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The Pharmacokinetics of Azithromycin and Their 
Clinical Significance 

H. L o d e  

The usefulness of erythromycin is limited by its poor pharmacokinetic profile which is 
characterised by low blood levels and poor gastric acid stability. Erythromycin's short 
half-life means that a four-times daily dosage schedule is required for effective treat- 
ment. In comparison, the azalide structure of azithromycin confers a much improved 
pharmacokinetie profile. The bioavailability of azithromycin is approximately 37 % in 
humans (25 % for erythromycin). Serum concentrations decline in a polyphasic man- 
ner and the relatively short serum half-life (11-14 hours recorded 8-24 hours after last 
dose) is an indication of the initial rapid distribution of drug into the tissues. The low 
serum levels recorded 24 hours or more after the end of administration are thought to 
reflect the slow release of azithromycin from tissues. Tissue concentrations exceed 
serum concentrations by as much as 100-fold following a single 500 mg oral dose. Mac- 
rophages and polymorphonuclear leucocytes concentrate azithromycin at levels 
greater than those found in tissues themselves. During multiple dosing, tissue half-life 
increases with duration of administration and tile tissue to serum ratio further in- 
creases. High concentrations of drug are found in tissues such as tonsil, lung, prostate, 
liver and lymph nodes with relatively low concentrations in fat and muscle. Significant- 
ly, the sustained high levels of drug in the tissues appears to correlate with good in vivo 
activity. Two 1.5 g regimens have been investigated in clinical trials: 500 mg on day 1, 
followed by 250 mg daily on days 2 to 5; or 500 mg daily for three days. These regimens 
are expected to maintain azithromycin levels in tissue sites of infection above the MIC 
for many clinically significant pathogens, and to continue to do so for several days after 
administration has ceased. In addition, single-dose (1 g) azithromycin has 
demonstrated excellent clinical efficacy in the therapy of chlamydial urethritis/cer- 
vicitis, the high and prolonged tissue levels of antibiotic enabling such a regimen to be 
effective. 

Azithromycin is the prototype of a new class of 
antibiotics known as azalides. It differs structural- 
ly from the macrolide erythromycin by the inser- 
tion of a methyl-substituted nitrogen at position 
9a in the lactone ring, creating a 15-membered 
Structure. This modification leads to an extension 
of the broad spectrum of activity against gram- 
Positive and gram-negative bacteria in com- 
Parison with macrolides (1). In particular, azithro- 
rnycin demonstrates in vitro activity against 
Haemophilus inJTuenzae as well as other com- 
monly encountered respiratory pathogens (1-3). 

Azalide antibiotics are distinguished from other 
antibiotics by their unusual pharmacokinetics - 
notably high and sustained tissue concentrations 

Krankenh,ms ZehlendorlTHeckeshorn, Freie Univcrsillit Ber- 
lin, Zum Heckeshorn 33,100t) Berlin 39, Germany. 

and a long tissue half-life. Azithromycin pene- 
trates intracellularly but serum levels remain rela- 
tively low. Traditionally, serum concentration in 
relation to minimum inhibitory concentration 
(MIC) has been the predictor of antibiotic ef- 
ficacy. The pharmacokinetics of azithromycin 
suggest that the tissue concentration to MIC ratio 
may be a better index for predicting its activity. 

This paper reviews the pharmacokinetic profile of 
azithromycin and discusses it in the context of 
clinical practice. 

Serum Pharmacokinetics 

Table 1 provides a summary of the pharmaco- 
kinetics of azithromycin in serum. 
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Table 1: Summaryofthe serum pharmacokineticsof azithromycinwith different dosage regimens. (From reference 5.) 

Pharmacokinetic Dosage regimen 
pm'ameter 

500mg 
single oral 
dose 

500 mg 500 mg every 12 h (day 1) 250 nag every 12 h (day 1) 
single intravenous 500 mg daily (days 2-6) 250 mg daily (days 2-10) 
dose 

Cma× (mgtl) first dose 0,4 0.41 0.2 
last dose 0.62 0.21 

AUC0-12 (rag x h/l) firs t dose 1.77 0.80 
last dose 3.18 1.22 

AUC0-24 (rag x h/l) 2.36 6.48 

AUC0-4s (rag x h/l) 3.08 8.07 

AUCo.72 (rag x h/l) 3.39 9.08 

tl/2 (8-24 h) 11-14 h 

0/2 (24--72 h) 35--40 h 

Urinary excretion" 4.5 % 12.2 % 

48 h b 

a72 h alter administration 
barfer the last dose. 

Azithromycin is relatively stable at the low pH of 
the stomach. At pH 2, erythromycin decays by 
10 % in 3.7 seconds while 10 % azithromycin 
decay is observed in 20 minutes (4). After a single 
oral 500 mg dose, the bioavailability of azithro- 
mycin is approximately 37 % (5). 

Foulds et al. (5) carried out single-dose studies 
with 500 mg and found a Cmax value of 0.4 mg/mt; 
AUC(o-24), AUC(o.48) and AUC(0.72) values 
recorded were 2.36, 3.08 and 3.39 mg x h/t, respec- 
tively (Table 1). The serum elimination follows a 
polyphasic pattern. The initial rapid decline in 
drug blood concentration implies a rapid redistri- 
bution into tissues, the second component repre- 
senting further distribution and elimination. Ap- 
parent elimination into the urine within 72 hours 
of administration was 12.2 % after intravenous 
administration and 4.5 % after oral administra- 
tion (5). 

Foulds et al. (5) have also investigated the phar- 
macokinetics of multiple dose regimens (Table 1). 
Using a five day regimen (two doses of 500 mg on 
the first day, followed by 500 mg daily for four 
days), the AUC(0-12) increased from 1.77 to 3.18 
mg x h/1 and the Cmax from 0.41 to 0.62 mg/l. With 
a separate regimen (two 250 mg doses on day 1, 
followed by 250 rag/day for nine days), mean 
values of the AUC(0-12) increased from 0.80 mg x 
h/l to 1.22 mg x h/l and the Cmax remained similar 
(0.2 mg/l to 0.21 rag/l) after the last dose on day 10. 

The apparent serum half-life of azithromycin 
recorded between 8 and 24 hours after a single 
dose, or following the last multiple dose, was 11 to 
14 hours. Over the interval of 24 to 72 hours after 
a single dose of 500 mg, a half-life of between 35 
and 40 hours was recorded. Following a schedule 
of 500 mg b.i.d, for five days, a half-life of 48 hours 
was recorded between 24 and 72 hours post-dose, 
and a half-life of 2.6 days was recorded between 1 
and 6 days after the end of administration (5). 

Protein binding is tow, the percentage drug bound 
increasing with decreasing serum concentration: 
50 % binding of azithromycin is observed at a 
serum concentration of 0.05 mg/1 but binding is 
only 12 % at 0.5 mg/1 (5). 

Tissue Penetration of Azithromycin 

The high affinity of azithromycin for tissues is 
thought to be due to the presence of two basic ter- 
tiary amine groups which give azithromycin am- 
phiphilic properties (6). Behaving as a lysosomo- 
tropic agent, azithromycin may be concentrated 
in lysosomes of tissues and host defense cells (7). 

The rapid uptake of azithromycin by tissues gives 
a tissue to serum concentration estimated to be 
between 10- and 100-fold (5). In comparison, the 
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Figure 1: Tissue concentrations of azithromycin in man after administration of a single 
oral 500 mg dose (mean -+ SD). (Adapted from reference 5.) 

ratio of tissue to serum concentration for erythro- 
mycin is estimated to be between 0.5 and 5 in 
humans (8). In most tissues, at 12 hours post-dose 
the concentration of azithromycin is between 1 
and 9 mg/kg following a single oral dose of 500 mg 
(Figure 1) (5). The high levels of azithromycin in 
the tissue are sustained and remain above 2.0 mg/ 
kg at 12 and 24 hours post-dose in tonsil and pros- 
tate, for example. The average tissue half-life is 
estimated to be between 2 and 4 days. However, 
four days after a single oral dose of 500 rag, the 
COncentration in the prostate is still between 0.8 
mg/kg and 2.3 mg/kg, in pulmonary tissue 2.3-8.1 
mg/kg, and in gynaecological tissues 0.27-1.48 
mg/kg. Four-day tissue concentrations in the ton- 
sils are 0.26-2.0 ml/kg and remain above detec- 
table levels for over a week after dosing (9). These 
levels exceed the MIC90 for key target pathogens 
Such as Chlamydia trachomatis, Ureaplasma 
urealyticum, Neisseria gonorrhoeae and Haemo- 
Philus ducreyi. Much lower concentrations (0.2- 
1.0 mg/kg) are found in samples of fat, muscle and 
bone but all tissue levels are higher than those of 
Concurrently obtained serum samples (5). 

Azithromycin concentrations in the eye and brain 
exceed serum concentrations by a factor of 20 and 
1.2, respectively (5). For most antibiotics penetra- 
tion into these tissues is very low and this unusual 

feature of azithromycin suggests that it has some 
potential for the treatment of organ-specific in- 
fections. 

Recent UK data from patients undergoing elec- 
tive fibreoptic bronchoscopy have shown con- 
centrations in bronchial mucosa greater than 3 
mg/kg, which last for five days after a single 500 
mg oral dose (10). Serum concentrations over the 
same period were less than 0.1 mg/1. Azithro- 
mycin was also found at high levels in epithelial 
lining fluid and in sputum, these findings together 
suggesting that azithromycin will be useful in the 
treatment of infective exacerbations of chronic 
bronchitis and pneumonia. 

Cooper et al. (11) have also demonstrated rapid 
penetration of the agent into tissue and inflam- 
matory fluid of male volunteers. The mean peak 
concentration in inflammatory fluid of chemically 
induced blisters was 0.13 mg/I, achieved at a mean 
time of 3.25 hours after a single 500 mg oral dose. 
The authors commented that such penetration by 
antibiotics could lead to better in vivo results than 
would be expected from comparing serum con- 
centrations with MICs. 

Important to the understanding of the clinical ac- 
tivity of this agent are findings from in vivo and in 
vitro studies which show that azithromycin is 
rapidly and highly concentrated in human phago- 
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cytic cells. In vitro, the concentrations of azithro- 
mycin achieved in peritoneal macrophages is up 
to 26-fold greater than that of erythromycin (6). 
The penetration of azithromycin into phagocytes 
has been attributed to its lysosomotropic be- 
haviour. It has also been suggested that phago- 
cytes may transport and target the drug to areas of 
inflammation and infection (6). In mice, 
caseinate-induced polymorphonuclear leucocyte 
(PMNL) infiltration of the peritoneal cavity in- 
creases the overall azithromycin levels in the 
peritoneal cavity sixfold. The increase was coinci- 
dent with the increase in cell numbers and was 
predominantly cell-associated (PMNLs con- 
tained 79 mg/[ of azithromycin) (6). It is assumed 
that this targeting of drug to the site of inflamma- 
tion is a result of uptake and transport of azithro- 
mycin by phagocytes, although further studies in 
humans are required. 

(greater than 99.9 % kill) at 24 hours. By contrast, 
in vivo studies clearly demonstrate that only 
azithromycin (25 mg/kg) had bactericidal activity 
with greater than 99.9 % cell kill. Erythromycin 
(100 mg/kg) did not have any bactericidal activity, 
and roxithromycin reduced the colony count by 
more than 96 % only at a dose of 50 mg/kg. These 
observations are consistent with the findings 
which show that high levels of azithromycin 
remain detectable in lung tissue beyond 90 hours, 
even at doses as low as 10 mg/kg. 

Recently, azithromycin (200 mg/day for 10 days) 
has also been shown to be active against a lethal 
inoculum of Toxoplasma gondii given intra- 
cerebrally on day 35. These findings are sig- 
nificant because they illustrate that azithromycin 
attains active concentrations in the inflamed 
central nervous system (15). 

Correlation between Extravascular 
Concentrations and Efficacy 

The significance of the extravascular concentra- 
tions of azithromycin on efficacy have been 
demonstrated in a number of in vivo models of in- 
fection (12-14). 

The importance of improved intracellular con- 
centration becomes particularly apparent when 
comparing the in vitro and in vivo activity of anti- 
biotics against tissue associated infection caused 
by organisms such as Salmonella enteritidis (12, 
13). Despite an in vitro potency of ciprofloxacin 
100 times that of azithromycin, in vivo studies in 
mice have demonstrated that a dose of 5 mg/kg 
azithromycin was superior to 100 mg/kg cipro- 
floxacin in reducing the colony forming units 
count at the primary site of infection - the liver. 
Significantly, the efficacy of azithromycin in this 
model correlated directly with levels of drug in 
the liver, but not with levels in the blood which 
were well below the MIC value. 

As a consequence of sustained high tissue levels, 
the activity of azithromycin observed in localized 
infections is frequently bactericidal. In a Strep- 
tococcus pneumoniae mouse lung infection 
model, Retsema et al. (14) demonstrated azithro- 
mycin's superior bactericidal activity compared 
with erythromycin and roxithromycin. In vitro 
killing kinetics revealed that both azithromycin 
and erythromycin were bacteriostatic for the first 
eight hours of incubation but were bactericidal 

Metabolism and Excretion 

Demethylation is the primary route of metabo- 
lism and the metabolites are not thought to have 
any significant antimicrobial activity (16). Uri- 
nary excretion of the unchanged drug in humans 
appears to be a minor elimination route, amount- 
ing usually to less than 6 % within one week after 
an oral dose. About 20 % of the drug that reaches 
the systemic circulation is excreted unchanged in 
the urine. Renal clearance is generally in the 
range of 100-189 ml/min. The faeces are an im- 
portant route of elimination. Biliary concentra- 
tions of azithromycin are much greater than the 
serum levels, suggesting biliary concentration 
(16). Over half the drug-related material in the 
bile is unchanged. 

Drug Interactions 

Azithromycin, like erythromycin, interacts with 
the cytochrome P-450 system of hepatocyte 
smooth endoplasmic reticulum and causes sig- 
nificant elevation of azithromycin and erythro- 
mycin N-demethylase activity in rat studies. How- 
ever, no clinically significant drug interaction has 
been observed with either warfarin or theophyl- 
line, although the routine monitoring of pro- 
thrombin and theophylline plasma concentra- 
tions is prudent. 

Some maerolides are reported to precipitate er- 
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Table 2:MIC90 values of azithromycin for four common respiratory pathogens. 

Organism MIC90 range Reference 
(rag/l) 

Haemophilus influenzae 0.06-1.0 17 

0.25-1.0 18 Staphylococcus attreus 
(erythromycin susceptible) 

Staphylococcus aureus 
(erythromycin resistant) 

32- > 64 18 

Moraxella catarrhatis _< 0.015 19 

gotism and therefore co-administration of azi- 
thromycin with ergotamine derivatives should be 
avoided. Similarly, some macrolides have been 
reported to impair the metabolism of digoxin and 
there is the possibility that such a reaction may 
OCcur with azalides also. Erythromycin has been 
shown to prevent the intestinal breakdown of 
digoxin, thereby increasing plasma levels. 

Foulds et al. (6th International Congress for In- 
fectious Diseases, Montreal, 1990, Abstract 159), 
have demonstrated recently that there is no statis- 
tically significant effect on the pharmacokinetics 
of either azithromycin or cimetidine following co- 
administration. However, co-administration of 
azithromycin with the antacid, Maalox, resulted 
m a decrease (up to 25 %) in the peak plasma 
levels of azithromycin, although the extent of ab- 
Sorption (AUC) was not reduced. Cmax values do 
not have a critical effect on azithromycin's ef- 
ficacy, but it is probably prudent to avoid simul- 
taneous administration with antacids. 

Comments 

The serum kinetics of azithromycin are consistent 
With its good oral absorption, rapid tissue dis- 
tribution and slow release back into the blood. 
Tissue concentrations are much greater than 
those in the serum and persist for days rather than 
hours. In a number of animal models of infection, 
azithromycin has proved effective when serum 
levels are below the MIC but tissue concentra- 
tions are at or above the MIC. Facultative in- 
tracellular organisms such as Legionella, Listeria 
and Chlamydia species may also be subject to 
azithromycin's cellular penetration and con- 
centration. 

Azithromycin's unusual pharmacokinetic profile 

would appear to offer clinical benefits, particular- 
ly in the treatment of respiratory infections and 
tissue-associated or localised infections. The 
once-daily regimens developed (1.5 g total dose 
given over three or five days) are expected to 
produce levels above 2 mg/kg in a wide variety of 
tissues during and for several clays after ad- 
ministration. These short, simplified dosage 
regimens have proved successful in clinical trials 
in respiratory tract infections, and skin and soft 
tissue infections, and azithromycin should there- 
fore be particularly acceptable to patients 
through its ease of administration. 

In respiratory tract infections, the predicted tissue 
concentrations can be compared with the MIC 
values for key target organisms (Table 2). Phar- 
macokinetic studies in humans indicate that the 
concentrations of azithromycin in the respiratory 
tract are above 3 mg/kg during the proposed 
regimens (5). Therefore, it can be predicted that 
once-daily dosage regimens of azithromycin wilt 
be effective in the treatment of many upper and 
lower respiratory tract infections. 

Concentrations of azithromycin in the prostate 
and tonsils are considered representative of the 
concentrations observed in many soft tissues. 
From Figure 1, it can be seen that the projected 
levels of drug in the tonsils and prostate remain 
above 6 mg/kg and 3 mg/kg, respectively. 

Following a 1 g oral dose of azithromycin, gynae- 
cological tissue levels are above the MIC90 for 
key target organisms (Chlamydia trachomatis, 
Ureaplasma urealyticum, Neisseria gonorrhoeae, 
Haemophilus ducreyi) (5). Results from clinical 
trials to date demonstrate the potential of such a 
regimen (20, C. van den Bosch, 6th International 
Congress for Infectious Diseases, Montreal, 1990, 
Abstract 163). Steingrimsson et al. (20) found that 
a 1 g single dose was as effective as a three-day 
regimen (500 mg on day l and 250 mg q.i.d on days 



812 Eur. J. Ctin. Microbiol. Infect. Dis. 

2 to 3) in patients with Chlamydia trachomatis, 
Neisseria gonorrhoeae and Ureaplasma urealy- 
ticum. Moreover, the single dose regimen was 
comparable with a seven-day regimen of doxy- 
cycline. This finding has important implications 
for the treatment of chlamydial infections for 
which there are currently no single dose treat- 
ments available. 

In summary, consideration of the tissue con- 
centrations and tissue half-lives of azithromycin 
provides a pharmacokinetic rationale for using a 
once-daily regimen of 500 mg for common infec- 
tions of the respiratory tract, skin and soft tissues 
and some sexually transmitted diseases. Such a 
regimen given over three or five days appears to 
produce drug concentrations greater than 2 mg/kg 
in many tissues for several days after administra- 
tion has ceased. Thus, azithromycin shows 
promise as an antibiotic with novel phar- 
macokinetics that call into question the use of 
serum concentrations alone to predict efficacy. 
The ability of an antibiotic to penetrate tissues 
where the infection is based must now be con- 
sidered a critical element in understanding an- 
tibiotic activity. 
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