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Abstract

Background—Following administration of an antibiotic, the concentration in blood changes
over time and is dependent on the type of antibiotic, the route, and species of the individual. The
most relevant pharmacodynamic property of a bacteriostatic antibiotic such as doxycycline is the
minimum inhibitory concentration (MIC), whereas pharmacokinetics may include rates of
absorption and elimination from blood.

Methods—We determined serum concentrations of doxycycline following administration of 5
mg/kg in two macaques.

Results—The area under the concentration-time curve over 24 hours (AUC._»4) following 2
doses was extrapolated from the curve over 12 hours following a single dose, with the purpose of
calculating the AUCy_p4:MIC.

Conclusion—~Other than a somewhat faster rate of elimination, the PK-PD values for
doxycycline in macaques appears similar to those determined for humans. This information will
be valuable for treating disease in macaques and for research in bacterial infection models that use
macaques.
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Introduction

The tetracycline class of antibiotics are broad-spectrum antimicrobial compounds used to
treat a variety of infections [12], including susceptible intracellular and/or zoonotic
pathogens. Determination of the probable efficacy of an antibiotic is based on measurement
of the blood level of that antibiotic over time, and association of those pharmacokinetic/
pharmacodynamic (PK-PD) parameters with clearance of infection. Much of this work is
based on murine models of infection, but has nonetheless led to a significant knowledge
base regarding recommended doses and treatment regimens for human infection [3]. Of
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importance is the PK-PD measure that best predicts efficacy, such as the importance of time
versus concentration of antibiotic.

One such pathogen for which the second-generation tetracycline antibiotic doxycycline is
commonly used is Borrelia burgdorferi, the Lyme disease agent. The nonhuman primate
exhibits the hallmark signs of Lyme disease [13] and has been tested by us for indications of
antimicrobial efficacy against B. burgdorferi[7]. Interestingly, available data on the PK-PD
properties of oral doxycycline using dose/weight controlled experiments in rhesus macaques
is lacking [9]. The PK-PD measure thought to be the best predictor of the time-dependent
antibiotic is the ratio of the area under the concentration time-curve over 24 h to the MIC
(AUC.24:MIC). As such, we conducted a time-course assessment of serum doxycycline
levels over 24 hours using a 5 mg/kg dose at 0 and 12 hr (bis /in die regimen).

Material and Methods

Ethics statement

Practices in the housing and care of animals conformed to the regulations and standards of
the PHS Policy on Humane Care and Use of Laboratory Animals, and the Guide for the Care
and Use of Laboratory Animals. The Tulane National Primate Research Center is fully
accredited by the Association for the Assessment and Accreditation of Laboratory Animal
Care-International. The Institutional Animal Care and Use Committee (IACUC) of the
Tulane National Primate Research Center approved all animal-related protocols, including
anesthesia, oral gavage and blood collection. All animal procedures were overseen by
veterinarians and trained staff.

Doxycycline administration and blood collection

Two male Indian rhesus macaques aged 2.27 and 2.55 years and weighing 3.49 and 4.42 kg,
respectively, were used in this study. Animals were anesthetized and fed 5 mg/kg liquid
doxycycline monohydrate (Vibramycin) oral suspension (Pfizer), 5 mg/mL, twice, at O hr
and 12 hr. Animals were anesthetized with 8 mg/kg Telazol for the first hour and then <5
mg/kg ketamine as needed for subsequent collections. For administration of the drug,
animals were held upright while an 8 French feeding tube was passed through the oral cavity
to the gastric lumen. The appropriate volume of doxycycline was administered via a syringe
attached to the feeding tube. Blood samples were drawn at the following intervals between
30 min-24 hours: 0 hr, 30 min, 1 hr, 2 hr, 4 hr, 6 hr, 8 hr, 12 hr, 24 hr. In order to minimize
blood collection volumes, yet obtain accurate curves following a single dose, the 12-24
curve was extrapolated from the 0-12 hr values.

Determination of serum doxycycline concentrations

A suspension of bacteria (Bacillus subtilis, ATCC #6633), grown in trypticase soy broth
(BD, Franklin Lakes, NJ), was streaked onto Mueller-Hinton agar plates (BD) such that a
lawn of bacteria would grow after 18-24 hours of incubation at 37 °C. To determine
antibiotic concentration in serum, 75 pL of serum from treated animals was applied to 6-mm
diameter plain paper discs (BD) 25 L at a time and allowed to dry for 30 minutes.
Standards were made by dissolving doxycycline hyclate (Sigma-Aldrich) into normal
monkey serum; these were applied to the discs in the same manner. Standard doxycycline
concentrations used were 0, 0.1, 0.25, 0.5, 1, 5, 10, and 25 pg/mL. The test discs were
placed onto the prepared agar plates and incubated overnight at 37°C. The zones of
inhibition for duplicate test discs were measured three times in radial mm and averaged. A
standard curve was generated using the measurements of the control/standards. The test
measurements were compared to the standard curve giving an approximate doxycycline
concentration from the test serum.
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Calculation of the AUCq.24:MIC

Results

Zones of inhibition (mm) were converted to concentration by linear regression of the
standard curves. We next derived constants ki, Ay, k3 that best fit a curve of the form C(?) =
k(e %! - gk3Y, where C(J is concentration and ¢is time, to the data using the method of
least squares. The constants 4> and k3 rate represent the elimination (4, and the absorption
rate (k;), respectively. Estimates for k,yand &, were derived as described [10]. For k;a
linear regression was performed for the changes in concentration over time for the upslope
(absorption) between 0.5 hr-2hr, a segment in the linear range. The change in concentration
over time was 1.209869/1.5 hr, so k;=0.80658.g/hr. For kg, a linear fit for the decline in
concentration over time from peak to trough (2-12 hr) was determined. The serum
concentrations from 1.72 pg/mL-0.86.g/mL were in the linear range of decline and from
that line the half-life (t1/,) was calculated to be 6.76 hr. So, kg~ 0.693/6.76=0.1025.
Subsequently, we compared the constants Ay, k3 derived by the method of least squares for
curve fit to Ky7and k; for closeness, finding them to be within 10% of one another (4 =
0.119, k3 = 0.818)Using these values, the area under the curve C(Z) was determined from 7=
0 to £=12 and compared to the value obtained by the Trapezoidal rule applied to the data for
reasonableness. To logically estimate the AUC from 0-24 hours, the area under the curve
C(t)from t=0.5to = 12.5 was extrapolated and added to the AUC for 0-12 h, as shown in
Figure 2. The theoretical parameters were chosen because the value at 24 h is not 0, yet
closer to the 0.5 h value. The predicted values are actually lower than the real values,
indicating that our extrapolation is an underestimate.

Doxycycline efficacy is time-dependent rather than concentration-dependent, meaning that
bactericidal activity is predicated on the amount of time bacteria are exposed to a
concentration above the minimum inhibitory concentration (MIC). We therefore aimed to
determine the AUC_»4:MIC. This required us to measure serum concentrations at intervals
from 0-24 hr. We administered doxycycline to the macaques at a dose of 5 mg/kg. This
antibiotic dose was chosen because it is higher than the standard (2 mg/kg) recommended to
achieve appropriate bloods levels in humans [17], but less than the dose used in our previous
study for treatment of early disseminated infection [3].

Peak and trough values after a single dose

We used a modification of the Kirby-Bauer disc diffusion assay to quantify the
concentration of doxycycline at 0.5, 1, 2, 4, 6, 8, 12 and 24 h following an oral dose of 5 mg/
kg at the 0 and 12 h time points. The absorption rate was calculated at 0.8066 (.g/mL/hour)
and is evident by a rapid increase in the serum concentration within 2 hours for both animals
(Figure 1). The peak value, found at 2 h post-ingestion, was close to 2 pg/mL (Table 1). The
trough values were found between 8-12 hours, and did not drop below 0.8 pg/mL (Table 1).
The 12 h value for animal 2 was very close (1.089, Figure 1).

Determination of efficacy by extrapolation of the AUCg.24:MIC

The absorption and elimination rates were calculated from the actual 0-12 h data and then
compared to the constants derived by the method of least squares for curve fit (Table 2).
Each of these was reasonably close to the derived values. We used the values from 0-12
hours to establish an actual curve, incorporated those data to establish a curve of best fit with
the equation C() = ki (e k2! — e 43! and extrapolated the 12-24 hour curve using those
values (Figure 2). As stated the actual values are higher than the predicted values, indicating
that our results are an underestimate of the real AUC from 0-24 h (Fig. 2). The areas under
each curve were determined and added together to derive the AUC from 0-24 h (Table 2).
The AUCq.24:MIC was also calculated for MIC values of 0.25 and 0.5 pg/mL (Table 2).
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Discussion

The doxycycline MIC for the B31 strain of B. burgdorferihas been reported to be between
0.125-1 pg/mL [5, 6], with a value of 4 pg/mL reported for one strain [5]. In our studies
with the B. burgdorferi strain B31.5A19, the value of the MIC is consistently 0.25 pg/mL
(data not shown). However, published data indicate that significant variability in this
property exists, depending on the strain of B. burgdorferi sensu lato [14]. Compilation of
data from several studies indicate that the doxycycline MIC for the majority of B.
burgdorferi strains tested is between 0.125-0.5 pg/mL [6, 8, 14]. Using the dose of 5 mg/kg,
we found that the levels peaked around 2 h at ~2 pg/mL and that even at the trough, the
serum concentrations did not drop below 0.8 pg/mL. This level of antibiotic was still above
the B. burgdorferi MIC for most strains, indicating that by peak and trough indicators, this
dose should be efficacious.

In comparison to human data, the pharmacokinetics of oral doxycycline in rhesus macaques
appears to be quite similar. In our study, the values were: (1) for the rate of absorption
(K;)=0.8066; (2) for the rate of elimination (K,)=0.1025, and (3) for the elimination half-
life (¢7,2{elim})=6.76 h. In a study of doxycycline pharmacokinetics in humans, comparing
fasted to non-fasted individuals (our animals were fasted, due to anesthesia), the ranges for
each pharmacokinetic parameter were as follows: (1) for the rate of absorption
(K;)=0.26-1.03; (2) for the rate of elimination (K,)=0.54-0.082, and (3) for the elimination
half-life (¢7,,{elim})=8.8-14.2 h [16]. Thus, the rate of absorption (K) in macaques was
found to be close to what has been determined in humans, but the rate of elimination (Kj)
was somewhat faster [16] further emphasizing the need to determine the area under the time-
concentration curve in evaluation of efficacy. Importantly, the rate of elimination in
macaques is much closer to that of humans than what has been observed with multiple
antibiotics in mice [4].

Given that the bactericidal activity of doxycycline is more time-dependent than
concentration-dependent, the pharmacokinetic-pharmacodynamic measure that has been
proposed to be most closely correlated with efficacy is the AUCy.24:MIC [2]. Due to
limitations on the frequency and amount of blood that could be collected from our
macaques, we were able to collect values over 12 h to generate a curve, but had to
extrapolate from that curve for the subsequent 12 h. Given that the starting point for 12-24 h
was not a concentration of zero, our extrapolation is more likely an underestimate than an
overestimate. In our study, dosing was based on weight in two macaques of similar age and
weight. While we have little rhesus macaque data for comparison, one study looked at peak-
trough levels following a 25 mg dose of doxycycline b.i.d. for 2 days. The body weights of
these animals varied significantly, but averaged 7.7 kg, which would be 3.24 mg/kg per
dose. For day 1, average peak and trough levels were 0.54 and 0.435 pg/mL but rose to 1.89
and 0.685 on day 2 [9], suggesting that concentrations would increase somewhat with each
subsequent dose.

With regard to B. burgdorferiinfection and susceptibility, an exact value for the
AUC.4:MIC associated with clearance of infection has not been established. However,
based on available human and murine data, pharmacokinetic modeling has been used to
establish a value for efficacy for a preventive dose of doxycycline [11]. Here, the amount of
free drug in serum following a single dose, divided by the MIC (FAUCy.0:MIC) was used
as the efficacy parameter. In mice, a value of 84 for the fAUCy.«:MIC was associated with
100% efficacy, whereas a value of 36 was associated with 87% efficacy for humans.
Specific values to establish efficacy for the AUCy_»4:MIC using doxycycline and B.
burgdorferiin an animal model has not been published. However, in mouse models of S.
aureus and S. pneumonia infection, the mean AUC_»4:MIC associated with an efficacious
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bacteriostatic effect of Linezolid was 83 for S. aureus and 48 for pneumococci [5]. In
addition, the minocycline-derived antibiotic Tigecycline (GAR-936) was deemed efficacious
in a neutropenic mouse model of infection (multiple bacterial species) when serum levels
were above the MIC for >50% of the time [15]. We found the value for AUCq_»4 to be
approximately 30 pg-h/mL with our 2 macaques. Studies in humans using oral doses of 100
mg have resulted in AUCg_»4 values of 13-40 pg-h/mL [1]. Given that our dose of 5 mg/kg
was above the MIC beginning at 0.5 h through 24 h, and that the AUC.24:MIC was well
over 100 for the standard MIC (0.25 pg/mL) for B. burgdorferi, the 5 mg/kg dose should be
sufficient for efficacy. This calculation assumes that spirochetes are uniformly exposed to
serum doxycycline concentrations, as measured.
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Pharmacokinetic parameters of a single 5 mg/kg dose of oral doxycycline monohydrate.

Table 1

Animal | Peak value(time) | Trough value (time)
1 2.01 pg/mL (2 h) | 0.868 wg/mL (12 h)
2 2.02pg/mL (2h) | 0.936 wg/mL (8 h)
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