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Antibiotic agents have been administered 
into the respiratory tract of man in the treat- 
ment of severe bronchopulmonary infections 
(1, 2) .  Although the drugs have been given 
mainly for their local action within the lungs, 
qualitative evidence is available to indicate 
that they are absorbed systemically to a sig- 
nificant extent. For example, after inhalation 
of aerosols or dusts of benzylpenicillin (3-  
8 ) ,  streptomycin (9), kanamycin ( 10, 1 1 ) , 
or colistin (12, 13) in humans, the com- 
pounds have been detected either in the 
blood or the urine. 

Despite continued usage of antibiotic aero- 
sols, quantitative information on the rate or 
extent of pulmonary absorption of the drugs 
has not become available. The present study 
in the rat describes quantitatively the pul- 
monary absorption of five antibiotic agents : 
benzylpenicillin, tetracycline, erythromycin, 
doxycycline, and chloramphenicol. Compari- 
son of the absorption rates with various 
physicochemical properties of the com- 
pounds provides information concerning the 
mechanism of absorption of these substances. 

Materials and Methods. Procedure in ani- 
mals. To investigate the absorption of anti- 
biotics from the lung, male Charles River- 
derived rats weighing 150-200 g were 
anesthetized with pentobarbital and prepared 

1 Supported by Public Health Service Research 
Grant GM-15483 from the National Institute of 
General Medical Sciences. Portions of this paper 
appeared in a dissertation submitted by J .  A.  
Burton to the School of Graduate Studies, Uni- 
versity of Missouri-Kansas City, in partial fulfill- 
ment of the requirements for the degree of Doctor 
of Philosophy. A preliminary report on portions 
of this work has appeared previously in Fed. Proc. 
29, 544, 1970. 

surgically according to a method described 
previously (14). Briefly, the trachea was 
exposed through a ventral midline incision 
in the neck. A 2.5-cm length of PE 240 
tubing, which served as a tight-fitting tra- 
cheal cannula, was inserted through an in- 
cision between the fourth and fifth tracheal 
rings caudal to the thyroid cartilage to a 
depth of 0.6 cm. Solutions of antibiotics 
(0.006-50 mM) were prepared by adding 
radioactively labeled compound together 
with unlabeled compound to Krebs-Ringer 
phosphate solution (pH 7.4), in which Ca 
ion had been lowered to one-fifth the usual 
concentration to avoid turbidity ( 15). One- 
tenth milliliter of solution was injected into 
the lungs through PE 20 tubing attached to 
a calibrated 100-pl syringe. The injection 
tubing was inserted through the tracheal can- 
nula to a point 1 mm above the bifurcation 
of the trachea, the drug solution injected 
over a 1- to 2-sec interval, and the tubing 
quickly withdrawn. The incision in the skin 
was then closed with a wound clip and body 
temperature maintained at 37 & 1" by heat 
from a 40-W incandescent lamp suspended 
above the animal. 

Tissue extraction and drug assay. At the 
end of an absorption period, the lungs and 
attached trachea were excised from the ani- 
mal, weighed, and placed in a 15-ml Ten- 
broeck glass homogenizer together with 
sufficient distilled water to make a total 
weight of 4 g. After homogenization, 100-mg 
samples of the tissue homogenate were trans- 
ferred into glass liquid scintillation counting 
vials, and to each vial was added 0.2 ml of 
60% perchloric acid together with 0.4 ml 
of 30% hydrogen peroxide. The vials were 
then heated at 70" for 1 hr. To the resulting 
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tissue digest was added 20 ml of a liquid 
scintillation medium of the following com- 
position: 6 g 2,5-diphenyloxazole, 573 ml 
toluene, and 427 ml ethylene glycol mono- 
methyl ether. Radioactivity was measured 
using a Packard model 3375 Tri-Carb liquid 
scintillation spectrometer equipped with 
automatic external standardization. Net 
counts per minute were corrected for quench 
by comparison with a standard quench cor- 
relation curve determined for the liquid 
scintillation medium used. When known 
amounts of various labeled antibiotics were 
added to lung tissue and the assays carried 
out as described above, recoveries were com- 
plete (98-102% ). 

The above tissue extraction and drug 
assay procedure was used for all antibiotics 
except chloramphenicol. For the latter drug, 
the lungs and trachea were placed in a Ten- 
broeck glass homogenizer with sufficient dis- 
tilled water to make a total fluid volume 
(tissue water plus distilled water) of 11 ml 
( 14). After thorough homogenization, 1 ml 
of concentrated HCl and 1.2 ml of 50% 
trichloroacetic acid solution were added, and 
the sample was again homogenized. The 
homogenate was then poured into a centri- 
fuge tube and centrifuged for 20 min at 
600g. Of the resulting clear supernatant 
fluid, 0.5 ml was placed in a scintillation 
counting vial containing 15 ml of a scintilla- 
tion medium of the following composition: 
4 g 2,5-bis-2 (5-tert-butylbenzoxazolyl ) -thi- 
ophene, 8 0 g  naphthalene, 400 ml ethylene 
glycol monomethyl ether, and 600 ml tolu- 
ene. When known amounts of chlorampheni- 
col were added to lung tissue, the extraction 
carried out by the above procedure, and 
radioactivity measured by liquid scintillation 
spectroscopy as described above, the re- 
covery was 84% (SE & 1 in six determina- 
tions). Accordingly, results were corrected 
for the incomplete recovery. 

Partition coeficients. Chloroform/water 
partition coefficients were calculated from 
the distribution of an antibiotic after shaking 
an aqueous solution of compound (pH 7.4) 
with the organic solvent at 23”. Mechanical 
shaking for 1 hr was sufficient for equilibra- 
tion of all the compounds. The organic sol- 
vent and the aqueous phase, 0.05 M sodium 

pyrophosphate buffer (pH 7.4), had been 
previously shaken together until mutually 
saturated. Coefficients were expressed as the 
mean of six to nine determinations in which 
the SE was 2-4% of the mean value. 

Drugs. Antibiotics were obtained from the 
following sources : chloramphenicol ( dichlo- 
roa~ety l - l ,2 -~~C) ,  sp act 9.43 pCi/mg, and 
tetracycline-7-”, sp act 8 3 3 pCi/mg, New 
England Nuclear Corp. ; ben~ylpenicillin-~~C, 
sp act 7 1.4 pCi/mg, Amersham-Searle; 
doxycycline hydrochloride hemiethanolate 
hemihydrate, Charles Pfizer & Co.; and 
benzylpenicillin potassium, Nutritional Bio- 
chemicals Corp. Erythromycin-N-methyl- 
14C, sp act 7.1 pCi/mg, and unlabeled 
erythromycin were kindly provided by Eli 
Lilly & Co; do~ycycline-~H, sp act 352 
pCi/mg, by Charles Pfizer & Co.; chlor- 
amphenicol by Parke, Davis & Co.; and 
tetracycline HCl by American Cyanamid Co. 
With the above radioactively labeled com- 
pounds, it has been shown by the manu- 
facturers that 96-98% of the radioactivity 
has the same chromatographic behavior as 
the unlabeled compounds. 

Results and Discussion. Results of pul- 
monary absorption studies with five anti- 
biotics are shown in Fig. 1. When the per- 
centage of unabsorbed drug was plotted 
semilogarithmically against time, the data 
for each compound conformed to a straight 
line, suggesting first-order kinetics for the 
absorption process. Half-times for absorp- 
tion and apparent first-order rate constants, 
calculated from the slopes of the lines, are 
listed in Table I. It can be seen that the 
time required for 50% of a dose to be ab- 
sorbed ranged from 1.9 to 33 min for the 
five compounds. Chloramphenicol was ab- 
sorbed most rapidly followed by doxycycline, 
erythromycin, and tetracycline, with benzyl- 
penicillin showing the slowest absorption 
rate. 

Recent work in this laboratory (14, 15) 
has suggested that the respiratory tract epi- 
thelium of the rat has permeability charac- 
teristics similar to those of the classical 
lipoid-pore type of biologic membrane. 
Lipid-soluble compounds are absorbed more 
rapidly than lipid-insoluble compounds, and 
the latter substances cross the membrane at 



754 

100 
90 
80 
70 

60 

50 
I3 

D 40 
0 

5 30 

5 
8 
4 

P O  

10 

ABSORPTION OF ANTIBIOTICS FROM RAT LUNG 

,N%YLPENICILLIN 

13 Y'I'H H 0 M Y  C I N 

\;H LORA M P H E N ICOI, 
I I I I I I  

10  20 :30 4 0  50 60 

T I M E  IN MINV'I'ES 

FIG. 1. Relative rates of absorption of anti- 
biotic compounds from the rat lung. Krebs- 
Ringer phosphate solution (0.1 ml) , containing a 
compound, was administered intratracheally to 
anesthetized rats prepared with a tight-fitting 
tracheal cannula. Initial concentrations were: 
chl~ramphenicol-'~C, 1 m M ;  doxycycline-'H, 0.06 
mM; erythromycin-"C, 1 mM; tetracycline-'H, 
1 mM; and benzylpenicillin-"C, 1 mM. Each 
point is the mean of 3-16 animals. Vertical 
brackets indicate SE, and absence of brackets 
indicates that SE was too small to be shown. 

rates inversely related to their molecular 
size. The antibiotics of the present study 
have molecular weights ranging from 323 to 
734 and have widely different lipo,id solu- 
bilities as judged by the chloroform/water 

partition coefficients listed in Table I. On 
comparing partition coefficients, molecular 
weights, and pulmonary absorption rates, it 
appears that lipoid solubility is more im- 
portant than molecular size in determining 
the relative speed with which these com- 
pounds cross the respiratory tract epithelium 
(Table I). For example, doxycycline and 
tetracycline have the same molecular weight, 
but doxycycline was absorbed 2 times more 
rapidly than tetracycline in accord with the 
3-fold greater partition coefficient of doxy- 
cycline. Moreover, chloramphenicol and 
benzylpenicillin have similar molecular 
weights, but chloramphenicol was absorbed 
17 times faster than the penicillin in accord 
with the 25-fold greater partition coefficient 
of chloramphenicol. The relationship was 
not perfect, however, since erythromycin 
with the highest partition coefficient had an 
absorption rate that ranked only midway in 
this list of compounds. 

A previous report from this laboratory 
presented evidence that the anionic dye 
phenol red is absorbed from the rat lung not 
only by diffusion but also in part by a 
carrier-type transport process ( 16). This 
process, which becomes saturated at high 
concentrations of the dye, is inhibited by 
certain organic anions including benzylpeni- 
cillin. The question arises whether benzyl- 
penicillin is also absorbed in part by a car- 
rier process and, if so, whether it is the 
same process that transports phenol red. In 
looking for evidence of a saturable transport 
process, the pulmonary absorption rate of 

TAl31,E I. Ahsorption of Antibiotic Compounds from the Rat Lung. 

Compound 

Chloroform/ Rate of absorption" 
water (pH 7.4) 

partition Rate 
Mol. cocfficien t Half- time constant 
wt. x 101 (min) x hr-I 

~~ ~~ ~~ 

Chloramphenicol 323 2,460 1.9 21.9 
Dox ycycline 444 3,769 7.0 5.9 
Erythromycin 734 12,578 12.0 3.5 
're trac y cline 444 1,257 14.0 3.0 
Renzylpenicillin 333 96 33.0 1.3 

"Apparent first-order rate constant is equal to 0.693 divided by the half-time in hours. Half- 
b c  xahes were calculated from the curves in Fig. 1. 
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TABLE 11. Effect of ,Concentration on Absorption of Antibiotic Agents from the Rat Lung. 

Compound 

Initial No. 
Time concn of % of Dose 
(min) (mM) rats absorbed” 

Benzylpenicillin 

Erythromycin 

Doxycycline 

60 0.01 
1 

10 
50 

10 0.1 
1 

10 

5 0.006 
0.06 

63 k 2 
66 k 2 
74 k 1 
64 k 2 

44 L- 4 
46 k 5 
49 k 3 

37 L- 2 
42 k 3 

the 

aMean k SE. 

penicillin was measured over a wide 
range of initial concentrations. As shown in 
Table 11, when the concentration of the 
antibiotic was varied 5000-fold, from 0.01 
to 50 mM, the 1-hr absorption rate was 
directly proportional to concentration, the 
percentage absorption remaining essentially 
constant. The failure to find evidence of a 
saturable, carrier-type transport process for 
benzylpenicillin is interesting not only be- 
cause of the inhibitory action of the com- 
pound on the pulmonary absorption of 
phenol red but also because the dye and the 
antibiotic appear to be transported by a 
common carrier process in other tissues such 
as liver, kidney, and choroid plexus ( 17). 

Concentration studies with two other 
antibiotics gave results similar to those seen 
with benzylpenicillin (Table 11). For ex- 
ample, doxycycline, which exists partly as an 
anion and partly as a zwitter ion at pH 7.4, 
when studied over a 10-fold range of con- 
centration, showed no evidence of saturation, 
the percentage absorption remaining con- 
stant. Similarly the cationic compound eryth- 
romycin showed no evidence of saturation 
over a 100-fold range of concentration. 

If results of the present study in the rat 
apply also to man, it would mean that ad- 
ministration of these antibiotics into the 
lungs for treatment of respiratory tract in- 
fections will result in most of the drug being 
absorbed into the circulation in a relatively 
short time. This could have important thera- 
peutic and toxicologic implications. 

Summary. Five antibiotics were adminis- 
tered intratracheally as solutions to anesthe- 
tized rats. The times necessary for 50% 
absorption ranged from 1.9 to 33 min. 
Chloramphenicol was absorbed most rapidly 
followed by doxycycline, erythromycin, and 
tetracycline, with benzylpenicillin showing 
the slowest rate. A comparison of pulmonary 
absorption rate, molecular weight, and lipoid 
(chloroform) /water partition. coefficient of 
the drugs indicated that lipoid solubility is 
more important than molecular size in de- 
termining the relative absorption rates. The 
absorption process for benzylpenicillin, 
doxycycline, and erythromycin did not be- 
come saturated when drug concentrations 
were raised 1 0-5000-fold, suggesting that 
these antibiotics are absorbed mainly by a 
process of simple diffusion. 

The authors are indebted to Mrs. Jean C. 
Henderson for her excellent technical assistance. 
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