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Abstract

To date, only a few studies on the azithromycin (AZM) pharmacokinetics in ornamental birds 
have been published. In the current study AZM concentrations in domestic pigeon (Columba 
livia domestica) plasma samples were analyzed using a validated ultra-high performance liquid 
chromatography tandem mass spectrometry method. The aim of the current study was to carry  
out an analysis of the pharmacokinetics and pharmacodynamics after administration of a single 
oral dose of a sustained-release AZM formulation and to conduct a simulation of treatment based 
on selected minimal inhibitory values. The study was performed with 12 healthy adult pigeons, 
both sexes. The pigeons tolerated AZM very well and no adverse effects were observed  
in any animal during the study. Based on the observed characteristics of the pharmacokinetics/ 
/pharmacodynamics profiles of AZM in pigeons, it should be noted that 35 mg/kg per os  
as a single starting dose and 25 mg/kg every 24 h are recommended for treatment of both suscep-
tible and less susceptible pathogens.

Key words: azithromycin, pigeon, pharmacokinetics, pharmacodynamics, dose 

Introduction

Azithromycin (AZM) is a macrolide antibiotic used 
for oral administration in human and veterinary medi-
cine. AZM is classified as a long half-life drug (elimina-
tion half-life >24h) with very good distribution into 
tissue compartments. In humans, its concentrations  

in lung tissue or tonsils could be >100× higher than  
in serum and 18-38× higher in the murine model,  
depending on the formulation (FDA 2009, Rivulgo  
et al. 2013). High levels of AZM were demonstrated  
in peripheral blood mononuclear cells (PBMCs) and 
polymorphonuclear cells (PMNs). The intracellular 
concentration in that case could be >30× higher than  
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in the extracellular compartment (Gladue et al. 1989, 
Gladue and Snider 1990). Moreover, the unchanged 
drug takes part in enterohepatic recirculation. In hu-
mans, 50% of unchanged AZM is eliminated with feces 
(Luke and Foulds 1997). 

Azithromycin  is transported with PBMCs and 
PMNs across the body. This uptake and transport is not 
saturable and plays an important role in the distribution, 
elimination, and clinical efficacy of the drug (Sampson 
et al. 2014). Taking into account all AZM features, new 
strategies of dosage and treatment in humans have been 
proposed. Moreover, current human studies have shown 
that a single-dose regimen could be as effective  
as a multiple dose treatment for several days (Gordon 
and Blumer 2004, Law and Amsden 2004, Blumer 
2005, Girard et al. 2005) . In veterinary medicine,  
this is a special topic due to the possible environmental 
contamination by feces containing unchanged drug  
and growing antibiotic resistance. 

To date, only a few studies on the AZM pharmaco-
kinetics in ornamental birds have been published  
(Limoges et al. 1998, Carpenter et al. 2005). Carpenter 
and coworkers have published data from investigations 
of Ara ararauna after intravenous (IV) and oral admin-
istration (PO) of AZM (Carpenter et al. 2005). Limoges 
and coworkers have described the PO pharmacokinetics 
in Amazona farinosa (Limoges et al. 1998). IV and PO 
pharmacokinetics in the broiler chicken has also been 
described (Abo-El-Sooud et al. 2012). Guzman and  
coworkers have shown the efficacy of the drug  
in a study of Nymphicus hollandicus exposed to 21-day 
treatment (Guzman et al. 2010). The efficacy and  
in vitro synergistic effect of baicalin with AZM  
in Staphylococcus saprophyticus isolated from Franco-
linus spp. have been described by Wang and coworkers 
(Wang et al. 2018). In the case of breeding birds, data 
on the prevalence of antimicrobial resistance to AZM  
in Campylobacter spp. from broiler chickens have  
been published by Li and coworkers (Li et al. 2017). 
Administration of a drug per os is associated with stress 
in birds, as they have to be repeatedly captured. There-
fore, the choice of an antimicrobial agent characterized 
by sustained release is highly advisable. However,  
no research related to pharmacokinetics, pharmacody-
namics, and treatment regiments in pigeons (Columba 
livia domestica) has been published so far. 

The aim of the current study was to carry out  
an analysis of the pharmacokinetics and pharmacody-
namics after administration of a single oral dose  
of a sustained-release AZM formulation and to conduct 
simulation of treatment based on selected minimal  
inhibitory values.

Materials and Methods 

Animals 

The study was performed with 12 healthy adult  
pigeons (Columba livia domestica), both sexes (1:1), 
with body weight of 380-510 g. The pigeons were  
obtained from breeding (Zawadówka, Poland).  
The study protocol was approved by the ethics commit-
tee of the University of Life Sciences, Lublin (78/2015). 
All animals underwent a 2-week acclimatization  
period. The pigeons were deprived of food 2 h prior  
to drug administration, and 1 h after the treatment,  
water was available ad libitum. The pigeons were  
administered 10 mg/kg AZM (Zetamax® 2g, sustained- 
-release granules for oral suspension, Pfizer®) by oral 
application via a gavage tube (Carpenter et al. 2005). 
Adverse effects were monitored within the study based 
on clinical examination by veterinary doctor. After  
the drug administration, blood was sampled from  
the left or right ulnar vein with 25G needles (KDM, 
KD-FINE) into heparinized tubes. 0.5 mL of blood was 
taken at time 0 before the administration and at inter-
vals of 0.5, 1, 3, 6, 12, 24, 48, and 72 h after the treat-
ment. The blood samples were placed in a prelabeled 
tube and centrifuged for 8 min at 2000 × g. Blood  
plasma was collected and frozen at -20°C until analysis. 
The blood plasma AZM concentrations were sub- 
sequently analyzed by ultra-high performance  
liquid chromatography tandem mass spectrometry 
(UHPLC-MS/MS). 

Analytical method

In the current study AZM concentrations in pigeon 
plasma samples were analyzed with a validated  
UHPLC-MS/MS method. All solvents used in the  
method for analysis of AZM in pigeon plasma were  
analytical grade. Analytical standards of AZM and josa-
mycin used as an internal standard (IS) were obtained 
from Sigma Aldrich Chemical (USA). Frozen samples 
of pigeon plasma were thawed, mixed, and centrifuged. 
A 200 µL aliquot of the plasma was mixed with the IS. 
800 µL of 0.1% formic acid in acetonitrile were  
then added, vortexed, and centrifuged at 13000 × g.  
The supernatant was then filtered through 0.22 hydro-
philic polyvinylidene fluoride syringe filters into auto- 
sampler vials. The UHPLC-MS/MS analysis of the 
AZM concentrations in the plasma were determined 
using a Shimadzu Nexera X2 (Shimadzu, Japan) system 
connected to a QTRAP® 4500 triple quadrupole mass 
spectrometer (AB Sciex, USA). The multiple reaction 
monitoring mode in the positive ion electrospray ion-
ization mode was used for detection. To monitor AZM, 
two transitions 749→591.0 m/z and 749→58.4 m/z 
were applied. The transition of 828→173.9 was used 
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for IS. The MS/MS system was set at the following  
conditions: declustering potential (DP) 89 V, collision 
energy (CE) ion 1, 40 V and ion 2, 53 V, and cell exit 
potential (CXP) 13V for AZM and DP 80V, CE 15V, 
CXP 46V for IS. Analyst 1.6.3 software controlled  
the UPLC system. The chromatographic analysis was 
performed on a ZORBAX SB-C18 50×2.1 mm × 1.8 µm 
(Agilent, USA) analytical column with a C18 guard 
column 4×2 mm (Phenomenex, USA). The column was 
maintained at 35°C. The mobile phase consisted  
of 0.1% formic acid (A) and acetonitrile (B)  
in a gradient mode. The following program was set: 
0-1.3 min: 100% A; 1.31-3.0 min: 50% A; 3.01-5.0 min: 
100% A. The mobile phase flow rate was 0.6 mL/min. 
The injection volume was established as 5 µL. 

The method was validated according to current 
guidelines (EMA 2011; FDA 2018). The study was per-
formed in compliance with the principles of good labo-
ratory practice (GLP). The validation study was  
realized in terms of linearity, specificity, precision  
(repeatability, within-laboratory reproducibility), and 
recovery. The precision was evaluated at three concen-
tration levels of 5, 20, and 50 ng/mL (n=6), from run  
to run during 1 day for repeatability and 3 days for  
within-laboratory reproducibility. The precision was 
calculated at each fortification level by evaluating  
the relative standard deviation of the obtained results. 
The recovery was evaluated in the same test as preci-
sion by comparison of the mean concentrations with  
the concentrations of AZM in fortified samples.  
The matrix effect was also evaluated by comparing  
the peak area of the analyte in the solvent (set 1) and the 
peak area after fortifying the analyte of extracted blank 
plasma (set 2) at a 5 ng/mL concentration level (n=5) 
after injection on the UHPLC-MS/MS instrument.  
The matrix effect was specified as the response of sam-
ples of set 2 to samples of set 1, expressed in percent-
age. The value of 100% indicates no matrix effect,  
a value above 100% ion shows enhancement, and  
a value below 100% reflects ion suppression. 

Pharmacokinetic and pharmacodynamic 
parameters

Pharmacokinetics analysis was done using  
a Phoenix 64 WinNonlin version 8.0 (Certara LP).  
Due to the low plasma volume available for sampling, 
sparse sampling was used in the study. The sparse sam-
pling model with noncompartmental analysis (NCA) 
was used for all pharmacokinetics parameters without 
the absorption rate constant (tvka) and between com-
partmental rate constant analysis. The sparse NCA  
approach was used for: kel – elimination rate constant; 
t1/2kel – elimination half-life; Span – number of t1/2kel  

between ranges used for calculation of kel; tmax – time  
of the maximum concentration; Cmax – maximal concen-
tration; tlast – time of the last concentration observed; 
Clast – last concentration observed; AUC0-tlast – area un-
der the curve between time 0 and the last concentration 
observed; AUC0-inf – area under the curve between time 
0 and infinity; AUC% – extrapolated area under the 
curve after tlast; VF – volume of distribution; ClF – total 
body clearance; AUMC0-inf – area under the first mo-
ment curve between time 0 and infinity; MRT0-inf – mean 
residence time based on AUC0-inf and AUMC0-inf.  
In the case of sparse sampling, only linear trapezoidal 
methods for AUC calculations were available. kel was 
calculated with uniform weighting. Since the sparse 
NCA method did not support the tvka analysis, a popu-
lation approach was used for estimation of tvka with  
an approach presented before (Grabowski et al. 2018). 
Based on sparse data, selected parameters related  
to the between compartment rate of distribution were 
calculated: k12 – rate constant between the central  
and tissue compartment; k21 – rate constant between  
the tissue and central compartment; k10 – elimination 
rate constant from the central compartment; k20 – elimi- 
nation rate constant from the tissue compartment.  
The analysis was done using mean values of sparse 
data, stripping analysis, a two-compartment model,  
and using ThothPro 4.1 software (ThothPro LLC).  
The model was selected based on Akaike information 
criterion. Based on the PK analysis and PK/PD data,  
a scheme of multiple dose and dosing intervals were 
proposed using ThothPro 4.1 software (ThothPro, 
LLC). A treatment scenario with appropriate τ – dosing 
intervals was proposed within 6 days of treatment based 
on linear extrapolation of observed data and a single 
dose pharmacokinetic profile. 

The analysis was performed based on the minimal 
inhibitory concentration for 50% population (MIC50) 
for selected strains of bacteria detected in pigeons and 
other birds: Borrelia burgdorferi (Hunfeld et al. 2000; 
Raele et al. 2018); Legionella pneumophila (Fabbi et al. 
1998, Yamaguchi 2001), Moraxella catarrhalis  
(Mattsson et al. 1999, Rittenhouse et al. 2006); Erysip-
elothrix rhusiopathiae ( Soriano et al. 1998, Cousquer 
2005, Bobrek and Gawel 2015); Chlamydia psitttaci 
(Donati et al. 1999), Camphylobacter spp. (Noormo-
hamed and Fakhr 2014), Chlamydia trachomatis  
(Donati et al. 1999), Streptococcus gallolyticus (Haas et 
al. 2009), and Chlamydia pneumoniae (Donati et al. 
1999). PK/PD were calculated by Phoenix 64 WinNonlin 
version 8.0 (Certara L.P.). Time above MIC50 and area 
under the curve after a single dose ratio to MIC50  
are key predictors of the clinical efficacy of AZM  
(Van Bambeke and Tulkens 2001). Consequently,  
the calculated parameters include T>MIC50 – total time 
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above MIC50, [h] as nominal time, [%] as a percent  
of the dose interval equal to 24h; AUC0-24/MIC50 – area 
under the curve between time 0 and 24 h ratio  
to the minimal inhibitory concentration. 

Statistical analysis

Standard error (SE) of the mean Cmax was calculated 
as the sample standard deviation of the y-values  
at tmax divided by the square root of the number  
of observations at tmax. SE for AUC was calculated  
as described by Nedelman and Jia with Holder modifi-
cation (Nedelman and Jia 1998, Holder 2001). Based  
on observed data, the Cmax and Clast standard deviation 
and between animal variability were calculated  
as a percent of relative standard deviation (RSD%).

Results

The pigeons tolerated AZM very well and no adverse 
effects were observed in any animal during the study. 
The blood plasma concentrations of AZM following  
a dose of 10 mg/kg BW after PO administration are 
shown in Fig. 1. With the sparse sampling methodo- 
logy, SE was reported only in the case of Cmax and AUC. 
The results of noncompartmental and population analy-
sis are presented in Table 1. The between animal vari-
ability of Cmax was >52 RSD% and Clast >81 RSD%. 
AZM was detected in plasma up to 72 h with substan-
tially lower AUC% than 20%. The data represent  
a two-compartment open model with first-order absorp-
tion. Akaike information criterion for one and two-com-
partment models were 34.9 and 30.01 respectively.  
The tvka value was equal to 0.0988 h-1 with 15.09 CV%. 

k12 (0.007 h-1) was 8.7-fold lower than k21 (0.061 h-1) 
and k10 (0.054 h-1) was 8.4-fold lower than k20 (0.451 h-1).

The PK/PD analysis was performed for a few indic-
ative MIC50 values. The PK/PD parameters related  
to the MIC50 values of AZM following a 10 mg/kg  
BW PO administration are shown in Table 2. Based  
on these data and the linear PK profile between  
10-50 mg/kg, AUC0-24/MIC50 was calculated for any 
MIC50 values and dose using the equation below:

AUC0-24/MIC50 = 56.867 × Dose × [1/MIC50]  (R
2 =1), Eq.1

It was calculated that a dose of 15 mg/kg is needed 
to achieve Tinf>MIC equal to 24h for susceptible patho-
gens (MIC50= 0.015 µg/mL). Such a level of this  
parameter is not available for MIC50 between  
0.03-0.125 µg/mL for doses 10-20 mg/kg and  
for MIC50 0.125 µg/mL in the case of a dose  
of 50 mg/kg. Prediction of multiple dose profiles needs 
a 25 mg/kg dose every 24 h to exceed the 0.125 µg/mL 
level. To exceed this level immediately after the first 
dose, a 35 mg/kg starting dose was required (Fig. 2).

The developed UHPLC-MS/MS method was linear 
(r2>0.99) in the concentration range of 0.1–100 ng/mL. 
In the specificity test, no interferences were recorded  
at the retention time of the target analyte. The validation 
results showed good precision with RSD less than  
8% for repeatability and less than 14% for within-labo-
ratory reproducibility. Depending on the validation lev-
el, the recovery was calculated as 98.4, 99.1, and 
100.8%. The procedure was satisfactorily sensitive with 
a lower limit of quantitation of 0.1 ng/mL. No signifi-
cant matrix effect was observed for AZM in the present-
ed method (104%). 

Fig. 1. Pharmacokinetic profile in blood plasma after a single 10 mg/kg body weight dose of AZM in healthy pigeons (Columba livia 
domestica). Gray rings – observed concentrations for each time point; black line – arithmetic mean value.
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Table 1. Pharmacokinetic parameters of AZM after a single 10 mg/kg body weight dose in healthy pigeons (Columba livia domestica).

Parameters Unit M; (SE); |SD|

kel h-1 0.0369

Span na 3.200

t1/2kel h 18.744

tmax h 3

Cmax ng/mL 50.83; (11.90);|26.62|

tlast h 72

Clast ng/mL 1.819;|1.474|

AUC0-tlast h×ng/mL 830.68; (124.21)

AUC0-inf h×ng/mL 878.16

AUC% % 5.407

VF L/kg 307.94

ClF L/h/kg 11.387

AUMC0-inf h2×ng/mL 19310.62

MRT0-inf h 21.946

M – arithmetic mean; SE – standard error; SD – standard deviation; kel – elimination rate constant; t1/2kel – elimination half-life;  
Span – number of t1/2kel between ranges used for kel calculation; tvka – typical value of absorption rate constant; tmax – time  
of the maximum concentration; Cmax – maximal concentration; tlast – time of the last concentration observed; Clast – last concentration 
observed; AUC0-tlast – area under the curve between time 0 and the last concentration observed; AUC0-inf – area under the curve be-
tween time 0 and infinity; AUC% – extrapolated area under the curve after tlast; VF  – volume of distribution; ClF – total body clearance;  
AUMC0-inf – area under the first moment curve between time 0 and infinity; MRT0-inf – mean residence time based on AUC0-inf  
and AUMC0-inf.

Table 2. Pharmacokinetic/pharmacodynamic parameters of AZM in healthy pigeons (Columba livia domestica) based on MIC50 values 
for selected pathogenic microbial strains.

Parameters/Dose 1 2 3 4 5

MIC50 [mg/mL] 0.015 0.016 0.03 0.06 0.125

Dose 10 mg/kg

T>MIC [h] 11.64 11.41 7.38 0.00 0.00

T>MIC [%] 48.51 47.54 30.73 0.00 0.00

AUC0-24/MIC50 [h] 37911.35 3554.19 18955.68 9.48 4.55

Linear extrapolation for 20 mg/kg single dose

T>MIC [h] 37.57 36.18 11.64 7.38 0.00

T>MIC [%] 156.54 150.74 48.51 30.73 0.00

AUC0-24/MIC50 [h] 75822.70 7108.38 37911.35 18.96 9.10

Linear extrapolation for 50 mg/kg single dose

T>MIC [h] 57.49 55.04 41.75 25.04 9.31

T>MIC [%] 239.56 229.34 173.95 104.32 38.78

AUC0-24/MIC50 [h] 189556.75 17770.95 94778.38 47.39 22.75

T>MIC – total time above MIC50, [h] as nominal time, [%] as a percent of the dose interval equal to 24h; AUC0-24/MIC50 – area un-
der the curve between time 0 and 24 h ratio to the minimal inhibitory concentration; 1-5 – range of studied MIC50 based on selected  
examples of pathogens; 1 – Borrelia burgdorferi (Hunfeld et al. 2000); 2 – Legionella pneumophila (Yamaguchi 2001),, Moraxella  
catarrhalis (Rittenhouse et al. 2006); 3 – Erysipelothrix rhusiopathiae (Soriano et al. 1998); 4 – Chlamydia psittaci (Donati et al. 1999),  
Campylobacter spp. (Noormohamed and Fakhr 2014), Chlamydia trachomatis (Donati et al. 1999), Streptococcus bovis  
(Haas et al. 2009); 5 – Chlamydia pneumoniae (Donati et al. 1999).
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Discussion

As AZM is a widely used antibiotic in human  
and veterinary medicine, many researchers investigate 
it with highly sensitive chromatographic methods. 
Some HPLC methods for AZM detection reported  
in the literature were based on fluorometric detection 
following derivatization of AZM (Wilms et al. 2005). 
However, as the derivatization process is labor-inten-
sive, LC-MS/MS has become the method of choice for 
quantitation of AZM in various biological matrices 
(Sharma and Mullangi 2013). In the method presented 
in this study, a fast, simple, and environmentally friend-
ly sample preparation procedure was used, allowing 
parallel processing of a large number of samples. 

Only a few papers have been devoted to the PK  
of AZM in ornamental birds. The pharmacokinetic pro-
file of AZM in pigeons represents two-compartment 
distribution, which shows the same scheme as in other 
species and humans. Compared to macaws, the AZM 
clearance in pigeons is more than 15 th fold faster  
(Carpenter et al. 2005). However, it can certainly  
be claimed that the pharmacokinetic profile of AZM  
in pigeons is not as long as in the case of other birds. 
The t1/2kel and MRT of AZM in pigeons are shorter than 
24 h, which is not a typical value for birds and other 
animals (Limoges et al. 1998, Carceles et al. 2005,  
Carpenter et al. 2005, Abo-El-Sooud et al. 2012,  
Leclere et al. 2012, Zur et al. 2014). The shorter half- 
-life could be a consequence of faster clearance,  
and a high basal metabolic rate (BMR) in pigeons close 
to the BMR of rats (Montgomery et al. 2011).

Similar to other animals and humans, a slight  

plateau between 12 and 24 h after administration could 
be a consequence of enterohepatic recirculation.  
Interestingly, despite the long t1/2kel, the rate of transfer 
from the tissue to the central compartment is much  
faster than from blood to tissue (k21/k12). This compari-
son indirectly confirms the important role of AZM  
recirculation with bile in maintaining the relatively long 
t1/2kel in pigeons. The same relationship characterizes  
the (k20/k10) ratio. The whole PK profile indicates high 
between animal variability related to the complex  
nature of AZM disposition in the body. However,  
the between animal variability of Cmax in the pigeons 
was 20% lower than after oral administration of the 
same dose in macaws (Carpenter et al. 2005). The cal-
culated volume of distribution was more or less ten 
times higher in pigeons than macaws. This is related  
to the different character of both PK curves. In the case 
of macaws, the concentration-time profile (C-T) is flat-
ter and results in a higher MRT value. 

In the case of AZM, the key PK/PD parameters  
representing T>MIC50 and AUC0-24/MIC50 could  
be important for clinical efficacy (Nightingale 1997). 
The expected value for AUC0-24/MIC50 should exceed 
125 (Van Bambeke and Tulkens 2001). Based on Equa-
tion 1, it can be assumed that MIC50 values that give 
AUC0-24/MIC50 >125 in pigeons are MIC50=0.022 µg/mL 
for the dose of 50 mg/kg or MIC50=0.045 µg/mL  
for the dose of 50 mg/kg. T>MIC50 [%] close to 50%  
of τ is sufficient to achieve maximal bactericidal  
activity (Craig 1996). The current study clearly indi-
cates that in pigeons this is possible only in the case  
of doses of 20 mg/kg and higher. On the other hand,  
due to the significant post-antibiotic effect of AZM  

Fig. 2. Simulation of PK profiles after multiple oral AZM treatment in pigeons. Black line – single 35 mg/kg starting dose; shadow line 
– regular dose, 25 mg/kg every 24 h. 
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in vivo, the AUC0-24/MIC50 value is an important para- 
meter of PK/PD from the clinical point of view  
(Van Bambeke and Tulkens 2001).

In a study conducted by Carpenter and coworkers, 
doses of 10 mg/kg PO every 48 h for susceptible bacte-
ria in macaws were recommended (Carpenter et al. 
2005). Given the 5-fold higher Cmax and 3-fold longer 
MRT in macaws than pigeons after a 10 mg/kg PO dose, 
this scheme sounds reasonable. In human medicine, 
new trends in AZM treatment suggest a single dose  
instead of multiple treatment (Gordon and Blumer 
2004, Law and Amsden 2004, Blumer 2005, Girard  
et al. 2005). Due to the long t1/2kel of AZM in humans, 
such a strategy is possible for implementation in clini-
cal practice (FDA 2009). Unfortunately, the relatively 
short t1/2kel and fast clearance do not allow implementa-
tion of such an approach in the treatment of pigeons. 
The single dose approach in pigeons would require very 
high doses. Bearing in mind that a significant part  
of macrolides is excreted in an unchanged form with 
feces, high doses would lead to environmental contam-
ination and enhancement of microbial resistance.  
Consequently, based on the observed characteristics  
of the C-T profiles of AZM in pigeons, it should  
be noted that 35 mg/kg PO as a single starting dose  
and 25 mg/kg every 24 h are recommended for treat-
ment of both susceptible and less susceptible patho-
gens.

References

Abo-El-Sooud K, Fahmy E, Afifi N, Abd El-Aty A (2012) 
Pharmacokinetics and bioavailability of azithromycin  
following intramuscular and oral administrations  
in broiler chickens. Res Rev Biosci 6: 264-270.

Blumer JL (2005) Evolution of a new drug formulation: the 
rationale for high-dose, short-course therapy with azithro-
mycin. Int J Antimicrob Agents 26 (Suppl 3): S143-S147.

Bobrek K, Gawel A (2015) Erysipelas Outbreaks in Flocks  
of Geese in Poland--Biochemical and Genetic Analyses 
of the Isolates. Avian Dis 59: 436-439.

Carceles CM, Font A, Escudero E, Espuny A, Marin P,  
Fernandez-Varon E (2005) Pharmacokinetics of azithro-
mycin after i.v. and i.m. administration to sheep. J Vet 
Pharmacol Ther 28: 475-479.

Carpenter JW, Olsen JH, Randle-Port M, Koch DE, Isaza R, 
Hunter RP (2005) Pharmacokinetics of azithromycin  
in the blue and gold macaw (Ara ararauna) after intra- 
venous and oral administration. J Zoo Wildl Med  
36: 606-609.

Cousquer G (2005) Erysipelas outbreak in racing pigeons  
following ingestion of compost. Vet Rec 156: 656.

Craig WA (1996) Antimicrobial resistance issues of the future. 
Diagn Microbiol Infect Dis 25: 213-217.

Donati M, Rodriguez Fermepin M, Olmo A, D’Apote L,  
Cevenini R (1999) Comparative in-vitro activity of moxi-
floxacin, minocycline and azithromycin against Chla-
mydia spp. J Antimicrob Chemother 43: 825-827.



50 R. Zań et al.

Li B, Ma L, Li Y, Jia H, Wei J, Shao D, Liu K, Shi Y, Qiu Y, 
Ma Z (2017) Antimicrobial Resistance of Campylobacter 
Species Isolated from Broilers in Live Bird Markets  
in Shanghai, China. Foodborne Pathog Dis 14: 96-102.

Limoges M, Semple H, Wheler C, Nimz E (1998) Plasma 
pharmacokinetics of an orally administered azithromycin 
in mealy Amazons (Amazona farinosa) Proc Annu Conf 
Assoc Avian Vet: 41-43.

Luke DR, Foulds G (1997) Disposition of oral azithromycin 
in humans. Clin Pharmacol Ther 61: 641-648.

Mattsson R, Haemig PD, Olsen B (1999) Feral pigeons  
as carriers of Cryptococcus laurentii, Cryptococcus  
uniguttulatus and Debaryomyces hansenii. Med Mycol 
37: 367-369.

Montgomery MK, Hulbert AJ, Buttemer WA (2011) The long 
life of birds: the rat-pigeon comparison revisited. PLoS 
One 6: e24138.

Nedelman JR, Jia X (1998) An extension of Satterthwaite’s 
approximation applied to pharmacokinetics. J Biopharm 
Stat 8: 317-328.

Nightingale CH (1997) Pharmacokinetics and pharmacody-
namics of newer macrolides. Pediatr Infect Dis J  
16: 438-443.

Noormohamed A, Fakhr MK (2014) Prevalence and Antimi-
crobial Susceptibility of Campylobacter spp. in Oklaho-
ma Conventional and Organic Retail Poultry. Open  
Microbiol J 8: 130-137.

Raele DA, Galante D, Pugliese N, La Salandra G, Lomuto M, 
Cafiero MA (2018) First report of Coxiella burnetii  
and Borrelia burgdorferi sensu lato in poultry red mites, 
Dermanyssus gallinae (Mesostigmata, Acari), related  
to urban outbreaks of dermatitis in Italy. New Microbes 
New Infect 23: 103-109. 

Rittenhouse S, Biswas S, Broskey J, McCloskey L, Moore T, 
Vasey S, West J, Zalacain M, Zonis R, Payne D (2006) 
Selection of retapamulin, a novel pleuromutilin  
for topical use. Antimicrob Agents Chemother  
50: 3882-3885.

Rivulgo V, Sparo M, Ceci M, Fumuso E, Confalonieri A, 

Delpech G, Bruni SF (2013) Comparative plasma  
exposure and lung distribution of two human use com-
mercial azithromycin formulations assessed in murine 
model: a preclinical study. Biomed Res Int 2013: 392010.

Sampson MR, Dumitrescu TP, Brouwer KL, Schmith VD 
(2014) Population pharmacokinetics of azithromycin  
in whole blood, peripheral blood mononuclear cells,  
and polymorphonuclear cells in healthy adults.  
CPT Pharmacometrics Syst Pharmacol 3: e103.

Sharma K, Mullangi R (2013) A concise review of HPLC, 
LC-MS and LC-MS/MS methods for determination of 
azithromycin in various biological matrices. Biomed 
Chromatogr 27: 1243-1258.

Soriano F, Fernandez-Roblas R, Calvo R, Garcia-Calvo G 
(1998) In vitro susceptibilities of aerobic and facultative 
non-spore-forming gram-positive bacilli to HMR 3647 
(RU 66647) and 14 other antimicrobials. Antimicrob 
Agents Chemother 42: 1028-1033.

Van Bambeke F, Tulkens PM (2001) Macrolides: pharmacoki-
netics and pharmacodynamics. Int J Antimicrob Agents 
18 (Suppl 1): S17-S23.

Wang J, Qiao M, Zhou Y, Du H, Bai J, Yuan W, Liu J, Wang 
D, Hu Y, Wu Y (2018) In vitro synergistic effect  
of baicalin with azithromycin against Staphylococcus 
saprophyticus isolated from francolins with ophthalmia. 
Poult Sci 98: 373-380.

Wilms E, Trumpie H, Veenendaal W, Touw D (2005) Quanti-
tative determination of azithromycin in plasma, blood and 
isolated neutrophils by liquid chromatography using 
pre-column derivatization with 9-fluorenylmethyloxycar-
bonyl-chloride and fluorescence detection. J Chromatogr 
B Analyt Technol Biomed Life Sci 814: 37-42.

Yamaguchi K (2001) Evaluation of in-vitro and in-vivo  
antibacterial activity of tosufloxacin tosilate. J Infect 
Chemother 7: 205-217.

Zur G, Soback S, Weiss Y, Perry E, Lavy E, Britzi M (2014) 
Azithromycin pharmacokinetics in the serum and  
its distribution to the skin in healthy dogs and dogs with 
pyoderma. Vet J 200: 122-126.


