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Summary

Background: The treatment of equine lung infections by Rhodococcus equi with rifampicin is empirically based because pharmacokinetic/
pharmacodynamic (PK/PD) indices and pivotal clinical outcome data are not available.

Objectives: To evaluate the pharmacokinetics and pulmonary distribution of rifampicin into epithelial lining fluid (ELF) and bronchoalveolar lavage cells
(BALC) to predict antimicrobial activity in the lung using PK/PD indices.

Study design: Controlled, randomised, two-period, crossover, repeated-dose study with an initial arm to measure disposition after i.v. administration
of rifampicin.

Methods: Pharmacokinetics and lung distribution were evaluated in six healthy foals treated with 10 mg/kg bwt rifampicin i.v. (initial arm) and with
repeated oral doses of rifampicin at 10 mg/kg bwt and 20 mg/kg bwt once per day for 10 days (crossover arms). ELF and BALC were sampled by
bronchoalveolar lavage 24 h after the last oral dosing. Rifampicin and 25-O-desacetyl rifampicin were quantified using liquid chromatography tandem-
mass spectrometry. Enzyme induction by rifampicin was confirmed by evaluation of plasma 48-OH-cholesterol:cholesterol ratios.

Results: The distribution volume of rifampicin administered i.v. was ~0.85 L/kg. Terminal elimination half-life was ~11 h. Orally given rifampicin was
slowly absorbed (Tmax, range: 2.5-8.0 h) and eliminated with apparent half-lives of ~6-8 h. Trough concentrations in ELF and BALC were
1.01 £ 0.20 pg/mL and 1.25 + 0.29 pg/mL, respectively, after 10 mg/kg bwt rifampicin and 2.71 & 1.25 pg/mL and 3.09 + 1.63 pg/mL, respectively,
after 20 mg/kg bwt rifampicin. The average ratios of area under the plasma concentration time curve during an administration interval of 24 h
(AUCo-24 1) to minimum inhibitory concentration (MIC) were 145 and 322 h, respectively, for less susceptible strains of R. equi (MICgo: 0.5 pg/mL).

Main limitations: The clearance and bioavailability of rifampicin after repeated oral dosing were not evaluated.

Conclusions: Treatment with rifampicin at 10 mg/kg bwt administered once per day is suitable to generate drug concentrations above the MICqq in the
ELF and BALC of foals. Future clinical studies with rifampicin in combination with macrolide antibiotics with low drug interaction potential are required

to translate the PK/PD indices into protocols for the treatment of R. equi lung infections.

Keywords: horse; foals; rifampicin; pharmacokinetics; lung distribution; PK/PD indices

Introduction

Antimicrobial therapy is often empirically based on in vitro activity data and
on reports on successful clinical outcomes, which are often not confirmed
by randomised, controlled clinical trials and do not consider individual
pharmacokinetic factors, influence of drug interactions or surrogates to
predict efficacy. Better understanding of antimicrobial interactions,
evaluations of post-antibiotic effects and consideration of whether a drug
exerts time-dependent or concentration-dependent activity can provide
rationales for the determination of more clinically efficient therapy. One
context appropriate for such a challenging approach is the treatment of
infectious lung diseases such as those caused by Rhodococcus equi in foals
using protocols that include rifampicin administration. Nowadays, horse
breeding is endangered by R. equi infections because healthy mares are
frequently carriers of the highly infectious bacterium, which typically
causes abscessing pneumonia in foals. Although the disease is self-limiting
in most cases, appropriate drug therapy significantly reduces the recovery
time of foals with clinical disease or pulmonary lesions of moderate
severity [1]. Similar to Mycobacterium tuberculosis in human patients,
R. equi resists innate macrophage defence and survives in alveolar
macrophages and eventually destroys them [2]. By contrast with its
bactericidal and concentration-dependent activity against M. tuberculosis,
rifampicin exhibits bacteriostatic and time-dependent activity against
R. equi and leaves a long post-antibiotic effect [3]. Concentrations of
greater than four times the minimum inhibitory concentration required to
inhibit the growth of 90% of organisms (MICso) exert no additional activity

Equine Veterinary Journal 0 (2017) 1-6 © 2017 EVJ Ltd

on bacterial counts. The empiric clinical standard therapy of R. equi
infections with rifampicin administered at 10-20 mg twice per day takes
several weeks to months to achieve complete recovery and typically
comprises combinations with macrolide antibiotics that act synergistically
with rifampicin  [3-5]. However, comprehensive pharmacokinetic/
pharmacodynamic (PK/PD) indices for rifampicin and pivotal outcome data
from randomised clinical studies (e.g. mortality, recovery rate, rate of
resolution of leucocytosis, number and/or diameter of pulmonary lesions)
to predict the efficacy of R. equi eradication in foals are not yet available.
The major clinically relevant characteristics of rifampicin in man are: 1)
nearly complete oral absorption, 2) distribution throughout the entire body
(volume of distribution [Vss] ~1 L/kg), 3) dose-dependent elimination, and 4)
strong auto-induction of its metabolic disposition and membrane transport
leading to markedly reduced elimination half-lives and systemic exposure
after chronic treatment [6-10]. Steady-state data on pharmacokinetics and
lung distribution of rifampicin in foals are available only from two studies
conducted by the present authors using 10 mgkg bwt rifampicin
administered twice per day for 2 days (without marked enzyme induction)
and 10 mg/kg bwt rifampicin administered twice per day for 14 days (full
enzyme induction) in combination with 7.5 mg/kg bwt clarithromycin
[11-13]. Therefore, the aim of the present study was to measure the
distribution of rifampicin into the epithelial lining fluid (ELF) and
bronchoalveolar lavage cells (BALC) and to establish plasma concentration
time curves after repeated oral administration of 10 and 20 mg/kg bwt
once per day for 10 days to provide reliable pharmacokinetic data for the
assessment of predictive PK/PD indices (e.g. area under the plasma
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concentration time curve [AUCI:MIC, maximum plasma concentration
[Conax:MIC, Topuic [14-17)).

Materials and methods

Animals

Ten healthy Warmblood foals (six female, four male; aged 42-56 days,
bodyweight 90-140 kg) of the Oldenburger trait were included in the
clinical study. The study had been approved by the State Authority of
Mecklenburg-Vorpommem, Germany. The animals were confirmed to be in
good health by physical examination that included lung sonography and
routine clinical chemical and haematological screenings. The foals were
housed together with mares under a natural light rhythm and were given
free access to equine milk, standard pellets, hay, oats and tap water. All
clinical examinations were performed in individual stables bedded with
straw. The animals did not receive any other medication for at least
4 weeks prior to the study. Four foals had to be withdrawn in the course
of the study (three foals after i.v. dosing; one foal after oral treatment)
because of signs and symptoms of pulmonary infection (three foals;
dyspnea, fever, leucocyte count of >13,000 cells/uL) or problems with the
jugular vein (one foal). Therefore, the per protocol population consisted
of six subjects (five female, one male; aged 42-56 days, bodyweight
104-133 kg).

Study protocol

The pharmacokinetic study with rifampicin (EREMFAT®? after repeated oral
administration was performed in a randomised, controlled, two-period,
crossover study that was supplemented with an initial single i.v. dosage
period. In the initial period, time curves for serum concentrations of
rifampicin were evaluated in all foals after slow iv. bolus injection of
10 mg/kg bwt (1.2 mg/mL) via an indwelling jugular vein catheter (Brauniile
MT®®). Venous blood samples (each of 5-7 mL) to quantify rifampicin
concentrations in plasma were collected via a contralateral indwelling
jugular vein catheter before and at 0.33, 0.66, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12,
16, 24, 36 and 48 h after rifampicin administration. After a washout period
of 7 days to ensure complete elimination of rifampicin [18], the animals
were randomly allocated to the crossover part of the study (block
randomisation) and were orally treated with either 10 or 20 mg/kg bwt
rifampicin once per day for 10 days to measure concentration time profiles
after the respective last administration (five subjects per dosing group).
Treatment with rifampicin for 10 days is assumed to be sufficient to
achieve full pregnane X receptor (PXR) type enzyme induction [19,20]. For
oral administration, the rifampicin tablets were suspended in 30 mL of
water and sprinkled into the mouths of the foals using a syringe (Soft
Ject™). A washout period of 21 days was imposed between the two
repeated-dose periods to ensure the decay of expected enzyme auto-
induction [19,21,22]. Venous blood was sampled before and at 0.33, 0.66,
1, 15, 2, 25, 3, 4, 6, 8, 12, 16 and 24 h after the last rifampicin
administration and after 36 and 48 h to assess apparent half-life properly.
The 4B-hydroxycholesterol:cholesterol (4B-OH-chol:chol) ratio, an accepted
measure for PXR-type enzyme induction [19,20], was measured before i.v.
administration and at 24 and 48 h after the respective last oral dosing of
rifampicin.

Plasma was obtained by centrifugation of blood samples at 2000 g for
10 min and was stored at —80°C or below until analysis.

Bronchoalveolar lavage (BAL) was performed 24 h after the
administration of the last oral dose to obtain ELF and BALC as described
previously [23]. Aliquots of 5 x 10° BALC and lavage fluid were
immediately snap frozen using liquid nitrogen and stored at —80°C until
analysis.

Quantitative analyses

Rifampicin and its major active metabolite 25-O-desacetyl rifampicin (DAc-
RIF) [24,25] were quantified in plasma, lavage fluid and BALC using a
validated liquid chromatography tandem-mass spectrometry (LC-MS/MS)
method [26]. The lower limit of quantification (LLOQ) for all matrices was
2.5 ng/mL. Within-day accuracy for both analytes ranged from —1.1% to
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9.2% of nominal concentrations and within-day precision ranged from 3.7%
to 9.6% of means (coefficient of variation). Between-day accuracy ranged
from —4.3% to 9.8% of nominal concentrations and between-day precision
ranged from 2.5% to 9.6% of mean controls. Concentrations of the analytes
were assessed in ELF by normalising to the concentration ratio of urea in
plasma over lavage fluid and in BALC by considering a mean alveolar cell
volume of 1.2 pUlO6 cells in foals [27,28]. Urea was quantified using the
LT-UR 0010 kit.% Chol and 4B-OH-chol were determined in plasma using a
validated LC-MS/MS method as described previously [13]. The LLOQs for
4B-OH-chol and chol were 0.25 and 1.0 pg/mL, respectively. Accuracy and
precision ranged from 5.0% to 11.6% and —6.2% to 3.7%, respectively, of the
respective nominal values, and from 3.5% to 6.8% and 3.8% to 8.9%,
respectively, of the respective means.

Biometrical evaluation

Maximum (Crnax) and minimum (Ca4 1) plasma concentrations of rifampicin
and DAC-RIF at steady state in the dosing interval after the administration
of the last repeated dose and the time of Cyax (Tmax) Were taken from the
plasma concentration time curves. For the repeated oral dosing, the AUC
during an administration interval of 24 h (AUCy_»4 1) was calculated using
the trapezoidal rule. The AUC extrapolated to infinity (AUCy_co) after i.v.
administration was assessed using the measured data points from the time
of administration until the last quantifiable concentration by the trapezoidal
formula (AUCo_4g n) and extrapolated to infinity. Terminal elimination half-
life (T,) after i.v. administration and apparent elimination half-lives after
repeated oral dosing were estimated by log-linear regression analysis of
the terminal slope. The plasma concentration at time zero (C) was
assessed by extrapolating the slope point of intersection with the ordinate.
To assess apparent half-lives after repeated oral dosing properly,
concentrations of rifampicin and DAc-RIF were quantified in additional
samples up to 48 h after the last administration. Systemic clearance after
i.v. administration was calculated by dose:AUCy_oo and Vs by dose x area
under the moment curve (AUMC):AUCy . Mean residence time (MRT)
was calculated as the ratio of AUMC to AUCy_co. After oral administration,
MRT was derived as MRTg = (AUMCy_24 h + tZss X [AUCy_oo —
AUCo_24 nl)/AUCo_24 n With tzes as the dosing interval (1) of 24 h. The
metabolic ratio (%) was calculated from the equation AUCo_24 h, pac—rie/
(AUCo_24 n, rir + AUCo_24 h, pac—ri) after molecular mass correction.
Mean + s.d. values are given. Differences in the pharmacokinetic
parameters for rifampicin and DAC-RIF after i.v. and oral administration of
different doses were evaluated using the nonparametric Wilcoxon signed-
rank test with P<0.05 as the level of statistical significance.

Results

After slow iv. injection, rifampicin reached maximum plasma
concentrations of 10.5-29.3 pg/mL. Its distribution volumes were 0.67—
1.01 Ukg. Systemic exposure (AUC) of the active metabolite DAC-RIF was
low and amounted to 2.51 + 0.56% of rifampicin exposure (metabolic
ratio). Terminal elimination half-life and MRT ranged between 9.82 h and
13.1 hand 14.8 h and 18.5 h, respectively (Table 1). Repeated oral dosing
with rifampicin for 10 days resulted in a significant increase in the 4p-OH-
chol:chol ratios (both P<0.05) that occurred independently of dose and
sequence of chronic treatment (before rifampicin: 1.87 + 1.43; after the
first crossover period with 10 or 20 mg/kg bwt rifampicin: 4.63 + 0.97;
after the second crossover period: 5.19 + 1.87 [both P<0.05 compared
with before rifampicin]). Orally administered rifampicin was slowly
absorbed and reached maximum plasma concentrations of 3.23-7.91 ug/
mL (10 mg/kg bwt dose) and 10.4-13.9 pg/mL (20 mg/kg bwt dose) at
~4-5 h after oral administration (Fig 1, Table 1). Despite slow absorption,
the apparent elimination half-lives of rifampicin were markedly lower after
repeated oral dosing compared with after single dose i.v. administration
and there was significant dose dependency (10 mg/kg bwt: 6.79 + 0.70 h;
20 mg/kg bwt: 7.61 £ 0.82 h [P = 0.046]). Systemic exposure (AUCo_24 1)
of rifampicin after repeated oral dosing with 20 mg/kg bwt was significantly
lower than after the single iv. administration of 10 mgkg bwt
(161 + 18.4 pg x himL vs. 193 £ 16.5 ug x h/mL; P = 0.028). Escalation
of the oral dose from 10 mg/kg bwt to 20 mg/kg bwt resulted in a dose-
proportional increase in exposure (AUCy_o4 n: 72.3 &+ 21.0 pg x h/mL vs.
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,1&

24 hy HYIIIL, THIEGH T S.U. - 14z T UL 0.LL T Uy
Cetr, Hg/mL, mean + s.d. - 1.01 +0.20 271 +£1.25
Ceacc, Hg/mL, mean =+ s.d. - 1.25 + 0.29 3.09 + 1.63
Tmax, h, median (range) - 3.00 (3.00-8.00) 4.00 (2.50-8.00)
Ty, h, mean + s.d. 11.0 £ 1.55 6.79 + 0.70% 7.61 + 0.82%
*MRT, h, mean + s.d. 16.2 + 1.37 145 + 1.82 15.0 + 2.43
Clearance, mL/(min x kg), mean + s.d. 0.87 + 0.07 - -
25-O-desacety! rifampicin

AUC, pg x h/mL, mean + s.d. 4.69 + 1.00 1.12 £ 0.64* 377 £1.32
Metabolic ratio, %, mean + s.d. 2.51 + 0.56 1.58 + 0.62* 2.38 + 0.68
Crnax, H€/ML, mean + s.d. 0.26 + 0.05 0.08 + 0.05* 0.27 + 0.09

Cay, Hg/mL, mean =+ s.d. - 0.05 + 0.03 0.16 + 0.05
Crnin, HE/ML, mean + s.d. - 0.01 + 0.01 0.04 + 0.03
Cer, Hg/ML, mean + s.d. - 0.03 + 0.01 0.06 + 0.03
Cealc, Mg/mL, mean =+ s.d. - 0.22 + 0.06 0.53 + 0.16
Tmax, h, median (range) - 6.00 (3.00-8.00) 6.00 (4.00-12.00)
Ty, h, mean + s.d. 6.63 + 0.97 7.78 + 0.63 6.48 + 0.45
*MRT, h, mean + s.d. 142 +1.34 143 + 1.87 134 + 3.18

*P<0.05 vs. 10 mglkg bwt i.v. rifampicin (Wilcoxon signed-rank test).

'AUCo._ o after single i.v. administration; AUCy_»4 1, after repeated oral dosing.

‘MRT after single i.v. administration; MRT.; after repeated oral dosing.

AUC, area under the plasma concentration time curve; BALC, bronchoalveolar lavage cells; Cj, average plasma concentration at time zero; C,,, average
plasma concentration; Cmax, Mmaximum plasma concentration; Cmin, plasma concentration at 24 h; ELF, epithelial lining fluid; MRT, mean residence time;
Ty, terminal elimination half-life; Trax, time to Cmayx; Vss, Volume of distribution.

—e— 1x20 mglkg
—o— 1x10 mg/kg

RIF, ug/mL

S i
12 18 24

a) Time, h

DAC-RIF, ug/mL

b)

2 e
=N

0.10 A
0.05 -i%
0.00

[
0 6 12 18 24
Time, h

Fig 1: Plasma concentration time curves for a) rifampicin (RIF) and b) 25-O-desacety! rifampicin (DAc-RIF) during the last dosing interval after repeated oral administration
of rifampicin at 10 and 20 mg/kg bwt once per day for 10 days. Values are means + s.d.

161 + 18.4 ug x h/mL). The metabolic ratios after repeated oral dosing
were significantly lower than after the single i.v. administration. The ratios
were significantly increased after escalation of the oral dose (2.38 + 0.68%
vs. 1.58 + 0.62% P = 0.028). The parent rifampicin penetrated into the
lung and reached concentrations in the ELF and BALCs slightly lower than
the corresponding plasma levels (Fig 2, Table 1).

Discussion

Prior to this study, information on the penetration of rifampicin into ELF
and BALC was available after twice daily oral administration of rifampicin at

Equine Veterinary Journal 0 (2017) 1-6 © 2017 EVJ Ltd

10 mg/kg bwt [12]. The current work presents novel data on the
pharmacokinetics, metabolism and lung penetration of rifampicin in foals
after repeated, once daily oral dosing of rifampicin at 10 mg/kg bwt and
20 mg/kg bwt as obtained by a specific MS assay that was validated and
quality-controlled according to current international recommendations for
drug analysis in pharmacokinetic studies [26,29]. Furthermore, the present
pharmacokinetic results with rifampicin after single i.v. dosing (e.g. Vss, T
confirmed those from a study by Burrows et al.[30].

It is challenging and nearly impossible to predict the effective dose in
foals that will reach therapeutic concentrations at the place of infection in
the lung because of the complexity of the physiological and
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