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In addition to renal mechanisms for the excretion of drugs, which have 
been reviewed by Weiner (1), a number of other organ systems are also 
capable of excreting chemicals. Because of the multiplicity of these extra­
renal organ systems, an attempt will be made to summarize the factual infor­
mation available for each route and to include, where possible, the present­
day concepts regarding mechanisms. 

BILE 

The excretion of chemical substances into bile has been the subject of a 
number of reviews (2-5). The recent review by Smith (5) is by far the most 
comprehensive and detailed survey of our current knowledge. 

Brauer (3) originally divided the substances which are excreted into bile 
into three classes according to their bile/plasma concentration ratios. Sub­
stances of Class A are those whose ratio is nearly one (glucose, Na+, K+, and 
Cl+). Class B includes substances whose bile/blood ratios usually range from 
10 to 1000 (bile salts, sulfobromophthalein, fluorescein, rose bengal, bilirubin 
glucuronide, and creatinine). Class C compounds consist of those in which 
the ratio is less than one (inulin, sucrose, phosphates, cholesterol, and muco­
proteins). 

Much of the work that has been carried out has dealt primarily with 
those compounds contained in Class B. It appears that the transport of these 
substances across the biliary epithelium into bile requires some kind of ac­
tive secretory process. Characteristically, these substances compete for 
transport, and the transport mechanism can be saturated by an excess of 
compound. Hypothermia was shown to decrease the excretory rate of some 
of these substances (3, 6). 

Little is known about the mechanism involved in the actual transfer of 
Class B substances into bile. Since a number of them are organic acids which 
exist in the ionized state at physiological pH, it has been proposed (2, 4) 

1 The survey of literature pertaining to this review was concluded in June 1967. 
2 The authors would like to acknowledge the assistance of Miss Angelika Jegers, 

Mrs. Evelyn Reynolds, and Mrs. Sharon Shriver for their assistance in obtaining ref­
erences. 
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338 STOWE & PLAA 

that all acids share a common transport process. While the previous sub­
stances studied (sulfobromophthalein, phenol red, fluorescein, p-amino­
hippuric acid, and penicillin) are carboxylic or sulfonic acids, Hart & 
Schanker (7) recently demonstrated that chlorothiazide, an acid which is 
neither a sulfonic nor a carboxylic acid, appears to be actively secreted into 
bile by the same process that secretes the carboxylic and sulfonic acids. 

Basic substances can also be excreted into bile in high concentrations. 
Schanker & Solomon (8) demonstrated that the quaternary ammonium ion, 
procaine amide ethobromide (PAEB) rapidly appears in the bile of rats in 
high concentrations, both as unchanged PAEB and as conjugated PAEB. 
Competition was demonstrated by a number of compounds. Piperphenamine 
(Darstine), benzomethamine and oxyphenonium were particularly active in 
this regard, whereas tetraethylammonium, cetyltrimethylammonium, and 
other substances did not appear to compete for excretion. A number of 
quaternary ammonium compounds are excreted into the bile of rats, while 
others are not. Those which are excreted seem to have one characteristic in 
common (9): a highly polar quaternary amine group at one end of the mole­
cule and one or more nonpolar ring structures at the opposite end. On the 
other hand, those bases which are poorly excreted lack the nonpolar ring 
structure at one end of the molecule (9). These data suggest that the trans­
port system does possess a certain degree of specificity. This system appears 
to be d ifferent from the one responsible for the secretion of organic acids in 
that sulfobromophthalein and glycocholate have no effect on the transport 
of PAEB (8). 

Besides these transport systems, there have been indications of other 
ways in which substances can pass from the liver into bile. Inulin, sucrose, 
and mannitol have been shown to transfer from blood to bile (10). The con­
centrations found in bile, however, were either equal to or less than the con­
concentrations in blood. The concentrations were inversely related to their 
molecular size. It has been proposed (10) that the appearance of these sub­
stances in bile suggests transport by simple diffusion and osmotic filtration. 

The biliary excretion of a variety of chemical substances, for which 
quantitative data are available (11-80), is summarized in Table I. Wherever 
possible, the excretory products have been broken down into parent com­
pound and metabolic products. Williams, Millburn & Smith (24) have 
studied a series of compounds both for the amounts excreted into bile and 
the type of products excreted. They have come to some tentative conclusions 
regarding requirements for biliary excretion. Using aniline and substituted 
benzoic acids, they propose that substances of low' molecular weight (less 
than 300) would be excreted into bile in small amounts (less than 5 per cent 
of the dose), even if polar conjugates of the original compound were formed. 
With various iodinated derivatives of p-aminobenzoic acid, they concluded 
that the increase in molecular weight associated with iodination results in 
increased biliary secretion. These investigators also found that compounds 
containing two or more aromatic rings tended to be excreted into the bile if 
they could be metabolized and conjugated. 
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EXTRARENAL EXCRETION OF DRUGS AND CHEMICALS 339 

TABLE I 

EXCRETION OF VARIOUS DRUGS AND CHEMICALS INTO BILE 

PERCENT OF DOSE EXCRETED 

COMPOUND SPECIES DOSE MG/KG TIME REFER-

HR 
TOTAL PARENT 

METAB. ENCE 
OLITE 

Contrast Media 
Iodopanoic acid Cat 100 18 75 75 11 

Pheniodol Cat SO 6 20 12 

Phenlodol Dog 100 8 SO 13 

Butyryliodopanoic Cat lOa 18 45 14 

Acetyliodopanoic Cat 100 18 30 14 

D:yu 
Phenolphthalein Dog 4.8 72 43 15 

Phenolphthalein Cat 6.6 3 11 17 16 

Phenol Red Dog 20 3 3 17 
Bromophenol Blue Dog 20 3 18 17 

Bromcresol Green Dog 20 3 32 17 
Sulfobromophthalein Man 5 2 61 13 48 18 

Sulfobromophthalein. Rat 15 1 82 1 1  71 19 
Phenoltetrabromphtbalein 

monosulfonate Rat 44 2 95 95 20 
Phenoltetrabromphthalein 

tetrasulfonate Rat 63 2 1 1 20 

Fluorescein Rat 3 2 14 14 21 
Tetrabromofluorescein Rat 3 2 63 63 21 
Indocyanine Green Dog 1 5 91 97 22 
Evans Blue Dog 1 5 4 23 

Sulfonamides 
Sulfanilamide Rat 50 24 4 3 24 

Sulfacetamide Rat 50 24 0.5 0.5 24 
Sulfapyridine Rat 50 24 11 11 5 
Sulfadiazine Rat 50 24 2 2 24 
Sulfathiazole Rat 50 24 2 2 5 

Sulfamethoxypyridazine Rat 50 24 8 8 24 
Sulfadimethoxine Rat 50 24 11 1 1  24 

Sulfadimethoxine glucuronide Rat 100 24 78 78 24 

Hormones 
Thyroxine Rat 0.028 24 24 23 2S 
Thyroxine Man 0.38 96 10 26 
Triiodothyronine Dog 0.001 24 27 3 24 27 
Progesterone Rabbit 0.020 5 40 40 28 
Progesterone Man 36 36 29 

Estrone Man 0.37" 48 50 50 30 
Estradiol Man 0.37" 48 50 SO 30 
Testosterone Man 1 24 13 13 31 
Norethynodrel Rabbit 5 7 33 0.3 32.7 32 

Norethynodrel Man sa 24 30 33 
Stilbestrol Rat 10 24 94 3 91 34 
Corticosterone Cat 0.04 240 86 86 35 
Corticosterone Man 25 25 29 

Cortisone Man 3 3 29 
Hydrocortisone Rat 0.25 3 83 83 36 

Cardiac GI:ycosides 
Lanatoside A&C Rat 1 5 70 70 37 

Digoxin Rat 1 5 40 11 29 37 
Digoxin Dog 0.1 108 15 1 14 38 
Digitoxin Rat 1 5 10 6 4 37 
Digitoxin Dog 0.05 8 39 3 36 39 
Ouabain Rat 120 4 85 40 
Scillaren A Rat 1 6 84 84 41 

• Total dose 
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COMPOUND 

A nlibiolics 
MethiciUin 
Methicillin 
Ampicillin 
AmpiciUin 
Penicillin-V 
Penicillin-T 
Penicillln-G 
Nafcillin 
Cloxacillin 
Metacycllne 
Oxytetracycline 
Demethylcblortetracycline 
Erythromycin 
Erythromycin 
Erythromycin 
Rifomycln 
Oleandomycin 
Carbomycin 
Chloramphenicol 
Chloramphenicol 

A utonomic Agents 
Epinephrine 
Norepinephrine 
Isoproterenol 
Atropine 
Neostigmine 

Analgelics 
Morphine 
Morphine 
Methadone 
Methadone 
Methadone 
Codeine 
Nalorphine 
Salicylic acid 

Diura;cs 
Cblorothiazide 
Hydrochlorothiazide 

Tranqui/jzers 
Thioridazine 
Thlethylperazine 
Prochlorperazine 
Prochlorperazine 
Chlorpromazine 
Trifluoperazine 

eNS Agents 
Amitriptyline 
Phenyramidol 
Carbenoxolone 
Methohexltal 
Methobexital 
Glutethimide 

Miscellaneous Agents 
Coumarin 
Hydroxycoumarin 

STOWE & PLAA 

PERCENT OF DOSE EXCRETED 

SPECIES DOSE MG/ICG 

Rat 300 

Dog 50 

Rat 100 

Rat 100 

Rat 100 

Rat 100 

Dog 50 

Dog 50 

Rat 100 

Dog 10 

Dog 10 

Dog 10 

Rat 66 

Rat 100 
Man 250" 
Dog 
Rat 100 

Rat 100 

Rat 100 

Man 1000" 

Rat 0.032 

Rat 0.0005 

Rat 0.0005 

Rat I 
Rat 0.2 

Dog 30 

Monkey 30 

Rat 3 
Rat 15 
DOll 10 

Rat 40 

DOll 30 

Rat 50 

Dog 20 

Dog 2 

Rat 100 

Rat 20 

Rat 25 

Dog 10 

Dog 20 

Dog 2.5 

Rat 0.8 

Dog 25 
Rat 50 

Rat 10 

Dog 10 

Rat 40 

Rat 50 

Rat 50 

TIME 
HR TOTAL 

24 4 
24 22 
18 IS 
24 2 

6 5 

2.5 20 

24 9 

24 97 

3 21 

24 3 

22 2 

24 2 

2 15 

4 1 

20 13 

70 

4 10 

4 0.3 

4 30 

20 3 

10 

8 14 

8 38 

4 50 

6 2.6 

12 40 

4 12 

I 20 

24 9 

5 4 

3 10 

4 6 

24 

4 4 1 

1 4 

72 80 

48 87 

24 37 

10 63 

10 22 
10 72 

6 50 

7 2 

50 

8 75 

8 20 

15 60 

24 50 

24 0.2 

REFER-
PARENT METAB- ENCE 

OLITE 

42 
43 
44 
45 
45 

46 

43 

43 

47 

48 

48 

48 

7 8 49 

50 

51 
5 

50 

50 

52 
52 

10 53 
1 4 54 

38 54 
50 55 

0.1 2.5 56 

0.2 39.8 57 

0.1 11.9 58 

59 

I.S 7.5 60 

1.6 2.4 60 

10 61 

0.6 5.4 62 

2 24 

6;1 
64 

0.1 79.9 65 

66 

67 
68 

68 

68 

50 69 

2 70 

71 

72 

72 

3 57 73 

50 24 

24 
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EXTRARENAL EXCRETION OF DRUGS AND CHEMICALS 341 

PERCENT OF DOSE EXCRETED 

COMPOUND SPECIES DOSE MG/KG 
TIME REFER-

HR METAB- ENeE 
TOTAL PARENT 

OLITE 

Dichloromethotrexate Rat 24 4 48 74 
Dichloromethotrexate Rabbit 7.5 4 38 74 
Dichloromethotrexate Dog 10 4 74 74 
Orphenadrine Rat 50 2.5 25 25 75 
Imidazolin chloroterephthala-

nilide Rat 0 . 7 24 10 76 
p-Aminobenzoic acid Rat 105 24 3 24 
p-Aminohippuric acid Rat 134 24 2.1 0.4 1.7 24 
Anthranilic acid Rat 101 24 5 24 
Indole Rat 20 24 7 7 24 
Phlorizin Dog 30 6 66 77 
DDT Rat 146 76 20 20 78 
Methoxychlor Rat 3 6 48 48 79 
Retinol Rat 0.25 24 9 8 80 
Glycyrrhetic acid Rat 25 24 100 100 24 
Thiambutosine Rat 50 24 33 33 24 

Cox & Wright (37) studied the relative excretion rates of a series of 
digitalis glycosides in rats and came to the conclusion that the presence of 
very polar groups enhanced the excretion of these compounds. Lanatosides 
A and C were both excreted unchanged in bile to the extent of 70 to 80 per 
cent of the dose within five hours after injection. The presence of glucose in 
these molecules makes these substances more polar than derivatives devoid 
of glucose (digitoxin and digoxin). Digoxin is more polar than digitoxin and 
was excreted to a greater extent. The least polar derivative (digitoxin) was 
excreted only to the extent of 10 per cent of the administered dose. The role 
of conjugation was also evident in this work, since with the relatively less 
polar digoxin and digitoxin, the major portion of the material excreted in the 
bile was composed of conjugated products. 

There are a number of exceptions to some of these generalizations. With 
the phthalein derivatives, conjugation is presumably necessary for biliary 
excretion because the two most widely investigated derivatives, phenol­
phthalein and sulphobromophthalein, are conjugated prior to excretion. 
However, the tri- and tetra-halogenated fluoresceins and the tetrachloro­
tetrabromo-derivative are excreted to a major extent in rat bile (greater than 
50 per cent in two hours) and in forms which are indistinguishable from the 
parent compound (21). The dibrominated analogue of sulfobromophthalein 
is excreted into bile in an unchanged form; at the end of two hours, 83 per 
cent of this substance is recovered from bile in comparison to 87 per cent for 
sulfobromophthalein (81). The maximal biliary excretory rate for the di­
brominated analogue of sulfobromophthalein is comparable to that found 
for sulfobromophthalein (82). Indocyanine green (a nonphthalein dye) is also 
excreted into bile in an unchanged form (22). 

Correlation between polarity and excretion into bile might be questioned. 
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342 STOWE & PLAA 

The relative excretion rates of a series of chelated iron complexes was studied 
by Haddock et al. (83). They found that those chelates possessing a net 
neutral charge and lipid solubility were excreted more extensively than those 
possessing a charged anionic site. They felt that the preference for biliary 
excretion over urinary excretion was due to the relative nonpolar nature of 
the derivatives themselves. 

Species variations in capacity to excrete these substances do seem to exist. 
(See Table I.) Unfortunately, few comparative studies have been performed 
with species variation as the parameter being tested. A preliminary report 
(84) indicates that as far as small aromatic molecules are concerned, little 
species variation is observed; however, with high molecular weight sub­
stances, considerable variation seems evident. With sulfobromophthalein 
and its dibrominated analogue, the dog has a much lower biliary excretory 
maximum than does the rat or rabbit (82, 85). 

Some of the implications involved in the biliary excretion of chemicals 
should be mentioned. First of all, following drug content in the feces as an 
index of oral absorption is not necessarily a valid criteria. Secondly, the 
presence of an enterohepatic circulation can have a marked effect on the 
persistence of a drug in the body as was demonstrated with glutethimide in 
rats (73). The half-life for glutethimide in normal rats was about 24 hours, 
while in animals with a biliary fistula, the half-life was only about six hours. 
Thirdly, the toxicity of substances which depend upon the biliary route for 
their excretion could be modified if this route becomes unavailable. Gibson 
& Becker (86) have shown that the lethality of ouabain is markedly increased 
in mice wh�se bile ducts have been occluded. A similar effect was obtained in 
mice treated with a-naphthylisothiocyanate or phenylisothiocyanate, sub­
stances which produce intrahepatic cholestasis (87, 88). Biliary excretion 
could influence toxicity in those situations in which biotransformation re­
actions yielding toxic products occur in the lower portions of the intestinal 
tract. Thompson et al. (89) demonstrated that with chloramphenicol, the 
glucuronide was excreted in the bile of rats, was converted to arylamines in 
the gut, and that these reabsorbed substances exerted a toxic action on the 
thyroid. Smith (5) has discussed how an analogous mechanism might ex­
plain the intestinal carcinogenic activity of 4-aminodiphenyl and 2-ace­
tamidofluorene. 

GASTROINTESTINAL EXCRETION 

Although biliary excretion is probably the major route by which sys­
temically absorbed chemicals enter the gastrointestinal tract, it is possible 
that other avenues exist. In dogs with bile fistulae, 6 per cent of an intra­
venously administered dose of digoxin was recovered in feces, suggesting 
extra-biliary excretion (38). There is also data indicating that diphenyl­
hydantoin may be excreted into the intestinal tract by several routes (90). 
Williams, Millburn & Smith (24) believe that dieldrin is excreted into the 
intestine through the gut wall. 
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EXTRARENAL EXCRETION OF DRUGS AND CHEMICALS 343 

Shore, Brodie & Hogben (91) have clearly shown the role of pH gradients 
in the excretion of weak acids and bases into the gastric contents of dogs 
prepared with Heidenhain fundic pouches. In these preparations, bases with 
pKa values greater than five were secreted in high concentrations, whereas 
weak acids were not secreted to any extent. Steady-state experiments (92), 
designed to study intestinal absorption of drugs, also yielded data which were 
consistent with these findings. Schanker (93) has demonstrated the excre­
tion of quinine into the rat colon in accordance with the pH partition hy­
pothesis. 

The secretion of drugs into the lumen of the gastrointestinal tract has 
its counterpart in ruminants, as recognized by Reid et al. (94), while mea­
suring extracellular volume with antipyrine. In studying methyridine, it was 
found that this anthelmintic entered all levels of the gastrointestinal tract 
of sheep in effective concentrations following parenteral administration 
(95) . Another anthelmintic, 2,4-diiodo-nitrophenol is effective parenterally 
in dogs (96) and turkeys (97) against hookworms and tapeworms, respec­
tively, presumably because the compound is excreted into the gastrointes­
tinal and respiratory tracts. 

One question which arises is whether compounds are secreted into the 
rumen-reticulum directly, or whether they gain access to the rumen contents 
via saliva, the daily volume of which is approximately 100 liters in cows. 
Using acutely fistulated calves with ligated esophagi, intravenously ad­
ministered sulfonamides, antipyrine, and ephedrine were found in bovine 
rumen-reticular fluid 10 minutes after intravenous injection (98). Non-ionic 
diffusion was suggested as being responsible. The capacity of the rumen 
micro flora to digest cellulose was significantly depressed following the 
intravenous injection of sulfamethazine (99). More recently, preliminary 
experiments were reported which dealt with the diffusion of salicylic acid, 
benzoic acid, sulfanilamide, antipyrine, aminopyrine, and N-acetyl-4-amino­
antipyrine into buffered solutions placed in the rumen (100). Ratios of drug 
concentration in the rumen to the unbound concentration in plasma were 
in good agreement with the ratios predicted from nonionic diffusion. In­
creasing the pH of the rumen contents resulted in increased concentration 
ratios of benzoic and salicylic acids in the rumen as compared to plasma. 
From the standpoint of drug distribution, the passage of compounds into 
the rumen and reticulum represents a dilution factor which approximates 
the extracellular water space. 

Secretion into the other two stomachs of ruminants has not been studied 
extensively. At the present time there is no known secretory function of the 
omasum. The abomasum, on the other hand, corresponds to the stomach of 
non-ruminants, and secretes an acid, pepsin-containing fluid resembling 
gastric juice, which apparently is stimulated by acetic, propionic and butyric 
acid, and histamine (101, 102). Non-ionic diffusion presumably would occur 
as it does in simple-stomached animals (91). 

Reference to the salivary excretion of drugs in different species is given 
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344 STOWE & PLAA 

in the comprehensive review by Afonsky (103). Drug passage into saliva 
was studied by procedures similar to those used for mammary diffusion 
(104). In the alkaline saliva of goats and cows, weak acids such as sulfa­
diazine, sulfamethazine, sulfanilamide and several barbiturates were found 
in concentrations greater than their nonprotein bound levels in plasma. 
Sulfacetamide did not attain its predicted concentration apparently because 
of its low lipid solubility. In comparison, the neutral or slightly acid saliva 
of man contains sulfonamides and barbiturates in concentrations below the 
unbound fraction in plasma (105). Noach et al. (90) found a high concentra­
tion of diphenylhydantoin in the rat salivary gland; in cats, the compound 
was apparently excreted into the saliva in an unchanged form. These workers 
point out the possible role of this route of excretion as a factor in the develop­
ment of gingival hyperplasia. 

Penicillin (106-108), dihydrostreptomycin (108), and tetracyclines 
(108, 109) are also found in saliva. With the penicillins, the appearance varies 
with time, and with the particular derivative. The methoxyphenyl- and 
ethoxyphenyl derivatives, and the procaine salt were present in high con­
centrations; and benzathine penicillin was observed for 24 hours or more at 
concentrations about one-third of the concurrent serum levels (107). With 
penicillin G, there is evidence for an active secretory mechanism, since HgC12 
and phenol red, instilled into the gland, reduced penicillin concentrations 
in saliva. Furthermore, probenecid substantially reduced the penicillin 
excretion (108), but not the salicylate excretion (110). 

SWEAT 

The excretion of drugs via sweat was reviewed in 1911 by Tachau (111), 
who noted that interest was expressed in this subject as early as 1844. Prior 
to 1911, iodine, bromine, benzoic acid, salicylic acid, lead, arsenic, boron, 
mercury, iron, alcohol, and antipyrine were reputed to appear in human 
sweat. Tachau (111) claimed that iodine, bromine, boric acid, phenol, sali­
cylic acid, phenyl salicylate, antipyrine, and methylene blue were present, 
but that arsenic, benzoic and hippuric acids, quinine, acetanilid, and phenol­
phthalein were not found. Koch (112) reported the presence of thiocyanate, 
methenamine, and antipyrine in sweat, but not salicylic acid, despite its 
lipid solubility and presumed ability to traverse biological membranes. With 
a forensic viewpoint in mind, Weinig & Jahn (113) reviewed the literature 
on the excretion of ethyl alcohol, antipyrine, arsenic, boric acid, bromine, 
iodine, mercury, thiocyanate, penicillin, phenol, salicylic acid, phenyl 
salicylate, methenamine, and sulfonamides in human sweat. They found 
barbital and sulfonmethane in human sweat. To this must be added quinine 
and fluorescein (114), sulfanilamide (115), dehydroascorbic acid and nico­
tinamide (116), methylene blue, and a number of other dyes (117), urea, 
sulfanilamide, sulfapyridine, sulfathiazole, sulfadiazine and p-amino­
hippuric acid (118), uric acid (119), and histamine (120). The number of 
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EXTRARENAL EXCRETION OF DRUGS AND CHEMICALS 345 

ions which have been found in sweat is equally imposing. Aside from the 
three of intense research interest (Na+, K+, and Cl-), there are: calcium 
021-123), iron (123-125), magnesium, phosphorus, copper, manganese 
(123), rubidium (126), and zinc (125). From the nutritional standpoint, the 
loss of iron, calcium, and zinc in sweat may be of substantial concern when 
the dietary supply of these elements is low, and the environment necessitates 
profuse sweating. For example, with iron concentrations of 2 to 37 mcg/l00 
ml, and a total volume of sweat of 10 liters per day, it is possible for cu­
taneous iron loss to be one of the contributory factors in the genesis of iron 
deficiency anemia (124). Similar considerations apparently apply to zinc 
(125) and calcium (121). The chelating agent, deferoxamine, does not 
increase the excretion of iron in sweat (127). 

The question of the mechanism of excretion of drugs and ions in sweat is 
complicated by the lack of a clear picture of just how the eccrine sweat gland 
functions. A common view (128) seems to be that the precursor to sweat 
enters the fundus of the gland from the extracellular fluid. During its passage 
through the duct to the skin surface, various substances are reabsorbed 
such as water, and ions, such as Na+. Recently, a Na-K activated ATPase 
was demonstrated in the eccrine gland of monkeys (129). Ouabain inhibits 
this enzyme, and its presence is taken as an enzymatic basis for active 
transport of Na+ by the gland. An interesting hypothesis of the mechanism 
of sweat formation was advanced by Gordon & Cage (130), in which they 
attempted to explain the high lactate concentration of sweat, Na+ reabsorp­
tion, and the formation of a hypotonic solution. 

In man, sweat is usually hypotonic to plasma, while that from the foot 
pad of the cat is hypertonic (128, 131). The Na+, and Cl- content of cat's 
sweat is higher than man's. Furthermore, cat sweat is mildly alkaline, 
probably because of its bicarbonate content, while human sweat is normally 
slightly acid (132). The pH of human sweat also varies considerably depend­
ing on whether the flow has been induced by exercise, by heat, or by drugs 
such as pilocarpine. Thermal stress tends to result in a rise in pH, while 
pilocarpine- or acetylcholine-induced sweat causes an even greater rise, 
sometimes to pH levels greater than 7.0 (133). The pH question is important, 
because most studies involving the secretion of drugs utilize either heat or 
cholinergic agents to induce sweating. Changing pH values can alter drug 
ionization and distribution. Other features of sweat gland function which 
make it difficult to quantify drug excretion are: (a) volume of sweat secreted 
(134); (b) gland fatigue (135); and (c) endocrine factors (136-138). 

Despite the many factors involved, Thaysen & Schwartz (118) showed a 
relationship in man between the sweat/plasma (S/P) concentration ratios 
and the pK" values for several substances (sulfanilamide, sulfapyridine, 
sulfathiazole, sulfadiazine and p-amino hippurate), although the observed 
SIP ratios were consistently below the theoretically derived ratios. Further­
more, the SIP ratios were not influenced either by fairly wide variations in 
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346 STOWE & PLAA 

the plasma level of the drugs, or by the rate of sweating, and it was inferred 
that these compounds enter sweat by nonionic diffusion. Unfortunately, the 
pH of the sweat was not measured in these experiments. In spite of this, 
the findings were generally consistent with nonionic diffusion. 

With ethanol, the SIP ratios for man and cat are about 0.8 to 1.1; for 
antipyrine, 0.6 to 9.0; creatine, 0.2; thiourea, 0.8; 14C-methylurea and 
HC-acetamide, 1.0 to 1.1; and urea, 1 to 1.4 (139). Thaysen & Schwartz 
found no positive correlation between osmolality of sweat and the SIP ratios 
for these- compounds, and the oil/water solubility ratios showed no clear 
relationship to the SIP ratios of these substances. From the SIP ratios of 
1 to 1. 4 for urea, it has been suggested that some back diffusion of water 
takes place in the gland. However, Brusilow (140) has presented evidence 
for a possible extra-plasma source of urea, because the SIP ratios of injected 
14C-urea were 1.0 in man and the cat, while the SIP ratios for chemically 
determined urea were 1.2 to 1.4. In studies involving prolonged exercise, the 
SIP ratio for urea decreased from initial values of 1.5 to 1 over a two to 
three-hour period, and the ratio was not affected either by a fourfold increase 
in the plasma urea level, by a doubling of the sweating rate, or by a reduction 
of plasma Cl- concentration from 50 to 15 meq/l (141). These workers 
concluded that urea entered sweat by a process of passive diffusion, and 
that water reabsorption is unlikely. 

MILK 

Although the secretion of drugs into milk has been the subject of inter­
mittent study for over 80 years, the principal concerns during the last 
decade have been the residue problem resulting from pesticide application, 
the use of antibacterial agents for the treatment of bovine mastitis, and 
systemic therapy with various drugs. A large number of drugs or their 
metabolites, such as sulfonamides, sulfones, the antibiotics, nitrofurans, 
barbiturates, methylpentynol, certain antihistamines, phenolphthalein, 
isoniazide, phenothiazine, methyridine, pyrimethamine, quinine, phenol, 
antipyrine, chloral, urea, salicylic and acetylsalicylic acids, phenylbutazone, 
mandelic acid, atropine, caffeine, coumarin, chlorpromazine, methenamine, 
theobromine, thiabendazole, aloin, estrogens, and probably certain opiates, 
gain access to milk following systemic absorption in one or more of the fol­
lowing species: man, cattle, goats, sheep, dogs, and rats (142-145). Of the 
reports cited, the article by Rasmussen (143) is the most comprehensive, 
and contains much of his experimental work over the past 11 years. There 
has also been a series of reviews dealing specifically with various facets of 
the contamination of milk by antibiotics (146-151). 

Extending the concepts of nonionic diffusion (118, 153), Rasmussen (153) 
demonstrated that the excretion of certain sulfonamides into bovine milk 
could be explained by this mechanism. Later studies (144, 154-160), indi­
cated that the steady-state concentrations of certain weak organic acids and 
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EXTRARENAL EXCRETION OF DRUGS AND CHEMICALS 347 

bases in cows' or goats' milk were in accord with that predicted by nonionic 
diffusion. With sulfonamides, penicillin, penethamate, erythromycin, 
quinine, antipyrine, urea, ethanol, aminopyrine, benzoic and salicylic acids, 
pentobarbital and phenobarbital, the milk-to-plasma (M/P) ratios of 
unbound drugs were in close agreement with the theoretically derived ratio 
(161). These studies also showed that the M/P ratios were independent of 
the plasma concentration and the volume of milk secreted. Increasing the 
milk pH, however, increased the M/P ratios for acidic drugs, decreased the 
ratios for basic drugs, and vice versa (144, 153). In bovine and ovine mastitis, 
milk pH tends to rise, resulting in an increased level of sulfonamide in the 
milk (162). It should also be noted that even with complete milking, the 
fraction of drug excreted via the udder is small compared to the total dose 
(144). 

Although the steady-state approach to studying drug passage into the 
milk has provided some useful information, it does not rule out other mech­
anisms, nor does it provide much information regarding the kinetics of drug 
penetration of the gland. Another problem with this approach is the limita­
tion attainable with toxic compounds. In this regard, mammary gland 
perfusion would appear to be a useful technique. In addition, the use of 
inhibitors of active transport processes, or the instillation of HgCl2 and 
phenol red into the gland might be useful procedures (108, 110) . 

An apparent exception to nonionic diffusion is oxytetracycline, which 
appears in milk at concentrations above the values predicted by nonionic 
diffusion (144), possibly because of calcium chelation. Sulfonamides also 
present an interesting problem because the acetylated derivatives tend to 
persist in cows' milk for a longer period than do the parent compounds. 
Presumably, the presence of acetylated sulfonamides is a result of diffusion 
from plasma. However, Rasmussen & Linzell (163) found that acetylation 
of sulfanilamide occurred within the perfused goat udder. If these findings 
are common to other species, then the distribution and excretion of acety­
lated derivatives will require more extensive investigation. 

As pointed out by Myers (150), the problem of controlling antibiotics 
in milk is associated with the control of bovine mastitis, which is usually 
treated by the intramammary infusion of antibacterial solutions and oint­
ments. A novel approach to the practical problem of determining drug 
retention in the udder is the incorporation of certain triphenylmethane dyes 
(Food Green 4, Food Blue 2, and Food Blue 3) into antibacterial prepara­
tions (164). Such dyes, if they have retention properties similar to an anti­
bacterial agent, would serve as a visible marker, which hopefully would per­
mit reliable assessment of when the udder ceased shedding the compound 
in the milk. Reasonable agreement was found in the milk between the time­
concentration curves for penicillin, oxytetracycline, and sulf�namides on the 
one hand, and the dyes on the other hand. In each case, the dye was demon­
strable in the milk for at least as long as the drugs. However, the percentage 
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recovery of the dyes from the milk was not in close agreement with the drug 
recovery, presumably because of different rates of systemic absorption, or 
"back diffusion," a property which has already been shown to exist (153). 

The excretion of insecticides in milk following ingestion or topical appli­
cation is well known, and is the subject of recent reviews (166-168). Other 
pesticides have recently been reported in milk, including the benzazamide 
metabolites of guthion (169), heptachlor epoxide (170), and carbaryl and 
metabolites (171). While the detailed mechanism of insecticide excretion in 
milk has not been studied, it seems that the distribution of these compounds 
is a function of their lipid solubility. For example, Bruce, Link & Decker 
(170) showed a parallel and linear relationship between the log of the dose of 
heptachlor epoxide in the diet, and the log of concentration in both body 
fat and butterfat. With bromide excretion in milk, it was shown that the 
ratio of bromide in milk to that in the diet was higher when the fumigant, 
methyl bromide, was fed to cows, than when sodium bromide was fed at the 
same levels (172). Although the relatively polar compound, hydroxy-DDT, 
appeared in bovine milk at levels of 1 to 2 ppm in the diet, the amount of 
hydroxy-DDT present in milk was below that which would be obtained with 
equivalent levels of DDT; the implication is that the more polar compound 
would be more water soluble, and therefore less likely to cross the lipid 
membrane (173). The generalization by Zweig et al. (174) regarding DDT­
that the concentration of DDT excreted is proportional to the level of DDT 
in the ration-might also be applicable to the other chlorinated hydrocarbon 
insect icides. 

An interesting experimental observation regarding insecticides in milk 
was reported by Street et al. (175) in which it was shown that the administra­
tion of DDT would reduce the storage and retention of dieldrin in rats, 
sheep and swine, and that the feeding of DDT to ewes resulted in a decrease 
of the amount of dieldrin in the milk by a factor of about one-third. DDT also 
reduced the dieldrin residue in pork fat. 

The use of herbicides in agriculture naturally leads to questions regarding 
their excretion into milk. There seems to be a paucity of information in this 
area, although some herbicides at least, do have a fairly high lipid solubility 
(176). However, on the basis of limited trials, several herbicides, given in a 
total dose of 454 mg over four days, have been found to be absent (less than 
0.05 ppm) from cows' milk (177-179). In another study, 14C-diquat and para­
quat were given in single doses (5 to 20 mg/kg) orally to cattle. Less than 
0.02 per cent of the radioactivity was excreted in the milk, primarily as 
metabolic products (180). 

Dimethylsulfone has been reported in pasteurized market milk, in 
concentrations of 5 to 10 mg/l (181). However, whether this substance was 
actually derived from dimethylsulfoxide is not clear, since dimethylsulfone 
was found in cows' blood many years ago (182). Dimethylsulfide has also 
been found in milk, and has been considered one of its flavor constituents 
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(183) . The latter two observations were made long before the recent appli. 
cations of dimethylsulfoxide. 

An interesting example of the toxic principle of a plant being excreted in 
milk is that of Eupatorium urticaefolium (white snakeroot) and Apolopappus 
heterophyllus (rayless goldenrod) . These plants contain tremetol, a high 
molecular weight alcohol, which causes a disease in cattle and man charac­
terized by acidosis and ketosis. Hartmann et al. (184) described three human 
cases which were traced to cows grazing on snakeroot. Toxic substances from 
other plants, such as Colchicum and Laburnum sp., also may be transmitted 
into milk (185) . Peanuts or groundnuts which are infected by certain strains 
of Aspergillus flavus may contain toxic quantities of aflatoxin. The milk 
from cows fed contaminated groundnuts contained a substance which 
produced effects in ducklings identical to those caused by aflatoxin (186) . 
Later studies established the presence of aflatoxin "M," a metabolite of 
aflatoxin, in the milk (187) . 

Of gastronomic, if not toxicologic, concern is the observation that ben­
zylthiocyanate, a constituent of the weed Coronopus didymus (bitter cress or 
land cress, Australia) yields off-flavor, unpalatable milk when cattle graze on 
pastures infested with this plant (188) . Apparently, benzylthiocyanate is 
the responsible agent, since its addition to untainted milk resulted in the 
characteristic flavor. Although identification and quantification of the 
compound in milk, blood, or other tissues was not done, the evidence suggests 
that benzylthiocyanate enters milk. Other plant substances, whose chemical 
natures have not been elucidated, may discolor milk or alter its taste (189) . 

Despite the numerous reports of the excretion of various compounds in 
milk, there has been little attention directed toward colostrum. During the 
colostral phase, the mammary gland is felt to be more permeable to a number 
of solutes, and this is borne out by the observations that zinc (190) and iron 
(191) are present in colostrum at concentrations above those in normal 
milk. 

TEARS 

The lacrimal fluid is isotonic to normal saline (192) , contains Na+, K+ 
and Cl- as its principal ions (193) , and has a pH ranging from 7.1 to 8.0, 
with a mean of 7.49 (194) . The tear/plasma ratio for urea is 1 (193, 195) , 
despite fivefold changes in the rate of tear flow, or a fourfold variation in 
plasma level, suggesting simple diffusion as the operant process (195) . 
Several workers report the presence of reducing sugars or glucose (193, 196) . 
Increased levels are claimed to be present in diabetics (197) , although Balik 
(198) found that the glucose in lacrimal fluid was only 10 per cent of the 
blood level, and that the intravenous injection of glucose did not produce an 
increased level in the tears (199) . Sulfonamides also appear in lacrimal fluid 
at concentrations which are not directly related to the volume of secretion 
(200) . Pilocarpine and atropine increase and decrease the volume of lacrimal 
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secretion, respectively, and this in turn, alters the concentration of glucose 
and ions (201, 202). Using bioassay techniques, it was reported that an 
acetylcholine-like and a sympathin-like substance could be detected in 
lacrimal fluid, and that the amount of these substances was altered in glau­
coma (203). 

LUNG 

Excretion of volatile anesthetics (204, 205), certain alcohols, and other 
volatile agents via the lung is well known, and no attempt will be made to 
discuss them here. 

Many investigators have observed that dimethylsulfoxide (DMSO) or its 
metabolites are partly excreted by the lung following systemic administra­
tion. In cats, the exhaled gases contained a metabolite, dimethylsulfide, and 
apparently no DMSO (206). Since the expired air containing the sulfide was 
collected immediately after intravenous administration of uncontaminated 
DMSO, there must be a rapid reducing system in this species. In rats, only 
6 per cent of a topically applied dose was found in expired air in 24 hours, 
while less than 1 per cent of an intraperitoneal dose was found in a 3-hour 
period (207). 

Selenium is of interest, since a portion of injected selenate is excreted 
via the lungs as dimethylselenide. McConnell (208) found in rats that 3 to 
10 per cent of administered selenate could be recovered in expired air. The 
exhaled compound was presumed to be dimethylselenide. Later, McConnell 
& Portman (209) showed that about 75 per cent of injected dimethylselenide 
was exhaled within 6 hours, and that the exhaled product resulting from 
selenate injection was, indeed, the dimethyl derivative. With selenite injec­
tion in rats, Schultz & Lewis (210) found 17 to 52 per cent exhaled in 8 hours, 
while Heinrich & Kelsey (211) noted that 7.5 per cent was exhaled in mice in 
48 hours. These workers observed a significant loss of selenium when tissues 
were dried. From this, they inferred that volatile selenium compounds were 
present in substantial amounts, the loss of which could lead to analytical 
errors. 

Since tellurium is related to selenium, it has long been presumed to be 
excreted in the lung as the dimethyl derivative (208, 209). Sandratskaya 
(212) noted a garlic-like odor to tissues and expired air, following tellurium 
administration, and found that 2.7 per cent of the orally ingested tellurium 
was excreted via the respiration. Identification of metabolites apparently 
was not reported. 

REPRODUCTIVE TRACT 

Characterization of the luminal fluids of the uterus has received increas­
ing attention in recent years, particularly with regard to ionic composition 
and pH (213-216). In most species, except the monkey, pilocarpine causes an 
increase in the volume of luminal secretions (217). Largely as a result of the 
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interest in teratology, there is considerable information regarding endogenous 
substances present in uterine "milk" (218). 

Reports concerning the presence of systemically administered drugs in 
semen are sparse; the question of the site of excretion is complicated by the 
several glands along the male reproductive tract. Ethyl alcohol has long 
been known to pass into semen (219), as do the sulfonamides (220). Two 
additional studies show that sulfisoxazole enters the prostatic secretion of 
men (221) and dogs (222). Several common antibiotics gain access to prosta­
tic fluid and semen (222b). 

Homogentisic acid reportedly accumulates in the semen of bulls that have 
been fed Litsoca glutinosa, which contains this compound as a normal con­
stituent (223). Ergothioneine is a normal constituent of seminal plasma 
of several species, and when S35-ergothioneine was fed to boars, it apparently 
passed unchanged into the semen in concentrations which were substantially 
higher than those in blood (224). As in the uterus, pilocarpine increases the 
volume of prostatic secretions (225); atropine decreases the volume of secre­
tion of boar semen, increases, relatively, the sperm count, and increases the 
concentration of solutes (226). 
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