1.15 to 3.04 mg/liter and 1.50
to 2.33 h, respectively, on day 14 and 1.48 to 3.57 mg/liter and 1.00 to 2.17 on day 28. Predose sputum/plasma concentration ra-
tios on days 14 and 28 ranged from 0.33 to 1.1 (mean, 0.71 � 0.33), indicating moderate pulmonary penetration. A
2-compartment model best described the combined intravenous and oral data. Absorption was slow and delayed (absorption
rate constant [Ka], 0.414 h�1; lag time, 0.484 h) but complete (bioavailability [F], 1.16). The distribution and elimination half-
lives were 0.557 and 18.1 h, respectively. Based on these data, the plasma concentrations at the highest dose, 200 mg/day, are in
the range reported to produce anti-inflammatory effects in vivo and should be evaluated in clinical trials.

Cystic fibrosis (CF) is a genetic disorder characterized by a de-
fect in chloride transport within the apical membranes of air-

way epithelial cells. Impaired chloride secretion and excessive so-
dium reabsorption cause a reduction in airway surface liquid,
leading to chronic obstruction, infection, and inflammation. The
current treatment includes therapies to improve mucociliary
clearance and antibiotics to combat chronic infections involving
Pseudomonas aeruginosa. However, despite these therapies, the
relentless cycle of airway obstruction, infection, and inflammation
results in bronchiectasis, progressive loss of lung function, and
eventual respiratory failure.

Recent studies highlight proteases as central mediators of the
progressive destruction of the airways in patients with CF and
offer a potential therapeutic target. In particular, levels of matrix
metalloproteinase 9 (MMP-9) in the airways are significantly as-
sociated with matrix breakdown products (i.e., elastin, glycosami-
noglycans, and collagen) in bronchoalveolar lavage fluid, as well as
the severity of pulmonary function (9, 20). These data indicate
that the intense neutrophilic inflammatory response within the
airways of patients with CF results in release of proteolytic en-
zymes (e.g., elastase and MMP-9), which cause destruction of the
airways and progressive loss of lung function.

Doxycycline, a tetracycline antibiotic, exhibits immune-
modulating activities that have been exploited in the treatment of
several inflammatory conditions mediated by MMP-9. Doxycy-
cline has been demonstrated to improve inflammatory biomark-
ers in patients with abdominal aortic aneurysms and to prevent
acute coronary syndromes and periodontitis (1–4). In addition,
doxycycline has shown beneficial effects in experimental models
of asthma (7, 15), acute lung injury (5), pulmonary fibrosis (6),
and emphysema (18). The mechanism of the anti-inflammatory
effect of doxycycline appears to be mediated by inhibition of the
mitogen-activated protein kinase (MAPK) and Smad pathways

(11, 13). The effective concentrations for the anti-inflammatory
activity are in the range of 3 to 10 �g/ml (2, 11, 13, 14). Positive
results from these studies suggest a potential role for doxycycline
in reducing airway inflammation and protease activity in patients
with CF; however, the pharmacokinetics of doxycycline in this
population has not been previously described. There are several
factors that may alter the pharmacokinetics in this population,
including pancreatic insufficiency, which is known to affect the
absorption of fat-soluble compounds; reduced adipose mass,
which may impact the volume of distribution; and reduced lung
penetration, given the mucus-impacted airways. The purpose of
this investigation was to characterize the pharmacokinetics of
doxycycline in a short-term single- and multiple-dose-ranging
study in stable adult patients with cystic fibrosis.

MATERIALS AND METHODS
Subjects. A total of 20 patients with cystic fibrosis were enrolled in the
clinical trial, 14 of whom participated in the pharmacokinetics portion of
the study. The patients were clinically stable, with no evidence of acute
pulmonary exacerbation, based on pulmonary function tests and a review
of pulmonary signs and symptoms. The study was conducted at the Clin-
ical Trials Unit at the University of Southern California (USC) University
Hospital. Study participants were screened to determine eligibility within
1 week prior to enrollment. Subjects were deemed eligible if they satisfied
the following entry criteria: age, �18 years; clinically stable (forced expi-
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ratory volume in 1 s [FEV1] within 10% of baseline); FEV1, �40% of the
predicted value; no hypersensitivity to doxycycline; not receiving systemic
antibiotics within 4 weeks of baseline, doxycycline within 60 days of base-
line, or concomitant anti-inflammatory therapies, such as nonsteroidal
anti-inflammatory drugs (NSAIDs) or systemic corticosteroids; and no
recent history of gastrointestinal bleeding or ulceration. Patients receiving
oral azithromycin were allowed to continue the therapy during the course
of the study. All participants provided written informed consent to par-
ticipate in the trial. The study protocol was approved by the local Institu-
tional Review Board prior to study initiation.

Study design. The study was designed to evaluate the short-term effi-
cacy, safety, and pharmacokinetics of doxycycline in adult patients with
cystic fibrosis. Subjects were stratified based on pulmonary function into
two groups: mild (FEV1, �70% of predicted) and moderate (FEV1, 40 to
70% of predicted) lung disease. The subjects were then randomized in
block to receive no study drug or daily doxycycline at 40 mg, 100 mg, or
200 mg for 28 days.

The subjects fasted overnight prior to each study visit. Two days prior
to initiation of daily oral dosing, the patients received a single dose of
doxycycline at 40 mg, 100 mg, or 200 mg intravenously (i.v.), correspond-
ing to the respective oral dosage regimen they were randomized to receive.
The 40-mg and 100-mg doses were infused over 1 h, and the 200-mg dose
was infused over 2 h, according to the manufacturer’s recommendations.
Serial blood samples (5 ml) for determination of doxycycline concentra-
tions were obtained before and at 0.5, 1, 2, 4, 12, 24, and 48 h after the
initiation of the single i.v. infusion of doxycycline. Once daily oral dosing
of doxycycline commenced immediately following the 48-hour blood
sample and continued until day 28. Additional blood samples were ob-
tained before and 0.5, 1, and 2 h after oral doses administered on days 14
and 28. Blood samples were drawn in EDTA tubes, kept on ice, and cen-
trifuged within 2 h of collection at 2,500 � g and 4°C for 15 min. Plasma
was harvested and stored at �70°C until analysis.

Sputum samples were obtained by induction with 35 ml of 3% hyper-
tonic saline, which was administered via a large-volume ultrasonic nebu-
lizer system (Ultrasonic 2000 nebulizer system; Nouvag, Lake Hughes,
CA) on days 14 and 28 in a subset of patients. The subjects were instructed
to cough sputum into a sterile specimen cup every 2 min for 12 min. The
sputum samples were stored at �70°C until analysis.

Analytical methods. Total doxycycline concentrations in plasma and
sputum were quantified by validated assay procedures using reverse-
phase chromatography with UV detection as previously described (19).
Briefly, plasma samples (500 �l) were spiked with the internal standard
(500 �l of piroxicam at 5 �g/ml in acetonitrile). The samples were centri-
fuged at 13,000 � g for 15 min. The supernatants (800 �l) were evapo-
rated to dryness under a steady stream of dry air and reconstituted with
200 �l of the mobile phase (2.75% acetic acid-20% methanol-25% aceto-
nitrile) and placed in autosampler vials. A 100-�l aliquot of the superna-
tant was injected onto a high-performance liquid chromatography
(HPLC) column (Zorbax SB-C18; 4.6 by 250 cm; 5 �m). Separation was
achieved by isocratic solvent elution at a flow rate of 1.5 ml/min. The peak
heights were quantified using an Agilent Series 1100 liquid chromatogra-
phy system (Agilent Technologies, Santa Clara, CA) equipped with a bi-
nary pump, degasser, autosampler, thermostated column compartment,
and variable-wavelength detector. The linear standard curve range was 0.1
to 10 �g/ml, with a lower limit of quantitation of 0.1 �g/ml. Low-quality
(0.75-�g/ml) and high-quality (7.5-�g/ml) control samples were used
during routine analysis. The interassay precision in plasma ranged from
4.4% to 9.5% for calibration standards. The precision and accuracy in
plasma ranged from 2.4% to 2.7% and 92.5% to 107% for quality control
samples, respectively. The interassay precision in sputum ranged from
1.2% to 17% for calibration standards. The precision and accuracy in
sputum ranged from 2.1% to 2.8% and 93.9% to 105%, respectively, for
quality control samples.

Pharmacokinetic evaluation. The plasma concentration-time data
on doxycycline for each subject were analyzed using standard noncom-

partmental methods. The maximum concentration of drug in serum
(Cmax) and time to maximum concentration of drug in serum (Tmax) were
obtained directly from the observed data. The area under the curve from 0
h to infinity (AUC0-�) was calculated using the linear trapezoidal rule,
with the terminal area estimated from the last observed concentration
divided by the terminal slope of the log-linear phase. Compartmental
pharmacokinetic analysis was performed using maximum-likelihood es-
timation via the expectation maximization (EM) algorithm with sam-
pling using ADAPT 5 software (Biomedical Simulation Resource, Uni-
versity of Southern California, Los Angeles, CA). Model discrimination
was determined by a likelihood ratio test. A two-compartment model with
first-order absorption with a lag time was applied to the plasma
concentration-time data incorporating both the single-dose intravenous
and multiple-dose oral administration periods. The parameters estimated
in the compartmental analysis included total clearance (CLt), volume of
the central compartment (Vc), distributional clearance (Q), volume of
the peripheral compartment (Vp), distributional rate constant (�),
elimination rate constant (�), distributional half-life (T1/2�), elimina-
tion half-life (T1/2�), lag time (TLag), absorption rate constant (Ka),
and bioavailability (F).

Statistical analysis. Subject characteristics and pharmacokinetic pa-
rameters are expressed as mean and standard deviation. A nonlinear
power model was used to assess dose proportionality: parameter � a �
doseb, where a is a constant, b is the proportionality constant, and param-
eter is Cmax or AUC0-� (12). Log transformation of the equation results in
a linear equation: log a � b � log dose. The constant b was determined
from linear regression of the log-transformed parameter and dose data.
The relationship is considered dose proportional if b is equal to 1 and the
95% confidence intervals include unity. Log transformation and linear
regression were performed using GraphPad Prism version 5.0c for Mac
(GraphPad Software, San Diego, CA).

RESULTS

Fourteen adult patients with CF were randomized to receive 200
mg (n � 6), 100 mg (n � 5), and 40 mg (n � 3) of the drug. Two
patients withdrew from the multiple-dose phase (one each from
the 40- mg and 100-mg groups), one due to an acute pulmonary
exacerbation requiring hospitalization and the second due to in-
ability to meet study visit requirements. The demographic and
clinical characteristics are summarized in Table 1. The study par-
ticipants were well nourished, as evidenced by the normal body
mass index. With the exception of one patient, the CFTR (cystic
fibrosis transmembrane conductance regulator) genotypes were
either homozygous or heterozygous for �F508. All patients had
normal renal and hepatic function based on laboratory studies.

TABLE 1 Subject characteristics

Characteristica Mean value (SD)

Age (yr) 32.1 (12.3)
Gender (M/F) 8/6
Ht (cm) 168 (11.6)
Wt (kg) 66.2 (13.2)
Body mass index (kg/m2) 23.6 (3.71)
No. with CFTR genotype:

�F508/�F508 6
�F508/other 7
Other/other 1

GFR (ml/min/1.73 m2) 115 (21.9)
Total bilirubin 0.4 (0.2)
AST 26.3 (11.1)
ALT 26.8 (14.7)
a M, male; F, female; GFR, glomerular filtration rate; AST, aspartate transaminase; ALT,
alanine aminotransferase.
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Pharmacokinetics. The results of the noncompartmental
pharmacokinetic analysis are presented in Table 2. The average
Cmax following single intravenous doses increased from 1.0 to
3.16, and the AUC0-� increased from 15.2 to 47.8 as the dose
increased from 40 to 200 mg. The doxycycline dose level increased
in the ratio of 1.0:2.5:5, whereas the mean Cmax, and AUC0-� val-
ues increased in the ratios of 1.0:2.6:3.2 and 1.0:1.6:3.1, respec-
tively. The exponents of the power model used to determine dose
proportionality were 0.75 and 0.74 for Cmax and AUC0-�, respec-
tively, indicating less than a dose-proportional relationship. The
95% confidence intervals (0.51 to 0.99 and 0.55 to 0.94) around
the mean approached unity, suggesting dose proportionality. One
potential explanation for the less than proportional relationship
with Cmax could be the longer infusion time for the 200-mg doses,
allowing more time for distribution to occur, resulting in a lower
Cmax. This is supported by the approximate doubling of the
AUC0-� with the increased dose of 100 mg to 200 mg.

The plasma concentration-time profiles of doxycycline during
multiple-dose oral administration demonstrated relatively consis-
tent absorption patterns, with several (12%) instances of second-
ary peaks. The Tmax ranged from 1 to 2.3 h and appeared to be
longer at higher doses (100 mg and 200 mg versus 40 mg). The
Cmax values appeared to be slightly higher on day 28; however, the
differences were not statistically significant. Following repeated
dosing, the mean doxycycline Cmax increased in the ratio of 1.0:
1.6:2.64 at 14 days and 1.0:1.4:2.4 at 28 days. The exponents of the
power model for Cmax were 0.63 and 0.56 on days 14 and 28,
respectively, indicating a less than dose-proportional relationship.
The 95% confidence intervals around the mean exponents in-
cluded unity at day 14 and approached unity on day 28, suggesting
dose proportionality. The smaller number of patients receiving
the 40-mg dose (n � 2) could influence the determination of dose
proportionality.

Sputum concentrations were also measured in a subset of pa-
tients who were able to produce sufficient sputum (Table 3). Spu-
tum concentrations ranged from 0.15 to 1.9 mg/liter (mean, 0.78
mg/liter) and were higher in patients receiving 200 mg versus 100
mg a day. The concentrations did not differ significantly between
days 14 and 28, indicating a steady state had been achieved. Spu-
tum penetration was determined by a ratio of the predose sputum
and plasma doxycycline concentrations on days 14 and 28. The
mean (SD) sputum penetration ratio was 0.71 � 0.33, indicating
doxycycline concentrations in pulmonary secretions are lower
than in plasma.

The results of the compartmental pharmacokinetic analysis are
depicted in Table 4 and Fig. 1 and 2. A two-compartment model
with first-order absorption incorporating a lag time best described
the plasma concentration-time data. The plot of predicted versus
measured concentrations (Fig. 1) showed good agreement (r2 �
0.83; slope � 0.97). The absorption was characterized by a lag time
and a relatively low and variable absorption rate. However, the
extent of absorption was complete, with a mean bioavailability of
1.16. The disposition is characterized by a relatively quick distri-
bution (T1/2� � 0.56 h) followed by a more prolonged elimination
phase (T1/2� � 18.1 h).

DISCUSSION

The primary findings from this study are that doxycycline exhibits
excellent oral bioavailability and moderate pulmonary penetra-
tion upon multiple dosing in patients with CF. Overall, the phar-
macokinetics of doxycycline in patients with CF are consistent
with prior studies in non-CF populations (16, 17). The Cmax and
Tmax following a 7-day treatment course of doxycycline at 200 mg
orally once daily for Plasmodium falciparum malaria were 4.4
�g/ml and 3 h, respectively (16). These values are similar to those
in the current study (3.04 and 3.57 �g/ml and 2.33 and 2.17 h on
days 14 and 28, respectively).

TABLE 3 Predose doxycycline concentrations in plasma and sputum
(n � 4)

Subject Day Dose (mg)
Sputuma

(mg/liter)
Plasmaa

(mg/liter) Ratiob

1 14 100 0.30 0.33 0.89
28 0.68 0.59 1.2

2 14 100 0.25 0.46 0.55
28 0.15 0.44 0.33

3 14 200 0.73 1.5 0.49
28 0.78 1.9 0.40

4 14 200 1.5 1.6 1.1
28 1.9 1.3 0.69

a Predose concentrations on days 14 and 28.
b Mean sputum penetration ratio (SD) � 0.71 (0.33).

TABLE 4 Compartmental pharmacokinetic parameters

Parameter Mean value (SD)

CLt (liters/h) 3.70 (0.995)
Vc (liters) 27.9 (6.44)
Q (liters /h) 22.1 (11.4)
Vp (liters) 61.4 (24.2)
� (h�1) 1.25 (0.579)
� (h�1) 0.038 (0.008)
T1/2, � (h) 0.557 (0.259)
T1/2, � (h) 18.1 (3.74)
TLag (h) 0.484 (0.304)
Ka (h�1) 0.414 (0.796)
F 1.16 (0.299)

TABLE 2 Noncompartmental pharmakokinetics

Dose (mg)

Single-dose intravenous, day 1
[mean (SD)]

Multiple-dose oral [mean (SD)]a

Day 14 Day 28

Cmax AUC0-� Cmax Tmax Cmax Tmax

40 1.00 (0.63) 15.2 (3.12) 1.15 (0.09) 1.50 (0.71) 1.48 (0.53) 1.00 (0.00)
100 2.57 (1.45) 23.8 (7.42) 1.85 (1.05) 2.25 (0.50) 2.06 (0.48) 1.75 (0.50)
200 3.16 (0.90) 47.8 (12.6) 3.04 (0.66) 2.33 (0.82) 3.57 (1.12) 2.17 (0.41)
a Secondary peaks were noted in 3/25 (12%).
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The absorption rate is variable but complete. The data are con-
sistent with published data, demonstrating a mean bioavailability
of 95% (21). The average bioavailability in this trial exceeds 100%,
indicating possible enterohepatic recirculation. This is also sug-
gested by the appearance of multiple peaks observed for several
patients. Doxycycline is known to be eliminated through biliary
excretion and reabsorbed into the systemic circulation (17).

Sputum penetration in this CF cohort was moderate, with lev-
els approximately 70% of plasma. The sputum/plasma ratio ex-
ceeds values from prior published data, which range from 17 to
55%. The higher rate of penetration may be related to the longer
drug administration period in this study, leading to greater accu-
mulation. The sputum penetration ratio was noted to increase
from 7.5 to 46% from the first to the seventh day of treatment in an
earlier study (8). In addition, it is also possible that the degree of
airway inflammation is greater in patients with CF, resulting in
greater delivery of doxycycline to the airways through cellular par-
titioning within neutrophils that migrate to the airways.

The concentrations achieved with standard doses approach the

therapeutic target for anti-inflammatory effects established in
prior studies. Based on in vitro studies and in vivo data in patients
with abdominal aortic aneurysms, the total doxycycline concen-
tration necessary to exert an anti-inflammatory response is ap-
proximately 3 to 10 �g/ml (2, 11, 13, 14). Doxycycline exhibits
high protein binding (88%), which limits the biological activity of
the agent (10). However, doxycycline at doses comparable to
those used in humans demonstrated a significant reduction in
airway neutrophils and MMP-9 in bronchoalveolar lavage fluid in
a murine model of neutrophilic airway inflammation (5). In ad-
dition, clinical trials demonstrated a significant reduction in in-
flammatory biomarkers in serum (e.g., MMP-9 and C-reactive
protein [CRP]) during long-term administration with standard
dosing of doxycycline (metalloproteinase inhibition with low-
dose doxycycline to prevent acute coronary syndromes [MIDAS]
and atherosclerotic disease). These reductions may be related to
accumulation within inflammatory cells (intracellular/extracellu-
lar ratio, 7.5) (22).

There are some limitations to our study data. The interassay
precision of the sputum concentrations was relatively high (17%)
at the lowest standard, 0.1 �g/ml. However, the measured data for
7/8 samples were well above this value, which would minimize the
effect on the measured concentrations. Second, the study results
apply to well-nourished adult CF patients with mild to moderate
pulmonary disease. This population was chosen because the ben-
eficial effects of prior anti-inflammatory therapies (e.g., cortico-
steroids and ibuprofen) in slowing the progression of pulmonary
disease were significant for patients with mild lung disease.

In conclusion, doxycycline exhibits favorable oral absorption
characteristics, with an overall pharmacokinetic profile similar to
those in other patient populations. The concentrations achieved
in plasma and sputum approach the levels necessary for anti-
inflammatory effects. These results suggest that further explora-

FIG 1 Time course of doxycycline plasma concentrations. PO, oral administration. �, 40 mg; , 100 mg; Œ, 200 mg.

FIG 2 Measured versus individual model-predicted concentrations. Solid
line, linear regression through the points; dashed line, line of unity.
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tion of doxycycline as a potential anti-inflammatory therapy in
patients with CF is warranted.
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