
Copyright 1972. All rights reserved 

RENAL EXCRETION OF DRUGS: 

TUBULAR TRANSPORT AND METABOLISM 

BARBARA R. RENNICK! 

Pharmacology Department, State University of New York Medical School, 
Buffalo, New York 

INTRODUCTION 

The regulatory control of renal excretion of drugs and autopharmaco­

logical agents results from either renal tubular reabsorption of filtered so­
lutes or the excretion of solutes into the lumen from peritubular blood. 
These tubular processes may be active transport processes or passive non­
ionic diffusion of lipid soluble substrates. Many drugs and autopharmaco­
logical agents such as biogenic amines are ionized at body pH and are rela­
tively nonpermeant, but they are moved into and out of cells in directions 
opposite to their electrochemical gradients. These active transport processes 
across the renal tubule membrane have been demonstrated for organic ca­
tions such as tetraethylammonium (TEA) and catecholamines and for or­
ganic anions such as p-aminohippurate (PAR) and uric acid. The organic 
anion and cation transport systems are separate mechanisms which do not 
demonstrate mutual inhibition. The predominant transport of most organic 
ions in the renal tubule is in the secretory direction, which is in a direction 
opposite to the simultaneous movement of the inorganic cation, sodium. 
Specific examples of the selective tubular control of the excretion of certain 
drugs and autopharmacological agents will be described in this review. In­
creasing evidence is appearing that for some substances active transport can 
occur in the directions of both tubular excretion and tubular reabsorption; 
the amount appearing in the urine is the net result of these two opposing 
processes. Evidence for some bidirectional transports wilI be detailed in this 
review. 

Intrarcnal metabolism may modify the transport of drugs and autophar­
macological agents. A drug may be transported into the renal tubular cell 
from the blood in one ionized form, be metabolized in the cell into a more 
polar compound of the same charge, to a neutral molecule, or to an oppo­
sitely charged compound. The metabolite will leave the cell by active trans­
port or down a. concentration gradient if it is diffusible. 

Active membrane transports of organic ions across the renal tubule may 

1 This work supported by a grant from the National Institutes of Health, 
AM-10420. 
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142 RENNICK 

be prototypes for similar transports in other cells such as those of the cho­
roid plexus, brain, gut, eye. In nonrenal t issues it is d ifficult to ident ify an 
uphill act ive mechanism of transport and to assess the amount of nonspe­
cific binding of substrates to the tissue, whereas in the renal tubule in v ivo 
it is a simple matter to identify the rate of transcellular transport and to 
measure the concentrations in the peri tubular blood pool and the luminal 
pool. 

Several excellent reviews of the renal tubular transport of organic ions 
have appeared in the last decade (1-12). 

METHODS TO DEMONSTRATE ACTIVE RENAL TUBULAR TRANSPORT 

Reabsorptive transport.-The filtered organic ion may be either excreted 
completely into the urine or reabsorbed by the tubule by passive non-ionic 
diffusion or by active reabsorptive mechanisms, or both. Renal clearance 
and stop-flow procedures will detect a reabsorptive process. Passive mecha­
nisms can be identified by an excretory response to alteration in urine vol­
ume or pH. Carrier mediated transports are ident ified by a response to com­
petitive inhibitors. Cho & Cafruny (13) have introduced a technique to 
measure tubular reabsorptive patterns that depends on injection of the sub­
strate into the ureter and forcing the bolus under pressure up into the tubu­
lar lumina. Following an interval, to allow reabsorptive processes to oper­
ate, the fluid is allowed to leave the tubular lumina and is fractionally col­
lected from the ureter. Any selective loss of substrate from the injectate 
will indicate tubular reabsorption. In a similar way, the removal of sub­
.strates that have been inserted by micropuncture inoculation or perfusion 
may ind icate reabsorptive transport. 

Excretory transport.-Convcntional renal clearance and stop-flow deter­
minations will g ive evidence for tubular excretion in addition to glomerular 
filtration. Another technique to measure tubular secretion (excretion) 
makes use of the renal portal circulation in birds. This technique was devel­
oped by Sperber (14-17). Experimental substrates to be studied for active 
tubular excretion can be administered directly into a saphenous vein in the 
leg of the chicken and the injectate will go to the ipsilateral renal portal 
circulation and bathe the ipsilateral renal tubules. Urine is collected sepa­
rately from each kidney. A substance that is secreted by the renal tubules 
will appear in the urine from the ipsilateral kidney in excess of that appear­
ing in the urine from the contralateral kidney. This excess is div ided by the 
amount infused. This value, described by Sperber as the Apparent Tubular 
Excretion Fraction, represents the rate of active tubular excretion. The 
technique has the advantage that it is not necessary to determine protein 
binding and filtration rate. Moreover, extremely small amounts of very po­
tent physiologically active substances, autopharmacologic substances, or 
drugs can be studied by this approach since the substrate is infused into a 
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RENAL EXCRETION OF DRUGS 143 

sequestered pool where the material moves from the saphenous vein directly 
to the renal parenchyma and is excreted, thus l ittle enters the central circu­
lat ion. 

Renal metabolism.-The Sperber technique is useful to study renal me­
tabolism in v ivo. The renal metabolites of the infused substance appear in 
excess in the urine from the infused kidney. Consideration of extrarenal 
metabol ites is el iminated. The technique can be used to measure in vivo the 
metabolic capacity of the renal parenchyma and the effects of drugs and 
chemicals on the function of certain renal enzymes. 

PROXIMAL TUBULAR EXCRETION AND METABOLISM OF ANIONS 

The organic anion transport mechanism has been exemplified by the well 
studied, synthetic substrate P AH. The structural requirements for a trans­
portable anion have not yet been resolved. Anionic drugs are excreted by 
this transport system and their polar metabolites, particularly glucuronides 
and sulfates are transported by this mechanism. Probenecid is the selective 
competitor, which has a time honored role in the detection of active trans­
port of anions. 

The existence of a maximal tubular transport rate (Tm) for P AH has 
been attributed to saturation of a limited number of transport sites in the 
renal tubule. The concept of TmpAH was challenged by Deetjen & Sonnen­
berg (18). In a microperfusion study on proximal tubules in rat kidney 
they found a d irect relation of PAR secretion and the volume of tubule 
perfusate. They also found no relation between the amount of P AH se­
creted and the length of the perfused segment. They proposed that TmpAH 
is limited by a maximal intraluminal P AH concentration but not by a 
limited number of carriers. 

Tanner & Isenberg (19) studied PAR excretion in rat kidney by clear­
ance, micropuncture, and stop-flow. They found that in micropuncture ex­
periments the amount of secreted PAR increased progressively along the 
proximal pars convoluta. They reached intraluminal concentrations several 
t imes h igher than those found by Deetien, and tubule volume flow rate in 
their experiments had little effect on the PAR secretion. They concluded 
that the tubular maximum for PAR is due to saturation of a limited number 
of proximal tubule secretory s ites. In attempting to explain the difference 
between their findings and those of Deetjen, they suggested that the perfu­
sion medium used by Deetjen may have limited PAR secretion, s ince it was 
lacking in K+ and Ca ....... 

Tune, Burg & Patlak (20) using perfused segments of rabbit nephrons 
in vitro found no relation between the volume of perfusate and PAR trans­
port. 

Park, Yoo & Hong (21) reported the abil ity of several organic ac ids to 
inhibit PAR and phenolsulfonphthalein (PSP) compet itively in the rabbit 
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144 RENNICK 

kidney slice. Their results confirm the generally accepted idea (4, 22) that 
effective inhibitors have higher affinity for the carrier and easily saturate it, 
but are only slowly transported themselves. 

Chung, Park & Hong (23) used the rabbit kidney slice to study the 
effects of varying the cation concentration in the medium on the transport 
of PSP and P AH. The results showed a dependence of the slice uptake on 
the presence of adequate Na+ and Ca++. However, the removal of potassium 
was without effect. 

Knoefel & Huang (24) have demonstrated synthesis of m-aminohip­
puric acid (MAH) from m-aminobenzoic acid (MAB) in the renal cortex 
of dogs. In stop-flow experiments the site of synthesis was coextensive with 
the proximal site of transport. The synthetic mechanism did not affect the 
synchronous transport of P AH. Diodrast inhibited the excretian of MAH 
formed from exogenous MAB and this was taken as evidence far a sensi­
tive transpart site on the luminal border. 

Catecho.l (dihydroxybenzene) was actively transparted by the renal tu­
bule in the chicken (25). This transport could not be inhibited by organic 
acid or organic base competitors. Catechol is a weak acid and un-ionized at 
body pH and hence shauld nat fall into. the categary of organic anian ar 
organic cation transports. It was faund that all of the infused catechol ap­
peared as ionized renal metabolites in the urine, about one-half as ghtcuro­
nide and one-half as ethereal sulfate. When these glucuronide and sulfate 
fractions were reinjected into the renal portal circulation in chickens, it W<iS 
found that they were transported from blood to urine by an active transport 
and that this transport could be inhibited by probenecid. Thus the transcel­
lular transport of catechol glucuronide and ethereal sulfate was inhibited by 
probenecid, but the transport of the intrarenaIIy formed conjugates was not 
inhibited. The two sides of the renal tubule cell have long been a focus of 
discussion in the attempts to localize the transport site for anions. These 
two distinct sites have been referred to as peritubular and luminal. In these 
catechol experiments the sites could also be referred to as pre-metabolic and 
post-metabolic. These results with catechol support a view that the trans­
port site is on the peri tubular (pre-metabolic) side only, Stop-flow analysis 
of the site of excretion of catechol revealed that the catechol conjugates 
appeared at a site distal to the site of excretion of simultaneously adminis­
tered PAH or norepinephrine (26). 

Riboflavin excretion in the dog occurred by renal proximal tubular ex­
cretion by a probenecid sensitive system as well as by glomerular filtration 
(27). Some renal storage of riboflavin 5' phosphate was detected following 
infusion of exogenous riboflavin. 

It seems reasanable to suspect that the organic anion transport mecha­
nism in the renal tubule functions physiologically to transport endogenous 
anion substrates. Physiologic roles are suggested by the following studies. 
Barac-Nieto & Cohen (28) studied the renal extraction from the blood of 
nonesterified fatty acid (NEFA) in vivo in dogs and measured the effect of 
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RENAL EXCRETION OF DRUGS 145 

added probenecid or chlorothiazide. Both drugs decreased renal NEF A up­
take. Only chlorothiazide prevented sodium reabsorption. Ba1agura & Stone 
(29) have studied renal extraction and renal tubular transport of alpha-ke­
toglutarate in dog kidneys in vivo and found net reabsorption and net renal 
extraction of alpha ketoglutarate in normal acid base balance, which was 
converted to net secretion by the simultaneous administration of citrate or 
during acute alkalosis. Pakarinen & Runeberg (30) studied the uptake and 
metabolism of alpha ketoglutarate and citrate in guinea pig kidney cortical 
slices. They found that PSP and probenecid affected the transport and me­
tabolism of citrate and alpha ketoglutarate. Orringer, vVeiss & Preuss (31) 
reported that azotemic sera from nephrectomized rats depressed the uptake 
of Na-iodohippurate into rat kidney slices. They propose that endogenous 
organic anions in azotemic sera such as lactate are responsible for the com­
petitive inhibition of hippurate transport. Weiner, Roth & Skulan (32) 
compared the effect of 2,4 dinitrophenol (DNP) and sodium cyanide on re­
nal PAR secretion in the dog in vivo. DNP reduced TpAH/GFR but cyanide 
did not. However, only cyanide reduced sodium reabsorption at the doses 
given. In gouty human subjects the renal clearance of oxipurino1, the chief 
metabolite of allopurinol in man and dog, was less than 20% of the GFR 
(33). Oxipurinol is not bound to plasma proteins. Probenecid increased the 
clearance of oxipurinol. In the mongrel dog the renal clearance of oxipuri­
nol was about one-half the glomerular filtration rate. Xanthine uptake in 
rabbit renal cortex slices has characteristics resembling the organic anion 
transport system, however, uric acid did not inhibit xanthine uptake (34). 

Bimodal transport.-Renal tubular secretion of creatinine has been dem­
onstrated in several species. A unique feature of the transport has been that 
it is inhibited by both anionic and cationic competitors. O'Connell, Romeo & 
Mudge (35) found that creatinine secretion in the dog tubule was sensitive 
to both types of competitors. Similar results were obtained in the chicken 
(36) and the guinea pig (37). It was originally suggested that the zwitterion 
form was being transported. Other transportable ions that exist as zwitter­
ions in the body are catecho1amines, riboflavin, and thiamine. Although di­
rect evidence is not yet available, simultaneous transport of the compound 
and an oppositely charged metabolite would seem a possibility to explain 
this "bimodal transport." The competitor inhibits the transport of its appro­
priate substrate, 

PROBENECID 

Probenecid was developed for the purpose of specifically competing for 
the anion transport system of the renal tubule that excretes penicillin. Sub­
sequently, the uricosuric effect of probenecid was recognized and probene­
cid has become a common therapeutic tool for the treatment of hyperurice­
mia and gout (38). Currently the metabolism and excretion of probenecid 
are being studied. Pere! et al (39) found about 25% of orally administered 
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146 RENNICK 

probenecid excreted as acyl glucuronide in man and only a small amount of 
probenecid was excreted unchanged. About 80% of the orally administered 
C14-probenecid could be accounted for in urine and about half of this was 
found to consist of metabolites more polar than the parent drug. The renal 
clearance of probenecid acyl glucuronide was shown to be about one-third 
that of creatinine clearance. An important question seems to be whether the 
acyl glucuronide or the other unidentified metabolites of probenecid have 
significant pharmacologic effects (40). The anionic metabolites of biogenic 
amines are transported across the choroid plexus by a probenecid sensitive 
system. One might invoke a unitarian hypothesis for the active transport 
across neuronal and other nonrenal biologic membranes of organic anions 
and cations which proposes a mechanism the same as the one so well dis­
played in the renal tubule epithelium. Future studies will indicate whether 
probenecid will provide clinical usefulness in modifying the distribution of 
the metabolites of biogenic amines in the nervous system. 

PROXIMAL TUBULAR EXCRETION AND METABOLISM OF CATIONS 

A number of drugs and autopharmacologic substances are excreted by 
the renal tubule in the mammal by the organic cation transport system. 
Some substrates whose transport by the cation transport system in the kid­
ney has been demonstrated are the synthetic quaternary ammonium com­
pound tetraethylammonium (TEA) and naturally occurring cations such as 
N-methylnicotinamide, choline, catecholamines, and thiamine. Selective 
competitors used to identify cation transport are cyanine-863, quinine, and 
mepiperphenidol. 

Dopamine was excreted by the renal tubule by this cation transport in 
the dog when administered into the renal artery to minimize extrarenal me­
tabolism (41). Norepinephrine, epinephrine, and dopamine were excreted by 
the proximal tubule in dog stop-flow experiments (42). In a study of struc­
ture/transport relationships of a number of analogs of ethylamine in the 
Sperber chicken preparation, it was evident that the efficiency of excretory 
transport was enhanced by the presence of the phenyl ring and further by 
the presence of ring hydroxyls (43). The transport of all of these amines 
was inhibited by cyanine-863, indicating a cation transport mechanism. Pro­
benecid could also weakly inhibit the transport of these analogs, indicating a 
simultaneous anionic transport component. The most likely explanation of 
this dual transport mechanism for catecholamine is that there are two spe­
cies being transported simultaneously, the original amine and its acid metab­
olites formed by the kidney. If it is indeed true that probenecid is inhibiting 
the exit of intrarenally formed anionic metabolites, this would imply that 
there is an active transport step for anions at the luminal border. 

An experimental proof of this suggestion of a luminal postmetabolic 
transport step is available for one biogenic amine, phenylethylamine (PEA) 
using the chicken kidney, in vivo. The transport of the cation PEA was 
insensitive to quinine (44, 45). Analysis of the urine during PEA infusion 
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RENAL EXCRETION OF DRUGS 147 

revealed that all of the PEA was metabolized intrarenaJly to anionic metabo­
lites. Thc transport of PEA was very sensitive to probenecid inhibition, 
hence it can be concluded that the luminal transport of anionic metabolite, 
phenylacetic acid, is probenecid sensitive. 

Cocaine, which blocks the reuptake of catecholamines into the adrener­
gic neuron and perhaps into the effector cell, was an effective blocker of the 
renal tubular transport of catecholamines and TEA, indicating for cocaine's 
effect a cationic transport mechanism. There was, however, one exception in 
that cocaine did not block the transport of PEA. Cocaine did not block the 
entry of PEA into the peritnbular side of the cell, and since cocaine does 
block the transport of TEA, this "localizes the cation transport to the lumi­
nal side of the cell. 

Ross et al (46) compared the characteristics of uptake and run-out for 
anion and cation systems using P AH and NMN in dog renal slices. There 
was no evidencc of count crt ran sport. Using ,8-haloalkyamine (47) as a se­
lective irreversible cation transport competitor, Ross et al (48) have made 
the first attempt to isolate the protein associated with the transport of or­
ganic cations in mammalian kidneys. Using osmotic shock, attempts were 
made to isolate and purify a protein fraction associated with a transportable 
cation (49). Using structural analogs to detect inhibition of NMN uptake 
Reynard (50) detected a relation of alkyl chain length and hydrophobic 
character of reversible and irreversible agents. McIsaac (51) found a large 
variation from species to species in the ability of renal slices to take up 
mono and bisquaternary ammonium ions. 

The renal tubule can actively transport choline in the dog and chicken 
(45, 52, 53). Using the Sperber technique, no tubular excretion of choline 
occurred when the amount of choline being infused was less than 8.6 X 10-8 
molfmin. At these low infusion rates the infused choline was converted to 
betaine by the renal cells. Betaine was not actively transported by the renal 
tubule. At infusion rates above 1 X 10-5 molfmin tubular excretion of cho­
line was found. Tubular transport of choline was inhibited by cationic com­
petitors. 

Choline is a biologically useful cation with several physiologic roles. 
Conservation of choline would seem to be desirable. These results suggest 
that the kidney conserves this methyl donor molecule at physiologic levels in 
plasma by metabolizing the choline that enters the renal cell from the peri­
tubular blood to the non transportable metabolite, betaine. On the other 
hand, when the plasma level rises above physiological levels, the renal en­
zyme capacity for choline metabolism is overloaded and the nonmetabolized 
choline is actively transported across the renal tubule in the direction of 
excretion. The tubular excretion of choline assists in lowering the elevated 
body stores of choline. Thus, there seems to be a renal mechanism for ho­
meostasis of plasma choline. 

The renal tubular excretion and simultaneous metabolism of morphine 
represents one of the most thoroughly worked out examples of renal drug 
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148 RENNICK 

excretion and metabolism. Way & Adler (54) concluded that morphine and 
its metabolites were excreted p rimar ily by the kidney. Baker & Woods (55) 
suggested that morphine may be excreted by the tubule in the dog. Hug et al 
(56) demonstrated tubular excretion of dihydromorphine by a cation trans­
port system in dog and monkey using clearance and stop-flow studies. In 
this study mepiperphenidol reduced secretion in vivo and accumulation by 
slices in vitro of free morphine. Both mepiperphenidol and probenecid de­
creased the secretion in vivo of conjugated morphine, which was presumed 
to contain an acidic moiety (glucuronic acid) as well as basic nitrogen 
group. May, Fujimoto & Inturrisi (57) studied the renal excretion of mor­
phine using the Sperber chicken technique. They found that morphine was 
excreted by the renal tubule by a cationic transport mechanism and a renal 
metabolite of morph ine was formed. Watrous, May & Fujimoto (58) iden­
tified the metabolite as morphine ethereal sulfate. Probenecid did not inhibit 
the transport of morphine or the metabolite being formed intrarenally. 
However, when morphine ethereal sulfate was infused into the leg vein, its 
transcellular transport was inhibited by probenecid. They concluded that 
probenecid must be acting only on the p eritubular membrane transport of 
morphine ethereal sulfate. The transcellular transport of morphine was in­
hibited only by cationic competitors. 

Using the Sperber technique, the effect of catechol on the simultaneous 
renal transport and metabolism of morphine was studied (59). Catechol is 
completely metabolized by the renal cell to glucuronides and sulfates. Cate­
chol eliminated the renal formation of morphine ethereal sulfate while the 
excretion of unmetabolized morphine was increased. The net transport of 
the carbon label from the morphine was unchanged by the introduction of 
catechol. When morphine ethereal sulfate was infused into the renal portal 
circulation, catechol did not affect its transport. These results support the 
idea of substrate competition by catechol at the metabolic site for sulfation. 

Hakim & Fujimoto (60) studied the effects of SKF 525A, an inhibitor 
of enzyme activity, on the renal tubular transport of morphine and on the 
production of the metabolite, morphine ethereal sulfate using the chicken 
kidney, in vivo. It was found that SKF 525A produced a large fall in the 
transport of the carbon label during the infusion of labeled morphine, and 
the excretion of both morphine and morphine ethereal sulfate was reduced. 
SKF 525A di d not affect the renal tubular transport of infused morphine 
ethereal sulfate. Thus, SKF 525A did not inhibit metabolism of morph ine in 
the kidney, for that would have resulted in a reduction in morphine ethereal 
sulfate produced and an increase in the free morphine excreted. It was con­
cluded that SKF 525A prevented access of morph ine to the cell by prevent­
ing its membrane transport presumably at the peritubular border. SKF 
525A inhibited the renal tubular transport of TEA, further support ing its 
role as an inhibitor of the cation transport mechanism. These results sug­
gest a peritubular (premetabolic) site for morphine transport. 

Marchand, Cantin & Cote (61) reported that when morphine sulfate was 
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administered chronically to rats, their renal slices failed to accumulate 
P AH. This result suggests the accumulation of a blocking load of the 
anionic metabolites of morphine. When they looked at the gross and micro­
scopic picture of these kidneys they found massive lesions in the renal 
cortex, medulla, and papilla. 

Sanner & Wortman (62) demonstrated the renal tubular excretion of 5-
hydroxytryptamine (5HT) by the chicken kidney in vivo. This transport of 
5-HT was found by Hakim, Watrous & Fujimoto (63) to be inhibited by 
mepiperphenidol and quinine, suggesting an organic cation transport mecha­
nism. The infused SHT was metabolized in the renal tubule to S-hydroxyin­
dol acetic acid (SHIAA). When S-HIAA was infused into the renal portal 
circulation it was actively secreted by the organic anion transport system, as 
evidenced by a block of this transport by probenecid. However, probenecid 
did not affect the excretion of 5-HIAA formed intrarenally from 5-HT. 
They concluded that the transport site of 5-HIAA and the site for its block 
by probenecid is on the peritubular (pre-metabolic) border of the cell. 

Attempts to localize the active transport step for organic anions and ca­
tions by the interpretation of results from such studies as are reported here, 
reveal that both the peritubular (pre-metabolic) step and the luminal (post­
metabolic) step may be invoked depending on the substrates and the com­
petitor used. The event of intra renal metabolism in these studies may give 
an additional dimension to aid in transport localization. The inability of 
probenecid to inhibit the transport of anionic metabolites formed intrare­
nally from catechol, morphine, and S-HT provides a model that suggests 
only a peritubular (pre-metabolic) transport step for anions. However, pro­
benecid inhibition of the transport of phenylacetic acid formed intrarenally 
from PEA suggests a luminal (post-metabolic) site for anion transport. 
The Tm may have a higher capacity at the luminal side. Perhaps there is 
active transport for anions at both sites, but probenecid is incapable of com­
peting with the high Tm at the luminal side when the substrate is provided 
only intrarenally. An attractive argument to support the idea that there is 
an active transport site for anions on the luminal (post-metabolic) side of 
the cell is based on the well recognized fact that conjugates such as glucuro­
nides have been associated with accelerated excretion from the body. Teleo­
logically it would serve no useful purpose to produce a conjugate within the 
cel! and then to have a barrier on t'he luminal border to reduce its exit. 

The localization of cation transport to the luminal (post-metabolic) side 
of the cell was suggested by the lack of effect of quinine and cocaine on 
PEA entry into the metabolic site of the renal cell, before it is metabolized 
to phenylacetic acid. However, it was possible to block the entry of morphine 
into the cell, suggesting a peritubular (pre-metabolic) cation transport step. 

BIDIRECTIONAL TUBULAR TRANSPORT 

Increasingly, evidence is appearing to indicate simultaneous active bidi­
rectional transport for a transportable organic ion. The evidence is not easy 
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to obtain in a quantitative fashion, particularly in relation to the physiologi­
cal state. The stop-flow patterns under appropriate loading can provide 
qualitative evidence for bidirectional movement. Competitive inhibitors may 
unmask net movement in one direction. Simultaneous bidirectional active 
transport of a single substrate by a single cell or by a single segment of the 
kidney has been suggested by Berglund (64); Kinter (65) ; Gutman & Yu 
(66); and Beechwood, Berndt & Mudge (67) . These earliest studies were 
reviewed by Weiner (9, 11, 12). Since that review more evidence for simul­
taneous bidirectional active transport has accumulated. 

Zins & Weiner have demonstrated bidirectional active transport of tau­
rocholate by the proximal tubule of the dog (68). In earlier work (69) it 
had been shown that the renal excretion of bile salts followed the pattern of 
glomerular filtration and tubular reabsorption by active transport in the 
proximal tubule. Bile salts demonstrated competitive inhibition ot the or­
ganic anion secretory system. Subsequent studies clearly demonstrated that 
the bile salt, taurocholate, can itself be transported actively from the peritu­
bular blood into the urine. The evidence was obtained by injection of tauro­
cholate into the renal artery during ureteral occlusion in a stop-flow experi­
ment in dogs. Thus net tubular excretion of taurocholate was apparent 
when taurocholate concentration was elevated in peritubular blood and 
when tubular reabsorption was minimized. This secretory flux of taurocho­
late was blocked by P AH and converted to net reabsorption. This suggested 
that the secretory flux was mediated by the organic anion secretory mecha­
nism. 

Another model for demonstrating bidirectional transport in the proximal 
tubule of the dog is the behavior of m-hydroxybenzoate (m-RBA). May & 
Weiner (70) found that in dogs the clearance of m-HBA corrected for pro­
tein binding can equal glomerular filtration rate when plasma concentra­
tions are low. At higher concentrations net tubular reabsorption occurs. In 
spite of net reabsorption, administration of P AH or probenecid reduces 
clearance further. In stop-flow experiments with low plasma concentration, 
net proximal secretion is seen even if free flow clearances are less than 
GFR. This secretion is inhibited by P AH and probenecid. In stop-flow ex­
periments with high plasma concentration, net reabsorption is seen. This is 
augmented by inhibition of secretion which also allows localization of the 
process to the proximal tubule. Therefore, m-HBA is active ly transported 
both by the proximal tubular organic anion secretory and reabsorptive 
mechanisms. In the cebus monkey (71) bidirectional active transport of m­
RBA was demonstrated. The compound is a powerful inhibitor of the ex­
cretion of uric acid. 

Excretion of uric acid has components of glomerular filtration, tubular 
reabsorption, and tubular excretion as revealed in different species by stud­
ies with competitive inhibitors. Zins & Weiner (72) clearly demonstrated 
bidirectional urate transport by active processes in the proximal tubule in 
the mongrel dog. During stop-flow, intra-arterial injection of uric acid re-
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suited in urate secretion which could be prevented by PAR, chlorothiazide, 
and salicylate. From this it was concluded that there is a secretory flux of 
uric acid which is mediated by the organic anion transport system. There 
was no evidence of distal secretion of uric acid. Kramp et al (73) studied 
the intra renal transport of urate-2-C14 when microinjected into rat ne­
phrons. Proximal tubular reabsorption of urate was evident. Probenecid, py­
razinoate, and PAR increased urine recovery of urate-2-C14 injected into 
the proximal tubule. The reabsorptive mechanism demonstrated saturation 
kinetics. No evidence for urate secretion was found. 

Roch-Ramel & Boudry (74) microperfused C14-urate into the lumen of 
nephrons. Probenecid sensitive reabsorption was demonstrated. Tubular se­
cretion of urate was indicated by the appearance of C14-urate in the lumina 
of proximal tubules when infused into the aorta. P AH depressed the entry 
of (14-urate. Mudge et al (75) using renal clearance and stop-flow analysis 
in mongrel dogs concluded that uric acid had a bidirectional active transport 
at a proximal site. There was no evidence for distal secretion. Inulin was 
used as a reference to avoid any interference by creatinine, which itself is 
transportable. Pyrazinoic acid had no demonstrable action on distal tubular 
function, but lowered urate concentration in stop-flow samples of proximal 
origin. 

Berger & Yu (76) studied uric acid excretion using the Chinard tech­
nique of intra-renal artery injection in mongrel and Dalmatian dogs. The 
evidence obtained suggested the presence of renal tubular reabsorption and 
secretion for uric acid in mongrel dogs and shows evidence for secretion in 
the Dalmatian. Creatinine was used as a marker substance. 

Fanelli et al (77) showed that the renal clearance of urate in the chim­
panzee is similar to that in man. Probenecid partially inhibits tubular reab­
sorption of urate. Pyrazinoic acid causes marked urate retention. Interac­
tion of pyrazinoic acid and probenecid led to an interpretation that suggests 
cellular biosynthesis of urate in the renal tubule. There is bidirectional 
transport of uric acid in the guinea pig (78). 

Maroske & Weiner (79) determined that the low renal excretion of zox­
azolamine, a powerful uricosuric agent in man, is predominantly the result 
of extraordinarily rapid passive, back diffusion of the filtered drug when 
studied in the dog. 

Although net tubular secretion of P AH is normally found, it is often 
slightly less than 100%. Perhaps some tubular reabsorption of the filtered 
and secreted PAR could occur simultaneously. Cho & Cafruny (13) inter­
pret their experimental results in the dog using their technique of retro­
grade intraluminal injection to indicate renal tubular reabsorption of PAR 
in the proximal tubule by a carrier mediated process that was inhibited by 
probenecid. 

Baines et al (80) investigated bidirectional movement of PAR in vivo 
in rats. When radioactive P AH was microinjected into superficial proximal 
convolutions, its recovery from the urine was complete in 8 to 20 minutes. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

2.
12

:1
41

-1
56

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



152 RENNICK 

However, when the animal was preloaded with nonradioactive PAH, 10% 
of the proximally microinjected PAH was not recovered. It was concluded 
that there was a transtubular efflux of P AH from the lumen and that P AH 
preloading competitively inhibited its influx back into the tubular urine. 

Tanner (81) localized the sites of tubular transport of PAH and Dio­
drast (iodopyracet) in the N ecturus kidney perfused with Ringer solution. 
Net PAH reabsorption was found in the proximal tubule. Kidneys of intact 
Necturi reabsorbed both PAH and Diodrast. Net Diodrast secretion by the 
proximal tubule was induced by high plasma P AH concentrations. Diodrast 
injected into the tubule was completely reabsorbed and this reabsorption 
was inhibited by P AH. 

, Huang & Woosley (82) found L-glucose to be secreted by the proximal 
tubule of the dog and rat in steady state clearance experiments and in dog 
stop-flow experiments. Probenecid did not inhibit this tubular transport, but 
phlorizin did. Elevation ofD-glucose levels in the blood increased the L­
glucose tubular excretion. It was postulated that active reabsorption of D­
glucose and active secretion of L-glucose occur in the proximal tubule cell 
by the same'system. Free-flow micro-puncture experiments and microperfu­
sion by Baumann & Huang (83) support the finding of proximal tubular se­
cretion of L-glucose inhibited by phlorizin. 

Williams & Huang (84) studied the tubular transport of L- and D­
forms of the amino acid tryptophan. L-forms of amino acids are known to 
be reabsorbed by the renal tubule when studied by clearance methods, Clear­
ance experiments in dogs revealed net reabsorption of L-tryptophan and net 
secretion of D-tryptophan and N-acetyl-L-tryptophan. The net reabsorption 
of L-tryptciphan is probenecid sensitive. Stop-flow experiments revealed 
that all three isomers showed secretory peaks in the proximal tubule and 
these peaks could be prevented by the presence of probenecid. It was con­
cluded that a bidirectional movement exists for L-tryptophan in the proxi­
mal tubule, but the two limbs of transport are not similar in mechanism 
since probenecid blocks only secretion. 

DEVELOPMENT OF TRANSPORT IN THE NEWBORN: 

,INDUCTION OF TRANSPORT 

Drug excretion in the newborn is known to be somewhat different from 
that in the adult. Drug metabolism also varies with age. The post-natal de­
velopment of renal function in the dog and nit have been elegantly studied 
in vivo (85, 86). Filtration rate and PAH transport have been measured. 
P AH and TEA renal slice uptake was studied in chick embryo mesonephros 
and metanephros and in renal tissue after hatch (87). Mesonephros accu­
mulation was high in the embryo. The metanephros accumulation was low 
in the embryo and increased progressively to adult levels. 

The anion accumulation mechanism can be enhanced or induced during 
the newborn period by previous loading with organic anions (88-91). This 
interesting effect has been demonstrated in several species by Hirsch & 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

2.
12

:1
41

-1
56

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



RENAL EXCRETION OF DRUGS 153 

Hook in slice uptake studies. Pretreatment with either penicillin or P AH 
during the sensitive period resulted in an amplification of slice uptake of 
P AH. The increased P AH uptake following loading was prevented by 
treatment with cyc loheximide. It was not possible to enhance the cation 
transport mechanism. 

CHOLECYSTOGRAPmC AGENTS 

Cholecystographic agents are actively transported in the liver and kid­
ney. There i s  occasional serious nephrotoxicity as sociated with their u se, 
which may bear a relation to the renal transport and metaboli sm of these 
agents. There is a pronounced uricosuric action of the 'oral cholecysto­
graphic agents in humans; the role this could play in nephrotoxicity in those 
who are dehydrated during the diagnostic test is discus sed (92, 93). 

Mudge, Berndt & Wade (94) studied several radiopaque oral cholecys­
tographic agents. All of the agents used inhibited P AH uptake in rabbit 
kidney slices. In dog renal clearance studies, some agents did not result in 
much inhibition of P AH transport. 

Berndt & Mudge (95) studied the renal excretion of iodipamide, an 
agent u sed for intravenous cholangiography in humans. In the rabbit, iodi­
pamide gave evidence of renal tubular excretion that was probenecid sensi­
tive, suggesting the organic anion transport mechanism. In the dog neither 
clas sical clearances, nor stop-flow analysi s revealed any tubular excretion or 
reabsorption. This is a unique species differential for organic anion trans­
port in mammals. The nature of the renal excretion mechanisms in man 
have not been defined. 

The metabolism and biliary and renal excretion of iophenoxic acid (Ter­
idax) in the dog was studied, although it is no longer used clinically since it 
was found to have a plasma half-life of 2Yz years (96,97). It differs from 
its clinically useful ana log , iopanoic acid (Telepaque) only by a 3-0H in­
stead of a 3-NHz group. The major excretory product s of iophenoxic acid 
in bile and urine were found to be glucuronide conjugates. 

MISCELLANEOUS 

Clarkson & Magos (98) have studied the mechanism by which renal tis­
sue selectively accumulates some 70% of injected mercuric salt s. They used 
rats and studied kidney function in vivo. They sought to differentiate be­
tween two mechanisms; (a) a ti s sue component with some uniquely high 
affinity for mercury or (b) an active accumulation requiring metabolic en­
ergy. Only DNP inhibited mercury uptake. Since sodium fluoroacetate, pro­
benecid, sodium fluoride, and sodium malonate had no effect, it was con­
cluded that the mercury uptake mechanism is related to energy dependent 
proces ses. DNP did not enhance the excretion of mercury. 

Dybing & Kolberg (99) repor ted that 2,4-D ( Dichlorophenoxyacetate) 
could decrease the TmpAH in rabbits. The TmpAH/C-Cr fell from 0.91 to 
0.44. Pritchard & Kinter (100) studied the mechanism of excretion of DDT 
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and the major polar metabolite of DDT, namely DDA [bis (p-chloro­
phenyl) acetic acid]. Using the isolated renal tubule preparation in flounder 
kidney tubules, they showed that DDA inhibited the renal tubular transport 
of the organic acid chlorophenol red (CPR). Thus, DDA is presumably 
excreted by the organic anion transport mechanism. DDT, which lacks a 
carboxyl group, was not able to inhibit the organic anion transport of CPR. 
Roan et al (101) followed the renal excretion of orally administered DDT 
and metabolites of DDT in humans. Wolfe et al (102) described the urinary 
excretion of insecticide metabolites in spraymen over a three year period in 
occupational exposure situations with DDT alone or DDT and parathion. 

Smalley & Radeleff (103) described an interesting renal drug interac­
tion in sheep and swine. Representative compounds from the major classes 
of organic insecticides were given to sheep and swine to establish minimal 
toxic doses. Addition of diazoxide reduced the minimal toxic dose of the 
three insecticides in swine, from 20-fold to 3-fold. Diazoxide did not affect 
the minimal toxic dose of the insecticides in sheep. Diazoxide, a nondiuretic 
thiazide analog, has been suggested as an agent to reduce the loss of body 
fluids in livestock during the stress of shipping, marketing, and slaughter, 
since it produces fluid retention. Presumably, diazoxide prevented the renal 
excretion of the insecticides in swine. 

Aronson & Ahrens (104) have studied the renal excretion of ethylene­
diaminetetraacetate in conscious dogs, calves, and rats. The data indicated 
that the mechanism for the renal excretion of EDT A is glomerular filtra­
tion. The clearance ratio of EDTA/inulin was 0.94-0.97. The clearance ra­
tio was unaffected by urine pH, rate of urine flow, or by added P AH. 

Eide (105) performed stop-flow experiments with Cr51_EDT A in dogs 
and could find no evidence for tubular reabsorption of Cr51-EDTA. He con­
cluded that the renal clearance of Cr51-EDTA was 10% lower than inulin 
because the isotope EDTA complex decomposed during storage. 
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