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This review is to serve as a general progress report relating to the enzymatic

components of the secretory and reabsorptive transport mechanisms of the

nephron, particularly as they are influenced, stimulated or inhibited competi-

tively.
Emphasis is to be placed on what are considered to be active processes of

renal tubular secretion or reabsorption. Only such related renal physiology as is

sufficient for the development of this thesis will be discussed. Consequently
this is not to be primarily a resume of current progress in renal physiology,

although much of the information to be presented is quite recent in its develop-

ment. For reviews of collateral literature the reader is referred to the chapter on

Kidney in the Annual Review of Physiology and to other excellent reviews and
monographs (81, 127, 146, 16,5, 286, 330, 384, 393, 429, 430, 431, 437, 482, 495

496, 498-500, 533, 539, 58,5).
These active tubular mechanisms may be envisaged as complex enzymatic

systems that, in addition to having specificity, are involved in a spatial trans-

port of materials that is oriented directionally. Although this spatial transport

of an agent from the extravascular or parenchymal boundary to the luminal

border of the cell, or vice versa, involves macromolecular distances, it may be

that this transfer is accomplished without a streaming of the enzymatic ele-
ments or the cellular particles with which they are identified or associated

functionally.

DEFINITION OF TERMS

A brief review of renal physiology, as it relates to the elaboration of urine, will serve to
permit the definition of certain terms repeatedly employed in this article. Essentially three
processes are involved in the formation of urine by the kidney. They are 1) glomerular

filtration, 2) tubular secretion, and 3) tubular reabsorption, both active and passive. These
three processes have been presented diagrammatically in figure 1.

Glomerular filtration (figure 1, A) involves the passive ultrafiltration of a portion of the
plasma water from the blood stream at the glomerular tuft. The composition of the fluid
as it passes from the glomerular capsule and is presented to the most proximal cells of the
tubule is ordinarily the same as that of the plasma from which it was filtered (427, 428,
436, 548), except for the absence of most of the proteins and certain other materials the
molecular dimensions of which normally do not permit their filtration. Since this is a passive
property of the membrane the force responsible for filtration is the algebraic sum of the
hydrostatic, oncotic and intracapsular pressures.

Glomerular filtration rate (GF) (figure 1, A) can be determined most conveniently with
the aid of a compound that 1) is not bound to plasma proteins, 2) is not secreted by the
tubules, and 3) is not reabsorbed either actively or passively from the lumen of the tubule.
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If there is neither secretion nor reabsorption of a compound it follows that the amount
excreted is equal to the amount filtered. Inulin (136, 145, 153, 175, 186, 199, 438, 475, 476,
487) and less certainly endogenous creatinine (66, 85, 344, 403, 421, 486), thiosulfate (56,
59, 67, 90, 122, 170, 368, 401) and mannitol (20,21, 108, 149, 153, 167, 367, 505) serve this pur-
pose in man. Exogenous creatinine is the standard compound for such determinations in
dogs (265, 390, 438, 439, 488), although the aforementioned compounds and others (102,
129, 158, 159, 161, 192-197, 209, 210, 301, 343, 434, 505, 541) likewise have been proposed for
this purpose. Thus, if one determines the plasma concentration (P) of the agent (i.e.,

inulin) in mg./cc. and the total amount excreted per minute (UV) (where U = urinary

concentration in mg./cc. and V = urine volume/mint, the expression of the amount of

Fio. 1. A DIAos..4.uuAixc REPRESENTATIOX OF THE NEPHRON

Its relation to (A) the glomerular filtration of inulin; (B) the tubular secretion of p-
aminohippurate (PAR); (C) the reabsorption of glucose at low filtration loads; and (D)
the reabsorption of water. Redrawn from Beyer: Pharmacological Basis of Penicillin
Therapy, Charles C. Thomas, Springfield, IlL, 1950.

inulin excreted per unit time as a function of its plasma concentration (IJV/P) is equivalent

to the amount of plasma water that must have been filtered (e.g., 100 cc/mm. in example A,
figure 1). This relationship of the total amount of a compound excreted per minute, UV, to
its plasma concentration, P is the basis of the concept of renal clearance (20, 153, 274, 290,

291,354,367,428), and is illustrated for inulin in example A of figure 1.
Tubular secretion involves the active participation of the renal tubules in the elimination

of a compound, in addition to the amount filtered at the glomerulus. Para-aminohippurate
(PAR) is filtered by the glomeruli and is secreted by the tubules (89, 105, 153, 177,212, 503).
It is not bound to plasma protein, at least in the dog (34,378). The avidity of PAH for its
renal transport mechanism is so great that for practical purposes it may be considered to
be extracted almost completely at low concentrations from the blood stream by the proxi-
mal tubules (79, 105,212, 220,229,291,369,485,466, 554). This is illustrated in example B,
figure 1, in which the difference between the Arterial and the Venous concentration ((A-
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V)/A x 100) indicates that extraction from the blood stream was complete (100%). In

example B, figure 1, the clearance (UV/P) of PAR - 500 cc. Since extraction of the agent
from the blood stream is essentially complete, it may be concluded for present purposes

that the clearance of PAH approximates the functional or effective renal plasma flow (RPF).
Clinically, clearance values are expressed in terms of a body surface area of 1.73 sq. 55.

Diodrast, like PAIl, is secreted by the tubules and is suitable for the measurement of RPF
(102, 1(13, 118, 212-214, 259, 289, 309, 503, 504).

Active tubular reabsorption involves the participation of the renal tubules in the extrac-
tion of a substance from the glomerular filtrate and its transfer from the lumen of the tu-
bule to the blood stream. This may be illustrated classically by the almost complete
reabsorption of filtered glucose and its almost complete normal absence from the urine
(example C, figure 1).

Other useful terms may be derived from the data in figure 1. Examples A and B of that

figure will serve this purpose.
Clearance ratio (CR) is the term given to the ratio of the clearance of one compound to

that of another. Conventionally, if one of the two compounds measures glomerular filtra-
tion rate, the ratio is expressed with reference to it. For example, the clearance ratio of
PAH/Inulin is 5.0 in figure 1, B. Depending on the agent studied, a clearance ratio may be

greater than, less than or equal to 1.0, when the reference compound measures glomerular
filtration rate. As the plasma concentration of a drug increases its clearance ratio may de-
crease, increase or remain constant. This will be discussed in more detail in the section on
the Interrelo.tionship of Functional Units.

Filtration Fraction (FsU’) is literally the fraction of the renal plasma flow that is filtered

at the glomeruli. Since PAR clearance approximates renal plasma flow (figure 1, B) and
mum clearance equals glomerular filtration rate (figure 1, A), then inulin clearance/PAR

clearance - GF/RPF - 100/500 (cc/mm.) - 0.20. This figure of 0.20 (or more precisely
0.19) is that ascribed to the filtration fraction for man (212,213). In the dog and the rabbit
the filtration fraction is more nearly 0.30 (188, 446). This term applies only to the relation-
ship of glomerular filtration to renal plasma flow. It is apt to be increased by aferent

glomerular arteriolar dilatation or efferent vasoconstriction. It is said to be decreased by

afferent arteriolar constriction or efferent arteriolar dilatation (103, 284, 287, 288, 326, 335,

425, 433, 435, 490).
Extraction (E), or percentage extraction, pertains to the difference between the renal ar-

terial and venous blood, caused by the extraction of a drug by the kidney. The amount
extracted is expressed as a fraction or a percentage of its arterial concentration. In the

case of inulin (figure 1, A), its extraction (A-V)/A equals 020.0.16/20 - 0.04/20 - 020.
The percentage extraction equals 020 X 100 or 20. If a compound measures glomerular

filtration rate by clearance procedures and does not diffuse from blood cells into plasma,
the fraction extracted from the blood stream must equal the filtration fraction or E -

FF (379).
Extraction ratio (ER) is generally used to express the extraction of one compound in

terms of that of a second substance, the clearance of which equals glomerular filtration rate.
The extraction ratio for PAR maybe calculated from the data in figure tB and A as follows:
For PAR, E - (0.01 - 0)/0.01 - 1.0. The extraction of mum, E - (02 - 0.16)/02 - 02.
Then the extraction ratio, ER - EpAH/EAMs, or 1.0/02 - 5.0. In other strictly defined

circumstances, as in this example, the extraction ratio should equal the clearance ratio,
ER - CR. This is of value when one wishes to cross-check conventional clearance experi-
ments by determining the over-all amount that left the renal blood stream. One should
refer to other sources (184, 338, 379, 420, 490, 540, 541, 543) for more detailed and precise
presentations of this general subject. In practice, this relationship for a given compound
may be complicated by such factors as back diffusion, metabolism, adsorption on or ab-
sorption by the constituents of blood and a shift in these associations within the kidney.

The amount of water filtered at th. glomeruli (figure 1, D) and reabsorbed by the tubules is

not determined directly in conventional experiments. However, its filtration rate is equiva-
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lent to the clearance of inulin, as discussed in a previous paragraph. The amount reab-
sorbed by the tubules is the difference between the glomerular filtration rate for inulin
(figure 1, A) and the volume of urine eliminated per minute (V) Most of the water is re-
absorbed by the proximal convoluted tubule, although a smaller amount is returned to the
blood stream by the lower portion of the nephron (398,483,501,548,551,566).

INTER-RELtTION883P OP FUNCTIONAL UNITS

The clearance of a compound that measures glomerular filtration does not vary with its
plasma concentration or urine flow, as a generalization. From the previous discussion it

follows that the extraction, E, of a compound, remains constant during changes in plasma
concentration and urine flow, subject to the same limitations as obtain for clearance. For
this relationship to exist, it follows that there is a linear relationship between plasma con-
centration and the amount filtered. This generalization (13, 57, 55, 86, 147, 175, 252, 3,54,
481,503,505,538,567) is valid only if adequate hydration is assured, if the concentration of
the compound is not sufficient to alter renal blood flow or the permeability of the glomerular
membranes, if the agent is not metabolized rapidly, if there is no contribution of pre-
sumably bound drug to glomerular filtration, and if there is no passive back diffusion of the
chemical. it is not necessary to dwell on these limitations since there are satisfactory agents
available for the measurement in question.

The clearance of a compound that is secreted by the renal tubules decreases, with increase in

plasma concentration, to approach glo,nerular filtration rate as a limit, but it does not neces-

sarily change with alterations in urine flow. This generalization is illustrated in figure 2,
chart 1. However, it should be pointed out that a decrease in clearance with increase in
plasma concentration may not be considered a priori evidence for the tubular secretion of a

compound, in the absence of evidence that its extraction ratio and its clearance ratio
exceed 1.0. Smith and his associates were among the first to demonstrate the above gen-
eralization of self-depression (504). This holds for such diverse agents as PAR, the pyri-
dones and phenol red (215, 259, 260, 336, 378, 478, 490), exogenous creatinine in man (477),
penicillin (14), and N’-methyinicotinsmide (39, 40), which represent compounds secreted

by at least two distinct tubular secretory mechanisms.
The decrease in clearance of PAR with increase in plasma concentration is due to a pro-

gressive reduction in the percentage of drug that is extracted from the blood stream and is

secreted by the tubules. Chart 2 of figure 2 illustrates that the amount filtered (F) increases
in a linear manner over the whole range of PAH plasma concentrations. The absolute

amount of drug secreted by the tubules (T) increases as the plasma concentration is raised
until the secretory capacity of the cells is saturated (Tm). Beyond that point there is no
increase in tubular secretion with increase in plasma concentration. Consequently, as one

exceeds the Tm or tubular secretory capacity for a compound, the increase in the urinary
elimination (UV) of the drug as the plasma concentration is elevated is determined by
its rate of filtration (figure 2, chart 2).

Chart 3 of figure 2 illustrates that the percentage of PAH extracted by the tubules (T)
falls off more rapidly than the total reduction in urinary elimination, with increase in the
plasma concentration of the drug. The percentage of the total amount which is contributed
by filtration (F) rises under these conditions. Beyond the point where the secretory ca-
pacity of the tubules is exceeded (Tm), the percentage of the total amount of drug elimi-
nated that is extracted by the tubules decreases rapidly, and the percentage contributed by
filtration increases correspondingly. The over-all percentage of drug extracted from the
blood stream (E) falls with the decrease in the percentage extracted by the tubules, since
it is at all times equal to the sum of the percentage of the drug extracted by the combination
of tubular secretion and glomerular filtration.

As the plasma concentration of a compound which is actively reabsorbed by the tubules is

increased, the clearance remains essentially zero until the reabsorptive capacity is exceeded.

Beyond that point the clearance increases with rising plasma concentration (or, more correctly,
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the amount filtered) to approach the difference between glomerular filtration rate and re-
absorptive capacity as a limit. This principle was illustrated for glucose reabsorption by
Shannon (484,485) and has been shown to obtain for certain amino acids (51, 156, 157,211,
391, 458, 587) ascorbic acid (460, 491), and certain electrolytes. However, no such clear-cut
relationship exists for many other compounds that are reabsorbed by the renal tubules.

The several relationships between plasma concentration, or the amount filtered, and the

CHART I CHART 2 CHART 3

PLASMA CONCENTRATION

Fio. 2. CHARACTERISTICS OF A COMPOUND SECRETED ST THE RENAL TUsULE5

r Chart 1 illustrates that, as the plasma concentration of a compound secreted by the renal

tubules is increased, there is a self-depression of its over-all clearance to approach glomeru-
lar filtration as a limit, but to exceed that limit by the increment of the UT value contrib-

uted by tubular 8ecretion.
Chart � illustrates that, as the plasma concentration of a compound secreted by the

tubules increases, the amount filtered (F) increases linearly. The amount secreted by the
renal tubules (T) increases progressively until the capacity for secretion (Tm) is reached,
beyond which point no additional secretion takes place as the plasma concentration is
elevated. The total amount of the compound excreted per unit time (UT) increases as the
sum of the amount filtered and the amount secreted by the tubules, to the limit of the
functional capacity of the tubules (Tm). Beyond that point the amount of compound ex-
creted, as the plasma concentration is increased, progresses as a linear function of the
amount filtered per unit time.

Chart 5. As the plasma concentration of a compound secreted by the renal tubules in-
creases, the percentage of the material extracted by the renal tubules (T) decreases and
the percentage contributed by filtration (F) increases. Beyond the limit of the functional
capacity of the tubules (Tm), the percentage extraction contributed by filtration increases
rapidly as the plasma concentration rises and the percentage contributed by tubular se-
cretion decreases commensurately. The overall extraction of the compound (E) decreases
slowly at first, with increasing plasma concentration. Beyond the Tm for tubular secretion,
the percentage extraction decreases rapidly to approach the percentage extracted by the
glomeruli as a limit, but to remain in excess thereof by the increment contributed by tubu-

lar secretion.

elimination of compounds reabsorbed by the tubules are illustrated in figure 3. As shown in
chart 1, figure 3, the excretion of glucose (UT) is negligible until its maximal rate of re-
absorption (Tm) is exceeded. Beyond that point the rate of excretion parallels the rate of
filtration (GF) and differe from it in magnitude by the amount of drug reabsorbed by the
tubules.

The over.all extraction (E, chart 2, figure 3) of such a compound from the renal blood
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stream is not demonstrable until the plasma concentration is increased sufficiently so that
the amount filtered and presented to the tubules exceeds their reabsorptive capacity (Tm)

for it. Thereafter, the over-all percentage extraction (E) of the compound increases as its
plasma concentration is elevated. So long as reabsorption is not impaired the percentage

extraction (E) of a compound like glucose can approach but cannot equal that of inulin
(GF) at any non-toxic blood level.

Beyond the capacity (Tm) of the tubules to reabsorb a compound like glucose, its clear-
ance increases to approach glomerular filtration rate (GF) as the plasma concentration is

elevated. The same limitations obtain here as for the extraction of the compound and are

illustrated in figure 3, chart 3.

CHART I CHART 2 CHART 3
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PLASMA CONCENTRATION

Fin. 3. Ca&x.&cTxIuaI’ica os A COMPOUND REAB5OSBED BY THE Rzn&n� TUBULES

Chart 1 illustrates that, as the plasma concentration of such a compound increases,
the amount filtered by the glomeruli (GF) increases in a linear manner. The amount of

the compound which appears in the urine per unit time (UV) is negligible until the reabsorp-
tive capacity of the tubules (Tin) is exceeded. Beyond the Tm, the amount which appears
in the urine per unit time is a linear function of the amount filtered at the glomeruli.

Chart 2 illustrates that as the plasma concentration increases there is a negligible over-
all difference between the amount of the compound which appears in renal arterial and
renal venous blood. Beyond the tubular reabsorptive capacity (Tm) the over-all percentage

extraction of the compound rises to approach the filtration fraction (percentage extraction
of creatinine or mum) as a limit, but remains less than that value by the increment re-
absorbed by the tubules.

Chart 5. As the plasma concentration of such a compound increases, its clearance re-
mains undeterminable until its tubular reabsorptive capacity (Tm) is exceeded. Beyond
that point the clearance of the compound increases to approach glomerular filtration rate
(GF) as a limit. Both the clearance and the percentage extraction of the compound remain
less than their limiting values (GF) by the increment contributed by tubular reabsorption.

A three-component system for the filtration, secretion and reabsorption of a compound has
been proposed. Barclay, Cooke and Kenny (8, 9) have discussed the theoretical excretion

(clearance) pattern of such an agent. They theorize that at low plasma levels the clearance
of such a compound may be considerably less than the glomerular filtration rate due to its
reabsorption. As the plasma concentration of the agent is increased its clearance rises, as

is characteristic of compounds that have a maximal reabsorptive capacity, to approach GF.

Apparently as the plasma concentration of the drug is elevated progressively an element of
tubular secretion becomes evident, for the clearance value may exceed GF to a considerable



RENAL TRANSPORT MECHANISMS 233

extent. At still higher concentrations the “self-depression” of tubular secretion causes the
clearance to fall toward or actually below OF, depending on the balance of the tubular
reabsorptive and secretory capacities for the agent.

Barclay and his associates cite a number of examples of compounds that they believe to
fulfill these requisites. Unfortunately, they have elected to recalculate and reinterpret the
data of others on the clearance of urea (166, 316, 479, 481), sulfathiazole, sulfamethylthio-
diazole, p-amino-benzoic acid and acetylsulfathiazole (15, 299, 312) to support the three-
component thesis. To this they have added their own data on phosphate excretion (10).
One could wish for examples that are less equivocal. The concept is attractive and it de-
serves critical investigation in other laboratories to establish its real merit. At present, the

excretion of potassium by a three-component system of filtration, reabsorption and (at
high levels) secretion is the most likely example but it does not fulfill all the limitations of

the hypothesis (22, 271,294,318,358-360,371).
The functional capacity of the tubules to reabsorb or secrete a compound differs from one

transport system to another and/or any two compounds that are handled by the same mecha-

nism. This can be illustrated by the Tm values for PAR, penicillin and diodrast which are
secreted by the same tubular mechanism, for arginine and lysine which are reabsorbed by a
common mechanism, and for the reabsorption of glucose by a separate mechanism (14, 51, -

88, 212, 446, 484, 587).
The individual values for the functional capacity of the tubules to secrete or reabsorb a given

compound are reproducible for a given animal, an animal species or a population of normal

individuals within a species. Thus they are suitable as measurements of renal tubular func-
tion, just as creatinine and inulin are used for measuring the glomerular filtration rates of
the dog and man, respectively.

Such measurements are generally regarded as stress tests, wherein they apply to the esti-
mation of renal tubular function (212, 213, 259, 260, 290, 291,417, 497, 500, 502, 504). Usually
the value is referred to as the Tm of the compound, and is expressed in mg/win.

The measurement of a tubular secretory or reabsorptive capacity, as for PAH, or glucose,
consists of the simultaneous measurement of glomerular filtration rate (GF) and the clear-

ance of the compound at a high plasma concentration. The amount of PAH or glucose fil-
tered per minute - the plasma concentration (in mg/cc.) times the glomerular filtration
rate (in cc/win.). The difference between the amount of PAH excreted (UT) per minute
and the amount filtered (P-GF) per minute [UV-(P-GF)1 - the amount secreted per
minute, PAR1-,�. The calculation of glucose Tm is simply the difference between the amount
filtered (P-GF) and that which is excreted (LIT) in the urine per minute, [(P-GF)-UVI.

In principle, the mea.euremenf of the functional capacity of a renal transport

mechanism is identical wzth that for the assay of an enzyme in terms of its/unction.

Indeed, one can measure a single component of a complex system of enzymes

simply by supplying an excess of its substrate and measuring the maximal rate

of the reaction under conditions where the other components of the system are

not limiting factors. The general subject of the relationship of enzymes to sub-

strates for assay purposes has been discussed in some detail by Potter and his

associates (150, 404, 406-410) and by others (455, 535, 536).

it is the opinion of the reviewer that in the measurement of a tubular func-

tional capacity one simply defines the rate of reaction of the limiting component

of a complex enzymatic process in terms of the amount of the substance that
can be “transported” per unit time. This parallelism between the behavior of a

renal tubular transport mechanism and a single component of an enzyme system
will be shown to obtain for many of the properties of both.
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FUNCTIONAL CHARACTERISTICS OP TUBULAR TRANSPORT SYSTEMS

The inhibition or stimulation of tubular secretory or reabsorptive processes

will be discussed under the following seven headings:

1. Competition between two compounds for secretion by a common trans-

port mechanism.

2. Competitive inhibition of a transport mechanism by a compound which is

not secreted by that mechanism.

3. Inhibition by competition between systems for a common source of energy.

4. Inhibition of the phosphorylation mechanisms essential for secretion.

5. Alteration of the endocrinologic control of a secretory or reabsorptive

function.

6. Inhibition of ion exchange mechanisms for electrolyte reabsorption.
7. Inhibition of respiratory systems essential for the over-all metabolism or

viability of the cell.

1. The competition of two or more compounds for secretion or reabsorption by

the same transport mechanism is the best known of these several inhibitory phe-

nomena. It has been documented adequately by Smith (504), Shannon (480),
and others (38, 47, 48, 122, 415). This type of competition is analogous to that

which occurs between two compounds for oxidation by the same enzyme or

enzyme system. For present purposes the concept will be presented in parallel

for an enzyme system (figure 4) and for two renal transport systems (figure 5).

In either instance, when two compounds are presented for secretion (or oxida-

tion), there is a mutual suppression of the rate at which either agent is handled,

although the total amount of material secreted (or oxidized) may increase within
the functional capacity of the system. The extent of depression of the secretion

(or oxidation) of one substrate by another is inversely related to the amount

(load) of each that is presented to the system, as influenced by their affinities

for the common mechanism. In other words, the more important factors that are

equated into the extent of such a competitive inhibition are: 1) the relative

amounts of the substances presented to the system for secretion (or oxidation),

and 2) the affinity of each substance for the secretory (or oxidative) process.
The resultant of these factors in each instance determines the extent to which

the system is “saturated” with either agent, thus limiting the amount of each
that is secreted (or oxidized) per unit time. The term “saturation” as used herein

bears the connotation of at least a two-component factor as it relates to a single

substrate: 1) concentration, and 2) affinity.
Inhibition in this sense, then, is actually one of mass competition for secretion or

oxidation and does not implicate any functional alteration of the transport mecha-

nism per Se. Under these circumstances there actually is not necessarily any real

impairment of any renal function. Since there need be no alteration of function

per se, it follows that the onset, extent and reversibility of the inhibition of

secretion of one compound by another are determined by the relative saturation
of the system with the two substrates. Onset of inhibition is as rapid as is the

distribution of the inhibitor; extent of inhibition depends on the relative satura-

tion of the system by the two substrates; and reversibility of the effect is de-
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Chart I illustrates the rate of oxidation of 0.0166 M epinephrine (A, AA). It may be seen

that the amount of enzyme limits the rate of reaction since its concentration in the ex-
periment illustrated by Curve AA is twice that present in the experiment represented by
Curve A. Curve C represents the rate of oxidative deamination of 0.0166 M 8-phenethyl-
amine. Curve B represents the rate of oxidation of 0.0166 35 epinephrine plus 0.0166 M
5-phenethylamine in combination, and in the presence of the same amount of enzyme as

was used in the experiments represented by Curves A and C.
Chart S represents the depression of the rate of oxidative deamination of epinephrine by

increasing concentrations of 5-phenethylarnine.
Chart S represents the reversibility of the competitive inhibition of oxidation of epineph-

rine by 5-phenethylamine (see text).
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Fzu. 5. ILLusTaa�rINo THE COMPETITION OF REABSORPTION OR SECRETION BETWEEN TWO

CouPorxns THAT ARE HANDLED ST THE SAME TUBuzaR TRANSPORT MEcuascIsM ix

EITHER INSTANCE

Chart 1 illustrates the competitive inhibition of xylcee tubular reabsorption by increas-
ing plasma concentration of glucose. It may be seen that the reabsorption of xylose is

depressed to the point that its clearance ratio approaches 1.0, indicating that very little of

the compound is reabsorbed by the renal tubules under these conditions. Data of Shannon:

Am. J. Physiol. 122: 775, 1938.
Chart 2 illustrates the depression of phenol red secretion by the renal tubules as the

plasma iodine concentration of diodrast is elevated. Data of Smith, Goldring and Chasis:
J. Clin. Invest. 17: 263, 1938.

Chart S illustrates the reversibility of the depression of penicillin secretion by the renal

tubules as the plasma concentration of p-aminohippurate (PAH) decreases.

235
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termined by the rate at which the inhibitory agent is eliminated by excretion or
metabolism. Moreover, when the system is saturated “completely”1 by one com-

pound, inhibition of transport of the other is “complete”.1 Therefore, a further

increase in the load of the inhibitory agent is without additional effect. Finally,

it should be understood that this type of inhibition holds only if two compounds

are secreted, reabsorbed or oxidized by the same system. There is no cross-

inhibition in the true sense of this term between compounds secreted, reab-

sorbed or oxidized by essentially different systems (39, 40, 51, 510-512).
Mass competition for transport (or inactivation) of this type and the several

dependent properties recited above may be illustrated for tubular secretion and

reabsorption, or for the oxidative deamination of dihydric-�-phenylethylamines.

Perhaps it would be appropriate to present first the principles of competition

between substrates for enzymatic oxidation and then to point out the similarity
of these concepts to those for competition between agents for secretion or reab-

sorption by the kidney.

The enzyme system selected for the experiments illustrated in figure 4 has been named
amine oxidase or monamine oxidase since it activates the oxidative deansination of a number

of 8-phenylethylamines according to the following general equation:

+ NH,

NH, 0, � 0
amine ondase

/ +H,0 /

5-phenylethylamine

The characteristics of the system have been described in some detail elsewhere (2, 29, 36,

12, �, 236, 239,411, 518).

Chart 1 of figure 4 illustrates the character of the reaction involved in the oxidative
deamination of epinephrine [N-methyl-$.(3,4 dihydroxyphenyl)-8.hydroxyethylamine (A
and AA)1, and 5-phenylethylamine [phenethylamine (C)l, and equimolar additions of the

two amines (B). as recorded by the oxygen uptake of the system (28). It may be seen that
when epinephrine and phenethylamine are combined in equimolar concentration (B)

their additive rate of oxidation is intermediate between the rates of oxidation of the two
agents presented individually to the system. Actually, the molar concentration of the two
amines in combination (B) is twice that of either amine represented by curves A, AA and
C. Since the concentration of the amines alone or in combination is sufficient to saturate
the system (curves A and C), the amount of enzyme present limits the over-all rate of re-
action.

This was demonstrated in a second manner, for when the amount of enzyme, to which

the same amount of epinephrine was added, was twice (curve AA) that contained in the
other vessel (A) it may be seen that the rate of oxidation of epinephrine was considerably
increased, as compared to curve A. Thus the individual rate of oxidation is determined by

the affinity of the amine for the system. The rate of reaction of the combination of amines
reflects both their affinities for the system, when the amount of enzyme present is the limit-
ing factor.

‘The reason for qualifying the word “complete” is that theoretically this inhibition,
like all the others mentioned herein that do not involve destruction of tissue, literally

cannot be complete, although for practical purposes the increment by which the depression
is not complete may lie within the analytical limitations of the methods employed.
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Chart 2 of figure 4 demonstrates the inhibitory effect of increasing molar concentrations

of phenethylamine on the rate of oxidative deamination of epinephrine. It maybe seen that

as the amount of phenethylamine is increased, deamination of epinephrine is depressed
throughout the range of concentrations studied. The amount of epinephrine remaining at
the end of 90 minutes was calculated from the 0, uptake and was cross-checked by a color-

imetric method which is specific for catecholethylamines (45).

The reversibility of the inhibition by phenethylamine was demonstrated in the following

experiment. Epinephrine, phenethyla.mine and a combination of the two were added to
amine oxidase preparations at a substrate final concentration of 0.0166 M in each instance,
whether alone or in combination (0.0332 M total concentration in the latter instance).
After an incubation period of one hour in an experiment analogous to that represented by
chart 1, figure 4, the enzyme suspension was removed from the flasks, washed free of amine
substrate and returned to clean vessels. The system was reconstituted, epinephrine was
added to each flask in a final concentration of 0.0166 M and its rate of oxidation was re-

corded as represented in chart 3 of figure 7.
It may be seen that the enzyme survives these drastic conditions very well and that

there is no residual effects that can be ascribed specifically to the phenethylamine. Thus it
may be concluded that the inhibition of epinephrine oxidation by phenethylamine is a

reversible reaction.

Figure 5 summarizes the analogous renal characteristics for competition between

two compounds that are secreted (p-aminohippurate and penicillin, or phenol red

and Diodrast) and two that are reabsorbed (glucose and xylose) by the same bans-
port mechanism in the particular instances. Both glucose and xylose are reab-

sorbed by the same tubular mechanism (480). Consequently, they compete for

reabsorption, as is illustrated in chart 1 of figure 5. Here it is shown that if the

plasma concentration or the amount of xylose filtered remains relatively con-
stant its reabsorption is decreased progressively as the plasma level of glucose,

hence the amount filtered and presented for reabsorption, is elevated. As the

reabsorption of xylose becomes decreased its clearance increases to approach

that of creatinine. Under these conditions the xylose/creatinine clearance ratio

approaches 1.0 as a limit.

Chart 2 of figure 5 illustrates the depression of phenol red secretion by dio-
drast (407). This is indicated by the progressive decrease in the phenol red

clearance, expressed as per cent of its control value, as the plasma concentration

of diodrast (iodine) is elevated.

Chart 3 of figure 5 illustrates the rapid onset and the reversibility of the

PAH inhibition of penicillin secretion by the tubules. The depression of peni-

cillin secretion is indicated by the decrease in the penicilhin/creatinine clear-

ance ratio. Insofar as can be determined, the onset of the PAH inhibition is

immediate, the inhibition is maximal at a critical concentration of the inhibitor,

and the reversibility of the inhibition is related to the rate at which PAll is
eliminated from the body, as indicated by its falling plasma concentrations.

These characteristics of the PAH-penicillin competition have been established
in the laboratory (47) and confirmed in the clinic (32).

There are at least two tubular mechanisms for the reabsorption of amino

acids (51, 587). This has been demonstrated by the competition of pairs of es-
sential amino acids for reabsorption when administered simultaneously in large

amounts.
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One reabsorptive mechanism appears to be concerned with the basic amino

acids. Competition for reabsorption could be demonstrated for arginine, histi-

dine and lysine.
A second transport system is responsible for the reabsorption of monoamino-

monocarboxylic acids, leucine and isoleucine. There is no cross-competition be-

tween the two different groups of amino acids.
A third mechanism may be concerned with glycine transport, since it was not

possible in these experiments to demonstrate that its administration in large

amounts interfered with the tubular reabsorption of amino acids of either of the

above groups. Perhaps the data on which these interpretations rest are the more

reliable since specific microbiological assays were employed for the estimation of

the essential amino acids. Previously the nonspecific a-amino nitrogen analysis

was the basis for the estimation of amino acid clearances or Tm (156, 211, 391).

This principle of competition for tubular secretion was made use of in the

early days of the penicillin therapy of subacute bacterial endocarditis. Diodrast

(415) and especially p-aminohippurate (32, 38, 47, 50) have been employed to

increase the plasma concentration of penicillin by decreasing its secretion by
the renal tubules. Because of the poor gastrointestinal absorption of PAH and

its rapid excretion it was necessary to administer it in daily dosages of 100 to
200 grams by venoclysis (5, 31, 32, 306, 307, 351). Even at this tremendous

dosage PAll did not interfere with other clinically measurable renal functions,

in substantiation of laboratory studies relative to its pharmacologic (34) and

toxicologic effects.

2. Competitive inhibition of a transport mechanism by a compound that is not

secreted by that system is a relatively new concept in renal physiology, but its

enzymologic counterpart has been recognized for some time. In both instances,

which may be treated as one, the inhibitor is sufficiently related to compounds

secreted (or oxidized) by the system that it has an affinity for the definitive

component of the reaction process. However, the inhibitor is sufficiently different
so that it is not secreted (or oxidized) by the mechanism involved. In other

words, the compound has an affinity for, but it is refractory to, the action of the

system (30, 35, 43, 268, 326-328).

Such a refractory compound can inhibit the secretion or oxidation of a natural

substrate (i.e., one which is secreted or oxidized, as the case may be). The com-

pleteness of the inhibition depends on the extent to which the system is saturated

with the refractory agent. The saturation is the summation of the concentration

and affinity of the inhibitor as compared to that of the natural substrate. In

this instance, the refractory compound “blocks” secretion by displacing the
normally secreted agent from the definitive component of the mechanism.

If a refractory compound displaces a natural substrate from a reaction there

need not be any impairment of the reaction mechanism per se or of any other closely

related system. It is important to understand this displacement aspect of the in-

hibition for it implies no essential alteration of function so far as the mechanism

itself is concerned. Consequently, the onset, extent and reversibility of the

inhibition are determined by the rate at which saturation of the system is at-
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FzG. 6. DEMONSTRATING THE ENZYMATIC PRzNcIPus OF THE COMPETITION BETWEEN A

NATURAL (EPINEPHRINE, A) AND A REFRACTORY (PROPADRINE, C) SuBsm..erx

FOR THE AMINE OXIDASE SYsTEM

Chart I illustrates the rate of oxidative deamination of 0.0166 83 epinephrine. Curve C
illustrates the lack of oxidation of Propadrine, and Curve B illustrates the competitive

inhibition of 0.0166 83 epinephrine by 0.0166 83 Propadrine.
Chart C illustrates that, as the concentration of Propadrine in combination with epineph-

rine is increased, the rate of oxidative deamination of the natural substrate (E) is de�

pressed.
Chart 3 illustrates the reversibility of the inhibition of epinephrine deamination by the

refractory substrate (see text).

CHART I CHART 3

239

CHART I

200 /�ie 00 � � /�2SM00CC5UTE

L� :�_ _

FIG. 7. THE COMPETITIvE INHzBrrzoN or SCCCINATE OXIDATION BY MALONATE

Chart 1 illustrates that whereas succinate is oxidized at a very rapid rate malonate is

refractory to oxidation by the succinoxidase system. When succinate is presented with
malonate to that system the rate of oxidation of the former substrate is markedly depressed.

Chart 2 illustrates the percentage inhibition of succinate oxidation by increasing mal-

onate/succinate molar ratios.
Chart S illustrates the reversibility of the inhibition of succinate oxidation by malonate.

It may be seen that, when 0.05 M malonate was added from the side arm into the reaction
chamber of the vessel containing 0.25 M euccinate plus the succinoxidase system, there was

an 83% inhibition of the rate of oxidation of the natural substrate. When an additional
0.5 M succinate was added from the other side arm of the flask, the inhibition induced by
malonate was reversed in agreement with the decreased malonate/succinate molar ratio
but was not overcome completely, since malonate remained as a competitive substrate.
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tamed, its completeness, and the rate at which the refractory compound is
metabolized or excreted. Since the compound must have a structure sufficiently

similar to those secreted by the tubules in order to have an affinity for the
mechanism concerned, the specificity of its action practically is assured. The

characteristics of this displacement type of inhibition has been portrayed for

the amine oxidase and the succinoxidase systems, and for the secretion of peni-

cillin in figures 6, 7 and 8, respectively.

�-Phenylisopropanolamine (e-methyl-�.phenylethano1amine, Propadrine), like other
a-alkyl-fl-phenylethylamines, is refractory to oxidation by amine oxidase (28, 36, 64, 411),

CHART I CHART 2 CHART 3

cc

Mi1E5 PLASMA CONG. OP IMSITOPS earns

Fio. 8. ILI.U5TR.TING THE PRINCIPLES or THE COMPETITIVE INHIBITION OF THE TuBUk&a

SEcRETIoN OF A NATURAL SuBsms.�rE (PENICILLIN) BY COMPOUNDS THAT ARE

REFRACTORY TO SECRETION BY THAT MECHANISM

Chart 1 illustrates the rapidity of onset of the inhibition of tubular secretion of penicillin
by Benemid. It may be seen that within the period allowed for distribution of the inhibitor

the clearance ratio of the penicillin was decreased to or below 1.0, illustrating complete
inhibition of its tubular secretion.

ChartS illustrates that, as the plasma concentration of a refractory inhibitor is increased,
the amount of penicillin secreted by the tubules (as indicated by the penicillin/creatinine

clearance ratio) decreases progressively until the clearance ratio is 1.0, indicating complete
suppression of tubular secretion. Beyond that peint there is no further depression of peni-

cillin excretion by increasing plasma concentrations of the inhibitor. The closed circles
represent experiments wherein Benemid was administered to two dogs. The open circles

represent experiments wherein carinainide was administered to the same two dogs.

Chart S illustrates the reversibility of the inhibition of penicillin secretion by the tu-

bules, as it relates to the falling plasma concentration of a single iv. dose of carinamide.

as is illustrated by curve C, chart 1 of figure 6. However, it has sufficient affinity for the

enzyme system that it can inhibit the rate of oxidation of epinephrine (A) when the two are
presented to the enzyme in equimolar concentration (B). If the concentration of epineph.

tine added to a series of vessels containing the enzyme remains constant and the molar-
ity of Propadrine is increased by definite increments, one can demonstrate the progressive

depression of oxidation of the natural substrate (chart 2 of figure 6). The inhibition of

epinephrine oxidation by the refractory substrate, Propadrine, is reversible as can
be demonstrated by the experiment summariled in chart 3 of figure 6. The initial phase of

the experiment was like that represented in chart 1 of figure 6, wherein 0.0082 M epinephrine
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(A), 0.0082 M Propadrine (C), and a mixture of 0.0082 M epinephrine plus 0.0082 M Pro-
padrine (B) were incubated with the amine oxidase for one hour. Thereafter the enzyme

suspension was removed from the vessels, it was washed free of the aznines and then was
reconstituted in clean flasks. Epinephrine (0.0083 M, final concentration) was added to

the side arm of each vessel; it was tipped into the reaction chamber after temperature

equilibration, and its rate of oxidation was recorded.

From the data in chart 3 of figure 6, it may be seen that the enzyme suspensions to which
Propadrine was added alone (C) or in combination (B) were as active after the removal of

the amines as that which had been subjected to its natural substrate alone (A), within the
limits of reproducibility of the method. The fact that the rate of oxidation of epinephrine

in this experiment (chart 3) agrees so satisfactorily with that represented in curve A of

chart I indicates that the over-all manipulations of the enzyme did not notably alter it.
Similarly, it can be shown that whereas malonate is refractory to oxidation by the sue-

cinoxidase system, it does materially decrease the rate of oxidation of succinate when the
two are added to the enzyme system simultaneously (31,268,412,413) (chart 1 of figure 7).
Moreover, the percentage inhibition of the oxidation bysuccinoxidase is determined bythe

molar ratio at which they are presented to the enzyme system (chart 2 of figure 7). Finally,

the reversibility of this inhibition of succinate by malonate is presented in a manner that
illustrates the ability of one substrate to displace the other from the enzyme system, as in

chart 3 of figure 7. It is shown therein that the inhibition of succinate oxidation by malonate
and the reversibility of that effect can be altered at will during a continuous experiment by

adjusting the molar ratios of the two compounds so as to change the relative saturation of

the system by the substrates.

The rapidity of onset, the relation of concentration of the inhibitor to its

effect and the correlation of the elimination of the agent with the reversibility

of the suppression of penicillin secretion by the tubules are presented in figure 8.
Since carinamide (30, 35, 43) and Benemid’, p-(di-n-propylsulfamyl)-benzoic

acid (41, 48, 345, 532), are used here to illustrate the renal characteristics of

competitive inhibition by displacement of a natural substrate by a refractory

one, their chemical structures may be presented along with those of penicillin-G

and p-aminohippurate, as follows:

“Natural” Substrates

0 S

, /\
/ CH2-C-NH-CH C-(CH3)z

0=C- H-COOH

Penicillin-G

0 0
-

��-C-NH--CHS--C0H

p-aminohippurate

‘Benemid is the trademark that has been applied to p-(di-n-propyl.sulfamyl)-benzoic
acid by Sharp and Dohme, Inc.
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“Refractory” Substrates

-CH,--S0I-NH--��---C00H

Carinamide

CH3-CH2-CH2 0
-

N-S02---(j�- COil

CH3-CH2-CH1
Benemid

The rapidity of action of such a refractory substrate is illustrated by the effect

of Beneniid on the renal tubular secretion of penicillin, as represented by the
depression of the penidilhin/creatinine clearance ratio in chart 1 of figure 8.

Complete inhibition of penicillin secretion occurs within the period of time al-

lowed for the distribution of the agent. The decrease in penidillin/creatinine

clearance ratio to less than 1.0 represents the effect of plasma binding of the

antibiotic agent (132) on its glomerular filtration, in such a short term experi-

ment.

When the concentration of penicillin is held fairly constant, it can be shown

that as the plasma concentration of the refractory substrate is raised the tubular

secretion of the antibiotic agent decreases progressively until its clearance is

equivalent to that of creatinine (CR = 1.0) (chart 2, figure 8). Beyond that

point there is no further depression of penicillin clearance regardless of the eon-

centration of the refractory substrate, illustrating that its effect is on the tubu-

lar secretion of penicillin, not on its glomerular filtration. The fact that the
penidillin/creatinine clearance ratio does not fall below 1.0 in these experiments

is presumptive evidence that over a period of time the refractory substrate can

displace penicillin from its binding to plasma protein. This may be analogous

to the displacement of phenol red from its combination with plasma protein by

diodrast or hippuran, thus increasing the free and filterable form of the dye, as

was observed by Smith (506).

The reversibility of the action of the refractory substrate on the tubular se-

cretion of penicillin is illustrated in chart 3 of figure 8. Carinamide has been

selected for this demonstration for convenience, since it is eliminated much more

rapidly than Benemid. By determining the penicillincreatinine clearance ratio

before and following a single large intravenous injection of carinamide, the in-

hibition of penicillin secretion can be demonstrated to diminish as the plasma

concentration of the drug decreases, and to return to normal when earinamide

no longer can be determined in the blood stream.

Here again one sees the effect of plasma binding on the depression of the peni-

dilhin/creatinine clearance ratio within an hour after carinamide was given. Over

the course of time, penicillin was displaced from the protein and its clearance

ratio rose to 1.0 and remained there until the plasma concentration of carin-

amide fell to a low level.

The apparent intestinal absorption and the maintenance of blood level of these
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compounds reflect principally their rates of metabolism and excretion, since they

are well absorbed and are distributed to a similar extent in the body. The tre-

mendous differences that metabolism and excretion make in the appearance of

the plasma curves of carinamide and Benemid may be illustrated by feeding

equivalent amounts of the two drugs to patients or dogs. For example, if 60
mg. of carinamide/kilo of body weight is fed to a dog the maximal concentration

of the drug may be expected to approximate 6 to 8 mg./lOO cc., and a determin-

able amount may be expected to persist therein for about 4 hours. Following

oral administration of the same per kilo dosage, the peak Benemid plasma con-

centration is 18 to 20 mg./100 cc. A determinable plasma concentration of the

drug persists for well over 48 hours.

The carinamide/creatinine clearance ratio in the dog varies between 0.2 and
0.9, depending on its plasma concentration (44, 46, 379). However, the com-

pound is so rapidly metabolized (46, 531) that the slope of its falling plasma

concentration curve approximates that of mannitol (46), which in turn is de-

termined by the glomerular filtration rate, at least conservatively (108, 149,
153, 167, 367, 505). The reabsorption of Benemid (48, 532) by the renal tubules

is so great that the concentration of drug in the urine is insufficient for the

measurement of renal clearance. This has been confirmed by renal arterial-
venous extraction technics in the dog wherein any difference between those two

plasma concentrations is well within the error of the methods. Although it is

known that a metabolite of Benemid is excreted slowly, its rate of metabolism

is so slow that the drug persists in the blood stream for as long as two days fol-

lowing a single oral dose administered to dogs (48, 321, 532).

The ability of compounds to inhibit differentially the mechanism for the tubular

secretion of penicillin, phenol red, the hippurates and the pyridones is not related

to their general toxicity, either between or within series of compounds. This lack of

correlation between toxicity and ability to inhibit the tubular secretion of peni-

cillin by the dog is illustrated in figure 9 for a series of related compounds. Here

it may be seen that the toxicity increases (iv. LD,5 decreases) as the length of
the alkyl chain is increased from C2 to C8. However, optimal inhibitory activity,

as it relates to the tubular secretion of penicillin by the dog, is resident in the

C5-R structure within this series and decreases as the length of the chain is

lengthened or shortened (37).

The competitive inhibition of secretion of a natural substrate by a refractory

compound of this class has been shown to be a constant function that is independ-

ent of the molar concentration of the natural substrate (37). This has been

demonstrated to obtain for the secretion of phenol red by frog or guinea pig

renal cortex slices as it is inhibited by carinamide. The ratio of refractory to

natural substrate was constant over the range of concentrations studied, but it
was different for the two species. Moreover, the molar ratio undoubtedly differs

for other combinations of natural and refractory substrates. In the case of peni-

cillin therapy and ordinary clearance experiments, such as is represented in

figure 8, this relationship is not seen, for technical reasons. Indeed the dosage of

carinamide has been reported to be the same whether the dosage of penicillin
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was in thousands or millions of units per day, administered orally or parenter-

ally (31).

Reduction of the fundamental principles involved in this type of displace-

ment inhibition to clinical practice may be illustrated by the therapeutic indi-

cations for carinamide and Benemid (31). Carinamide has proven to be a useful

and safe agent for the enhancement of penicillin blood levels. The particular

indications for the compound are in the treatment of subacute bacterial endo-

carditis, certain types of meningitis and other instances where it is necessary or

0
z
0

>I
EQW-DOSAGE n(Cnl4an+l)SOsNH �COOH

Fia. 9. ILLUSTRATING THE LACE OF A DIRECT RELATIoNSHIP BETWEEN THE ABILITY OF

A Sxsnxs OF RELATED Cosisouxns To INHIBIT TEE TUBULAR SECRETION OF

PENICILLIN AND THEIR INHERENT ToxIcrnEs

Within the series, the toxicity of the compounds increases from C-2 to C-8, as repre-
sented by the decreasing LD,0 (calculated lethal dose for 50 per cent of the mice injected)
of the compounds administered intravenously to mice. It may be seen that the optimal
activity of the compounds for the suppression of tubular secretion within this series is
represented by the C-S agent. As the number of carbon atoms in the alkyl chain is less than

or greater than the C-S compound, activity within the series diminishes. Data of Beyer,
Painter and Wiebelhaus: Am. J. Physiol. 161: 259, 1950.

desirable to increase the concentration of penicillin in the body sufficiently to
assure its diffusion into a relatively avascular area of infection. Similarly it

should be combined with penicillin therapy when the infection is multilocular

and when the direct instillation of the antibiotic agent into all parts of the in-

fected area by injection cannot be assured. In these instances the attainment of
a very high plasma concentration of penicillin assures a more uniform distribu-

tion of the agent throughout the involved area. Also, it is of use combined with

oral penicillin therapy of diseases that are readily amenable to the action of the
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antibiotic agent. The lack of renal toxicity of carinamide has been established
by a number of studies (31, 33, 43), but none is so dramatic as its reported

use in the therapy of certain types of nephritis for the apparently reversible

inhibition of albuminuria, as described by Ek (164). The high rate of metabolism

of the compound accounts for the necessity of administering it in dosages of 2
or 4 grams every 3 or 4 hours.

Although it is too early to discuss with assurance the indications for Benemid,

the compound is unique. Apparently a daily dosage of 2 grams, divided and

administered at 6 or 12 hour intervals, suffices to maintain an adequate plasma

concentration in man. In addition to the aforementioned uses of carinamide,

Benemid enhances the apparent plasma concentration of p-aminosalicylate

(PAS), by decreasing the metabolism of the salicylate. This may constitute a

real advantage in the maintenance of high plasma concentrations of PAS in

the treatment of tuberculosis. Such concentrations are difficult to maintain, due

to the gastric irritation which accompanies the ingestion of large PAS doses

(69). It is anticipated that Benemid combined with penicillin will be a reliable

and safe intermittent form of oral therapy. Present indications are that the
drug is well tolerated and is sale for the customary duration of treatment of

infectious diseases amenable to penicillin therapy.

3. Inhibition by competition between transport systems for a common source of

energy is at present a little recognized interpretation of a repeatedly observed
effect. It is difficult to approach the concept directly as it applies to renal phys-

iology so that at present its substantiation is insecure.

It is likely that in some manner there are group commitments of energy by the

cell for its several general functions. Clark and Barker (109) found no difference

in the normally very small renal oxygen utilization of man between basal renal

oxygen consumption and conditions wherein the transport mechanism for PAH
secretion was saturated (Tmp�) or where water or mannitol diuresis was pro-

voked. The constancy of renal oxygen uptake with alteration in “load” or

“stress” has been observed by other investigators (91, 97, 543).

There is some evidence that in the kidney allocation of energy may be specific

only in the sense of applying to a type of function, as growth, repair, specific

processes of synthesis, certain transport mechanisms, etc. Thus, as two cellular

functions, even diametrically opposite in their orientation (i.e., tubular secretion

and reabsorption) may share a common source and increment of energy, they

necessarily compete for it. So long as the energy requirement for the secretion

and reabsorption of substrates by the several systems does not exceed their
allocation of energy at a given time there need be no apparent inhibition. If the

load presented to any one transport mechanism be increased markedly, as would

obtain when one measures the functionalcapacity or Tm of a single system, it

follows that the function of other systems sharing the same increment of avail-
able energy would be depressed, since the sum of the commitments cannot ex-

ceed the energy momentarily available. Over the course of time the increment of

energy for a specific group of functions may increase so that the inhibition of



246 KARL H. BETER

collateral systems is not necessarily maintained. Inhibition by competition be-
tween systems for a common source of energy is illustrated in figures 10 and 11

with examples drawn from both enzymologic and renal function studies.

In figure 10 we have selected the rate of anaerobic glycolysis of glucose and fructose to
illustrate that when two reactions, the tranephosphorylation of these two compounds,
compete for a limited source of energy the maximal rate at which they can both be gly-

Us.

GLUCOSE

#{149} FRUCTOSE

‘o �

SUBSTRATE CONC,M5./CC.

FIG. 10. ILLUSTRATING THAT TRE AYAII..s.BLE ENERGY FROM THE PHOSPHATE CYCLE LIMITs

THE RATE OF ANAERoBIC GLYCOLYSIS OF GLUCOSE (-0-) AND Fsucrosz (--)

The affinity of glucose for the system is greater than that of fructose, as illustrated by

the Qj�,. at the lowest concentration of substrate. When the two substrates are presented
to the system so that the total molar concentration is twice that for either substrate alone,

there is no increase in the rate of anaerobic glycolysis (+), within the limits of error of the
method. Data of Meyerhof and Geliazkowa: Arch. Biochem. 12: 405, 1947.
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FIG. 11. ILLUSTRATING THE DEPRESSION OF REABSORPTION OF VITAMIN C, AND OF GLUCOSE

To a limited extent by the simultaneous administration of p-aminohippurate (PAll) in
an amount sufficient to determine its maximal secretory capacity (TM).

Redrawn from Table 5 of the data of Selkurt: Am. J. Physiol., 142: 182, 1944

colyzed simultaneously does not exceed that for either studied by itself, within the error
of the experiment. The data for this illustration are those of Meyerhof and Geliazkowa
(541). Presumably, under the conditions of these experiments the availability of hexokin-

ase was not necessarily a limiting factor.

The tubular reabsorptive capacity for ascorbic acid is low (174, 191, 414).

Figure 11 illustrates the depression of glucose and ascorbic acid reabsorption
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that can be induced by the saturation of the functional capacity of the tubules
to secrete p-aminohippurate (PAH). This is a diagrammatic representation of

an experiment by Selkurt (460). The depression of ascorbic acid reabsorption by
PAH is profound at first, but it recovers partially in approximately one hour.

He also (lemonstrated that glucose as well as hypertonic potassium chloride and

sodium chloride could depress the reabsorption of ascorbic acid without in-

fluencing significantly the renal blood flow or glomerular filtration rate (467),

but the mechanism of action may not be the same in this instance. He was not

impressed by the depression of glucose reabsorption by PAH, for it was not

always demonstrable and others (503) had not called attention to it previously.

The mutual depression of glucose and PAR tubular functional capacities when
determined simultaneously has since been noted in enough laboratories to es-

tablish its reality, although the inhibition is seldom of any considerable magni-

tude (163, 226, 253, 274).

The decrease in the capacity of one system by the simultaneous determina-

tion of another functional capacity of presumably the same cells has had no

practical application in therapeutics. This relationship is of greatest consequence
in the diagnostic determination of renal functional capacities (70, 163, 170, 192,

226, 253, 274). Because of these known, and probably other unrecognized, in-

stances of depression of one Tm by the simultaneous determination of another

it seems hazardous to measure at one time more than a single tubular functional

capacity, when the absolute values are to be used diagnostically or interpreta-

tively.

4. Inhibition of the phosphorylalion mechanisms that are essential for reed-

sorption or secretion has been recognized by example for many years but it is

still poorly understood. Since the over-all relation of phosphorylation to carbo-

hydrate metabolism and to the reabsorptive or secretory transport mechanisms

is discussed in another section of this review, it will be considered only in a gen-

end way here.

Von Mering first described the phenomenon of “phloridzin diabetes” (546).

A few years later Minkowski (348) showed that the syndrome was primarily

due to an alteration of renal function. Bilateral nephrectomy of phloridzinized

dogs abolished the principal manifestations of the condition. This apparent

selectivity of phloridzin for the inhibition of renal carbohydrate metabolism

(549) probably is due to a concentration of the agent in the lumen of the tubules

as a result of the reabsorption of water. This would tend to increase the diffusion
of the glucoside into the tubular epithelium. Here, as in other tissues of the

body, the compound inhibits the phoephorylation of glucose and for many years

this effect has been presumed to account for the production of glycoeuria, (112,

119, 120, 262, 263, 285, 313, 314, 365, 377, 508). It has no effect on glomerular

filtration (390, 569).

More recently the mode of inhibition of glucose reabsorption by phloridxin has
been reopened. Principally from the work of Shapiro (489) and of Meyerhof

and Wilson (342) it appears that the oxidation of pyruvate and citrate and the

utilization of that energy for the generation of high energy phosphate bonds
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(the transphosphorylation of ADP to ATP associated with the breakdown of

phosphopyruvate) is inhibited by one fifth to one tenth as much phloridxin as

is required to inhibit glucose phosphorylation. Since the integrity of the phos-

phorylation systems has been found to be essential to certain other renal trans-
port mechanisms one would anticipate that phloridzin should inhibit the secre-

tion or reabsorption of other substances. Actually it has been shown to decrease

the tubular secretion of diodone (569) and phenol red (37), the reabsorption of

glucose and xylose (487), and the secretion of exogenous creatinine by man (477,

486).
There is more to the relationship of inhibition of transphosphor�’lation to the

diminution of secretion or reabsorption than can be demonstrated with phlorid-

in alone. Loomis and Lipmann (309) demonstrated most clearly that 2,4-

dinitrophenol “uncoupled” high energy phosphate bond generation from oxida-

tive processes without necessarily inhibiting oxygen uptake. In the example cited

by them the oxidation of glutamate served as the source of energy for the phos-

phorylation of adenosine. Handley (231), Taggart and Forster (525), Mudge

and Taggart (361, 362) and our own studies (37) have demonstrated the in-

hibitory effect of dinitrophenol on the secretion of phenol red and PAH by the

renal tubules. The former investigators have indicated that dinitrophenol does

not decrease the tubular reabsorptive capacity (Tm) for glucose (231, 362).

The explanation of the lack of an effect of dinitrophenol on glucose Tm does not
seem to be self-evident from the data available.

5. Alteration of the endocrinologic control of a secretory or reabsorptive function

introduces a regulatory type of effect that is important therapeutically and
which holds promise of future potentialities. Very little is definitely known about

this type of regulation or control, and it may be that the several aspects of the

problem to be discussed actually will be found to have associations or funda-

mental dissimilarities not evident at present. Apparently, the problem is more

difficult because not all species respond similarly with respect to the effect of

hormones on renal functions, and neither do the hormones affect different tubu-

lar mechanisms at the same rate (135, 275).

The removal or intense irradiation of one kidney results in a hypertrophy

and an increase in the various functional capacities of the contralateral organ.

This “compensatory” growth of the opposite kidney appears to be under the

control of the anterior pituitary for if hypophysectomy is performed prior to

nephrectomy the remaining kidney fails to increase in size and functional ca-

pacity (134, 320, 564, 571-573, 575, 576, 584). In contrast, this ‘compensatory”
hypertrophy of the contralateral kidney following nephrectomy still occurs after

thyroidectomy or castration (320, 588).
If an anterior pituitary extract is administered to an hypophysectomized or

even to a normal dog, the kidney increases in size and function to an extent that

cannot be reproduced by the administration of thyroid or adrenal extracts (163

241). Thus there seems to be a renotrophic action of the anterior hypophysis

that may be distinct from the adrenotrophic or the thyrotrophic factors (254,

320). This renotrophic action of anterior pituitary extract (570-576) is pro-
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nounced when measured by the subsequent increase in diodrast Tm which may

increase as much as 100 per cent. Under these circumstances the renal plasma

flow and the glomerular filtration rate may not be increased very much in the

normal animal.

In addition to its renotrophic (324, 576) effect, the anterior pituitary con-
tributes to the control of water balance by exerting a diuretic influence antago-

nistic to that of the neuro- or posterior-hypophysis (12, 54, 570). Although the

means by which this action is accomplished is obscure, nevertheless it is real.
At least a portion of this effect may be mediated through the adrenotrophic

action of the anterior lobe. In the hypophysectomixed rat the diuretic response
is delayed, and is similar when water or saline is administered per os. The ad-

ministration of anterior lobe extracts does not necessarily improve the condition,

but relatively small doses of adrenal cortical extract or desoxycorticosterone ace-

tate almost completely restore to the hypophysectomized rat the ability to

excrete water. Thus the altered ability to eliminate water following hypophysec-

tomy may be due, at least in part, to the atrophy of the adrenal cortex in the

absence of the adrenotrophic principle of the anterior pituitary (258, 574, 575).

It has been known for many years that the posterior pituitary elaborates an

antidiuretic hormone, the secretion of which is controlled from the region of the

supraoptic nucleus of the hypothalamus (73, 126, 178, 179, 238, 325, 357). This
influence is mediated through the supraopticohypophyseal tract to the neuro-

hypophysis (256, 257, 325, 383, 386-388). Interruption of the pathway results

in the syndrome of diabetes insipidus. The administration of posterior pituitary

extracts counteracts the effect of interruption of the innervation of the neuro-

hypophysis or ablation of the crucial area of the supraoptic nuclei (7, 92, 95,

107, 126, 189, 237, 242, 246, 256, 300, 442, 558, 559). The antidiuretic principle

has been demonstrated to be present in the urine of normal or dehydrated animals

but not in the urine of dogs having diabetes insipidus (207, 230, 234, 235, 316).

Shannon has indicated that the diuresis of diabetes insipidus which follows

transection of the supraopticohypophyseal tract is due to an impaired reabsorp-
tion of that increment of ifitered plasma water that ordinarily is returned to the

circulation by the distal tubules, together with an increase in the reabsorption of
sodium by the proximal tubules (483). As a result of the increased reabsorption

of sodium, extracellular fluid volume and glomerular filtration rate are increased

(246, 442, 501). The administration of the antidiuretic principle increases the

reabsorption of water by the distal segment of the nephron and decreases the

reabsorption of sodium by the proximal convoluted tubules (248, 305, 483),
according to present interpretation.

The antidiuretic action of morphine, certain barbiturates, acetylcholine, and

certain other compounds has been attributed to a stimulation of the release of
posterior antidiuretic principle by virtue of their action on the hypothalamus

(139, 140, 201, 372, 386-388). If the nerve fibers connecting the hypothalamus

with the neurohypophysis are intersected these agents have no effect on the

subsequent diabetes insipidus.
Apparently the antidiuretic action of the cinchoninic acid derivatives de..
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scribed by Marshall and Blanchard (332,333) is not necessarily mediated through
the hypothalamic-neurohypophyseal liberation of the antidiuretic principle.

Certain of these compounds are effective antidiuretic agents in neurohypophysec-
tomized dogs and in cases of diabetes insipidus. They do not necessarily affect

glomerular filtration rate. The mode of action of the compounds on the kidney

has not been worked out to date. Whereas these compounds seem to increase the

reabsorption of water, they increase the excretion of uric acid (333) and de-
crease the tubular secretion of phenol red (138). It seems likely that the more

active cinchoninic acid derivatives may stimulate the liberation of the anti-

diuretic principle of the posterior pituitary. If this should obtain, they would

represent a most unusual group of compounds, for they are said to stimulate

the liberation of the adrenocorticotrophic hormone of the anterior pituitary (62.)

In adrenal cortical insufficiency of pathological or surgical etiology the water

and sodium excretion is essentially dissimilar to that noted in diabetes insipidus.

In these subjects there is primarily a decreased reabsorption of sodium (206,

227, 445, 556) attended by a secondary adjustment of electrolyte and water
balance. In adrenalectomized animals this is associated with a marked oliguria
which leads to water intoxication when the administration of water is forced

(198, 203-206). Administration of adrenal cortical extracts or desoxycorti-

costerone to such animals and to patients with Addison’s disease increases the

reabsorption of sodium and produces a concommitant readjustment of water

balance (200, 206, 255, 520-523, 527-530).

Within the past few years the reemphasis on the concept of “forward failure”

in the pathogenesis of peripheral edema of heart failure by Warren and Stead

(555), the experimental production of hypertensive renal nephrosclerosis by
Selye and his associates (469-472) by the excessive administration of desoxy-

corticosterone acetate and sodium chloride, and the demonstration of increased
sodium and chloride reabsorption by the renal tubules when normal and de-

compensated patients exercise, by Newman and his associates (266, 366, 494),

all have tended to accentuate the role of the kidney in the regulation of sodium

excretion and the influence thereon of extra-renal factors, particularly the ad-
renal cortical hormones. Although a few other references (65, 240, 340, 352, 353,

529, 530) to this interrelationship of cardiac edema and sodium excretion have

been included in the bibliography, the list is incomplete. The recent report by

Sinclair-Smith, Kattus, Genest and Newman (494) is a particularly noteworthy

contribution to this subject.

The role of the pituitary and adrenal cortical hormones in renal function,

particularly water and electrolyte balance, is regulatory; homeostasis is main-
tained during adjustment to alterations in environment. Since these hormones

apparently permit wide fluctuations in both water and salt excretion normally,
it would seem that agents could be developed that would influence the safe

alteration of sodium reabsorption or water retention, as in essential hypes-ten-
sion or cardiac decompensation. This might be accomplished by inhibiting mod-

erately the action of the desoxycorticosterone-like principle of the adrenal cortex

or the antidiuretic hormone of the posterior pituitary, depending on the primary

effect desired.



RENAL TRANSPORT MECHANISMS 251

In addition to the effects summarized above, the hormones of other endocrine

glands exert a renotrophic action (60, 231, 275, 276, 292, 296, 320, 375, 376, 381,

468, 562) or decrease renal function (277, 529, 530, 537), as the case may be.

6. Inhibition of ion exchange mechanisms for electrolyte reabsorption. This prin-

ciple combines certain enzymologic information with the newer knowledge of the

role of the kidney in the maintenance of electrolyte balance. Perhaps these two

elements of the concept might best be considered first separately, then as a
whole.

Since plasma electrolytes are freely ultrafiltrable at the glomeruli it should be

apparent that the kidney must conserve to the body its essential elements in

order to maintain homeostasis of the internal milieu. It has been known for

some time that this is accomplished in part by the formation and secretion of

ammonia by the tubules (3, 282, 363, 542) to compensate in some measure for

the reabsorption of sodium; by the excretion of strong acids, partially as such;

and by the shift in urinary buffer, principally phosphate, from dibasic as it

leaves the glomeruli to monobasic as it leaves the nephron (26).

Associated with the reabsorption of essential metabolites and electrolytes by

the proximal convoluted tubules there occurs an “obligatory” reabsorption of

80 to 85 per cent of the plasma water filtered at the glomeruli (501, 548, 550,

551, 566). Since the tubules are freely permeable to water, osmotic equilibrium

of proximal tubular urine with plasma is maintained during the reabsorption of

critical substances. The remaining water that is reabsorbed is returned by the

distal tubules (240, 483, 501, 566). This latter process is under the facultative

control of the pituitary and the adrenal cortex, as discussed in the previous

section and in the review by Harris (238).

It has been demonstrated that when an indicator dye such as phenol red is

filtered at the glomeruli of the frog kidney, the pH of the glomerular fluid is

the same as for plasma water. This has been confirmed by direct electrometric

determinations (389). As the dye passes down the tubule its color does not change

until the distal convoluted tubule is reached, at which point the change indicates

an acidification of the urine (169, 356). In contrast to the acidification of urine

in the distal tubules, phosphate, sulfate, bicarbonate, chloride, sodium and

potassium appear to be reabsorbed entirely or for the most part in the proximal

tubules, depending on the specific ion. Apparently phosphate and sulfate have

definite Tm characteristics (6, 137, 173, 272, 310, 317, 395, 586). Bicarbonate

and chloride are reabsorbed independently of their filtration rate but in amounts

sufficient to maintain interdependently the normal sum of their plasma con-
centrations (202, 237, 311, 394, 418). The renal elimination of sodium is com-

plicated by what may be a two-component system for reabsorption by both the

proximal and the distal convoluted tubules (144, 151, 224, 266, 565, 567). Po-

tassium is reabsorbed under most conditions but it may be secreted and re-

absorbed under other circumstances (22, 113, 168, 271, 358-360, 371, 526, 583).

Although the excretion of sodium and chloride has been generally thought to

parallel each other, this is not necessarily the case (216) so long as ionic balance

is maintained otherwise.

Three theories have been presented to account for the acidification of urine:
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1) the phosphate reabsorption theory (26), 2) the carbonic acid filtration theory

(473), and 3) the tubular ionic exchange theory (392). In an admirable series of

papers Pitts and his associates have reported the examination of these theories

and have documented well the tubular ion(ic) exchange theory (394, 396, 397,

399, 400, 402, 448, 451). The limitations of the ion exchange theory have been

summarized by Menaker (339) and by Wesson, Anslow and Smith (566). Al-

though it may be necessary to modify the details of this latter theory in time, it

will be described in principle.

Figure 12 presents diagrammatically the tubular ion exchange theory of the

acidification of urine, as redrawn from the illustration by Pitts (392). It is con-
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ceived that by the decarboxylation of metabolites within the distal tubules

carbon dioxide (C02) is released. The hydration of carbon dioxide to carbonic

acid is catalyzed by carbonic anhydrase, which is abundantly present in the

kidney (131). The carbonic acid dissociates to release H� ions. Since the tubular
cell membrane is freely permeable to H� ions and presumably to Na� ions

(liberated by the dissociation of the principal urinary buffer, Na2HPO4) a new

equilibrium is set up resulting in an exchange of ions and an acidification of the

urine, due to the dissociation of the resulting NaH2PO4. To be consistent, it

must be supposed that this ion exchange is reciprocated at the blood vascular

boundary of the cell, whereupon there would be an over-all return of sodium to

the blood stream without a net change in the pH of the cell. The reabsorption of

potassium could occur at least in part in this manner.
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In the presence of carbonic anhydrase the reaction orientation ultimately
would necessitate the splitting of H,C02 and the diffusion of CO2 into the blood

stream. Very likely the carbonic anhydrase is more intimately associated with

the membranous structure of the cell than is indicated in the diagram. In this

theory the functional integrity of carbonic anhydrase is considered to be critical

for the ion exchange. If it should be inhibited, the CO2 built up would diffuse

much more slowly and the reabsorption of sodium would be impaired.

Mann and Keiin reported that sulfanilamide was a specific inhibitor of car-

bonic anhydrase (327). Krebs and others have confirmed and extended this ob-

servation (130, 131, 281, 283). H#{246}berrepeated the phenol red experiment on the

perfused frog kidney described by Montgomery and Pierce (356) and found that

when sulfanilamide or its derivatives were added to the dye the normal yellow

color of the acidic dye in the distal tubule was changed to pink, indicating that

the urine was alkaline. This inhibitory effect of sulfanilamide on the acidification

of urine, presumably by inhibiting carbonic anhydrase, was reversible (294).

Pitts and his associates demonstrated an inhibitory effect of sulfanilamide on

the acidification of urine and presented the experiments as evidence for the role

of carbonic anhydrase in the ion exchange acidification of urine (395, 400, 402).

it is attractive to postulate that this relationship of carbonic anhydrase to the

acidifIcation of urine might be used to very practical advantage in the manage-

ment of hypertensive or cardiac patients whose sodium retention exceeds their

requirements. Thus an orally active, relatively non-toxic compound that in-

hibited renal tubular carbonic anhydrase would be a most attractive form of

therapy for the promotion of an increased excretion of sodium in cases where its

restricted intake is employed at present. The concentrating of the therapeutic

agent in the lumen of the tubules by the reabsorption of water would present

the inhibitor to those cells at a much higher concentration than would obtain

for the rest of the body. One could take advantage of this concentration effect

to attain efficacy and to minimize systemic toxicity. Schwartz has reported the

clinical substantiation of this premise (457). However, the use of sulfanilamide

for other than confirmation of this principle is contraindicated because of its

systemic toxicity (19, 331, 334, 509, 517).

In this review a discussion of the action of diuretic agents must be limited

primarily to their effects on the kidney, omitting the broader actions of many of

these compounds. The simplest of these diuretic agents, water, is the most com-

plicated from the standpoint of the interplay of many extrarenal factors. Its

effects are intimately related to the interaction of the hypothalamus and the

posterior pituitary, as has been reviewed by Pickford (385) and by Verney
(544, 545), and to the functions of the adrenal cortex, as has been reviewed by

Gaunt and others (206). These several interrelationships have been summarized
in a previous section of this review. Also, the effects of the saline and the organic

osmotic diuretic agents are especially influenced by the state of hydration of the

subject. To a slightly less degree, the relationship of the extent of hydration to

diuretic efficacy holds as well for the xanthine and the mercurial agents.

The diuresis produced by water and by alcohol is unique in that it is usually
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accompanied by a decrease in chloride output. This has been interpreted as being

influenced by the posterior pituitary antidiuretic principle or a closely related
hormone (125, 162). Consistent with this interpretation are the several observa-

tions that the injection of posterior pituitary extracts most frequently induces a

chloruresis accompanying the decrease in urine flow. (305, 385). The action of

diuretic agents of the nature of ammonium chloride, ammonium sulfate, sodium

sulfate, and urea usually is accompanied by an increase in chloride output, and

an increased urinary acidity or an increased buffering power of the urine (160,

162). In a very general way, the efficacy of electrolytes as diuretic agents re-

quires their usage in doses sufficient to increase their urinary output, thus the
withholding from reabsorption of an osmotically equivalent amount of water.

In a sense, this is the converse of the obligatory reabsorption of water with

electrolytes by the proximal tubules, as was mentioned previously. Mannitol

is an example of an organic osmotic diuretic agent which practically is not ab-

sorbed by the renal tubules. Actually it removes more than its osmotic increment

of water, for diuresis induced by mannitol frequently is accompanied by an

increased excretion of electrolytes (76, 83, 400, 424, 566). These osmotic diuretic

compounds frequently increase the efficacy of the mercurial agents (171, 474).

The state of knowledge regarding the mode of action of xanthine diuretics

still leaves much room for fundamental investigations. The majority opinion

indicates that they decrease the tubular reabsorption of water, sodium and

chloride ions, primarily.

Historically, much of the earlier evidence indicated that the action of these
compounds was to increase the glomerular filtration rate due to their effects on

the vascular system. However, Cushny and Lambie (128) pointed out that

xanthine diuresis outlasted any increase in renal blood flow and this position
was taken also by Walker and his associates (552). Biancardi (53) reported that

in all cases of diuresis produced by theophylline the excretion of phenol red was

no greater than in the control experiments; this suggests the desirability of re-
peating these earlier studies with the use of more modern methods of determin-

ing renal blood flow, etc.
Although it has been reported that the xanthine diuretics increase glomerular

filtration rate (245, 452), the more generally accepted view is that they have no

consistent effect on that renal function (68, 129). Recent evidence indicates that

the xanthine diuretic agents inhibit the reabsorption of water, sodium and

chloride (133, 273, 494).

The mercurials are the most reliable of present diuretic agents. They are the

least specific of the compounds employed to inhibit a renal function. The diuretic

action and toxicity of these compounds are directly related to the amount of

mercury present and to its disassociation (228, 347). Reduced to elementary

considerations, HgCl2 is a strong diuretic agent. These generalizations are con-

sistent with the earlier conclusions of Sollmann, Schreiber and Cole (507).

There can be little doubt that the kidney is the principal site of the diuretic

effect of the mercurial agents. Direct evidence was obtained by Govaerts (221),
who noted persistence of diuresis when a kidney from a mercury-intoxicated dog

was anastomosed to the cervical vessels of a normal animal. Conversely, no
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diuresis was seen when a normal kidney was anastomosed into the cervical vessels

of a dog previously injected with a mercurial diuretic agent. Bartram (16)

demonstrated unilateral diuresis when a small amount of a mercurial agent was

injected slowly into a renal artery of a dog.

The principle over-all renal effect of the mercurial diuretic agents is to de-

crease the tubular reabsorption of water, chlorides and certain other electrolytes

(27, 93, 151, 176, 219, 270, 349, 398, 444, 450). These diuretic compounds do not

increase glomerular filtration rate (68, 129, 245, 452). In general mercurial

agents combine with sulfhydryl groups, and this is responsible for their in-

hibitory effect on a number of essential cellular dehydrogenases (15, 24, 380,

557). That the diuretic effect of mercury is attributable to the inhibition of such

enzymes seems likely since its renal effects, as well as its systemic toxicity, can
be inhibited or reversed by the administration of the thiol, BAL, 2,3-dimer-

captopropanol which has an unusually high affinity for the heavy metal (154,

172, 232, 519).

The seeming specificity of mercurial diuretic agents may be more directly

related to factors other than a peculiar sensitivity of the distal tubular epithelium

to them. Indeed, they have been shown to inhibit the proximal tubular secretion

of PAH and the reabsorption of glucose (23, 87, 319, 422). In our experience with

the secretion of phenol red by renal cortical tissue slices, the relationship between

inhibition of phenol red secretion or of renal dehydrogenases and the molar con-

centration of mercury is not essentially different from that obtained in similar

studies wherein the comparable dehydrogenases of other tissues are employed.

In either instance mercurial inhibition of such dehydrogenase or secretory sys-

tems is difficultly reversible.

Probably the reason for the seemingly selective effect of a mercurial compound

in producing diuresis is that it is filtered at the glomeruli and is concentrated by
the obligatory reabsorption of water by the proximal tubules. Consequently, the

agent is presented to the distal tubule at roughly eight to ten times its concen-

tration in plasma and extracellular water. Further concentration by the ad-

ditional reabsorption of water should bring the concentration of the agent up to

the point where it could decrease the function of the distal convoluted tubules,

even though the concentration presented to the proximal tubules by filtration

of plasma water might be insufficient to inhibit their functions measurably. Since

the foremost function of this distal segment of the nephron is the facultative

reabsorption of water and some electrolytes, it is understandable that the princi-

pal effect of the agent is to produce diuresis with an increase in electrolyte ex-

cretion (151, 225, 483, 501, 566). Indeed, it has been suggested that the increase

in urine flow follows the increased excretion of sodium (125, 151) or chloride

(444).
7. Inhibition of respiratory systems essential for the over-all metabolism or vzalnl-

ity of the cell. In the previous sections of this review we have dealt in general

with the physiologically reversible alteration of the rate of an enzymatic reac-

tion or the competitive inhibition by displacement of substrates from a definitive

component of a system, the function of which has not been changed.

In this section we will deal briefly with inhibition of a toxic nature (315, 322,
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364, 423, 439, 459, 580) or as it is seen in the terminal stages of disease. This

pathological impairment of function may or may not be reversible, depending on

the extent of damage. If the damage is repairable, the duration of its effect and

the extent of the recovery of function will depend on the rate and completeness

of the processes of repair.

From an enzymologic standpoint it may be stated, possibly overstated, that

any compound which inhibits preferentially an enzymatic mechanism which is

basic to the oxidative processes or the broad utilization of energy therefrom, may

be expected to have a deleterious effect on the viability or morphology of the

cell as well as on its transport systems. Even a short period of anoxia impairs
renal transport mechanisms for organic compounds, electrolytes and water (80,

94, 97, 143, 148, 152, 280, 419, 420, 461-464). Compounds that strongly inhibit

sulfhydryl-containing systems, such as many dehydrogenases, produce degenera-

tion of the tubules and loss of function in a matter of minutes. An example of

such an agent is tetrathionate (208). Mercurial agents inhibit sulfhydryl-con-
taming enzymes (15, 24, 380, 557). The effect of sulfhydryl inhibitors in the form

of organic mercurials can be used to advantage for the production of diuresis,

but even in ordinary dosages their effect may be more widespread on transport

mechanisms not directly related to water balance (23, 87, 176, 319, 373, 422).

Their extrarenal toxicity is referable particularly to the heart (141, 142, 172,

233, 247, 267, 350, 519, 568). Moreover, many agents which are useful therapeu-

tically may or may not impair renal functions temporarily (111, 121, 182, 183,

243, 374, 547).

Disease and the toxic products of bacterial or viral metabolism inhibit renal

functions, nonspecifically as a rule. Thus it is well recognized that the duration of
maintenance of repository penicillin blood levels is greater among ill than among

ambulatory patients (534). In the early days of penicillin therapy it was noted

that the highest penicillin blood levels from a given dose were obtained in pa-

tients having the greatest impairment of renal function (416).

The stress tests in the differential diagnosis of the arteriolar nephritis of

hypertension, subacute and chronic glomerulonephritis, etc. define functionally

the impairment of tubular capacity in comparison with renal blood flow or

glomerular filtration (1, 11, 61, 74-78, 84, 96, 104, 106, 114, 116, 117, 134, 187,

190, 214, 293, 323, 328, 382, 494, 560, 563). The decrease in functional capacity

may be disseminated or focal, from the standpoint of individual cells or

nephrons.

ENZYMATIC ASPECTS OF A TUBULAR SECRETORY MECHANISM

In previous sections of this review the concepts of functional capacities for

secretion or reabsorption by the renal tubules were presented together with a

consideration of how the secretion or reabsorption of compounds could thereby be

influenced. In this presentation, the belief was stated that whereas a single
transport mechanism may share many enzymatic components with other sys-

tems in the cell, a secretory or reabsorptive function gains singularity by the

interaction of a definitive (terminal) component in a chain of reactions.
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The purpose of this section is to examine present knowledge concerning the

enzymatic components of the transport mechanism responsible for the tubular
secretion of hippurates, penicillin, phenol red and pyridones, and to present a
working hypothesis for that over-all enzymatic transport system. The previous

review of this subject by Shannon (482) may be consulted for the earlier ap-

proaches to this problem, as summarized in his theory of tubular secretion or

reabsorption.

Itwas the classical work of Richards, Starling, Marshall, Chambers, Van Slyke,

and Smith, together with their collaborators, that effected the ultimate recon-

ciliation of the filtration-reabsorption theory of Ludwig with the Heidenhain
theory of urine secretion. In large measure, the initiation of that work was

stimulated by Cushny’s monograph (127). All this has given us our present

basic concepts of glomerular ultrafiltration, tubular secretion and tubular re-

absorption as they participate in the over-all clearance of compounds. The

historical development of these concepts has been presented interestingly in

several of the review articles cited in the introductory remarks of this report.

Credit for the establishment of tubular secretion as a fundamental renal

function goes to Marshall and his associates for their excellent work (329, 33fl,

337). Richards and Barnwell (432) noted that phenol red passed into the lumen

of the frog’s renal tubules under conditions that excluded glomerular ifitration

but the observation was interpreted in a manner that did not necessarily impli-

cate tubular secretion of the dye.
Later, Chambers and his associates (98-100) maintained fragments of the

metanephric avian kidney in tissue culture and showed that these could secrete

phenol red or certain other sulfonated dyes into their lumen, in amounts sufficient

to distend the tubule and to decrease the apparent concentration of dye in the
surrounding medium. They showed that cold (see also Bickford, 55), anoxia,

cyanide, hydrogen sulfide and sodium iodoacetate inhibited the secretion of the

dye. These observations were extended to the metanephric kidney as well.

Previously, Richards and Barnwell (432) had noted that cyanide inhibited the
appearance of phenol red in the frog kidney under conditions that precluded

filtration of the dye. Starling and Verney (513) and, later, Bayliss and

Lundsgaard (17) found that the addition of cyanide to the kidney perfusion

fluid markedly increased urine flow and produced a glycosuria, the composition

of the urine being similar to that of a plasma ultrafiltrate.

In his review of renal tubular secretion Shannon reiterated his views of tubular
transport mechanism in general terms that applied particularly to the reabsorp-

tion of glucose (482, 485). This hypothesis may be introduced to give perspec-

tive to the considerations that are to follow. He has stated that. . -

“In the case of an excreted substance one may assume, first, that in the sequence of
reactions that result in its transfer, the solute enters into reversible combination with
some cellular element which is present in a constant but limited amount, and second, that
the decomposition of this complex limits the further progress of the solute toward the
tubule lumen. Thus there are required two consecutive reactions, as follows,

A + B AB -‘ Ta + B
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where A is the solute at the proximal side of the reaction (in the interstitial fluid around
the tubule cells), B is the cellular element, .4B the complex formed reversibly by these
two, and Ts the solute on the distal side of the limiting reaction. In order to arrive at a
maximal rate of excretion under these circumstances the second reaction must be a first
order process, its rate slow in relation to the rate of attainment of equilibrium in the first.”

This statement has been presented, for in a sense it is an over-simplification of

the following discussion.

Some recent progress has been made toward the definition of the transport

mechanism for the secretion of phenol red and p-aminohippurate (PAll). In

large measure this work was stimulated by Forster’s description of a method for

studying the secretion of phenol red by frog kidney slices (185), and by Dear-

born’s use of the technic (138) in Marshall’s laboratory. Taggart and Forster
(525) have employed the isolated tubules of the flounder for the study of phenol
red transport. Mudge and Taggart (361, 362) have employed conventional

clearance technics, using diodrast and p-aminohippurate in the dog. Cross and
Taggart have studied the ability of rabbit renal slices to concentrate p-amino-

hippurate (123).

We have employed for our studies the secretion of phenol red by frog and

mammalian kidney slices (37), certain enzymologic technics, and conventional

clearance procedures plus differential analyses, using solvent extraction or

chromatographic methods for the separation of metabolites. Considering the

diversity of the methods employed in the several laboratories over the course of

time, the agreement of results and interpretation, insofar as they are comparable,
lends assurance to their general validity.

From the beginning of the use of isolated renal tissues for the study of phenol

red secretion there has been agreement that cyanide inhibits that over-all

mechanism (17, 37, 98-101, 123, 370, 432). It is well established that cyanide

blocks Fe� Fe� catalyzed systems, particularly the cytochromes, and so

inhibits oxidative respiration (269, 516). That oxidative reactions are involved

in phenol red secretion is easily demonstrated for none of the dye appears in the

lumen of the tubules when an atmosphere of nitrogen is substituted for oxygen

in an otherwise optimal set-up (37, 98-101, 123). We have employed 95% O,-5%

CO2 in a bicarbonate-phosphate buffer in the mammalian renal slice technic (37).

That oxidation is essential for phenol red or PAll secretion can be demon-

strated further by employing phenylhydrazine which blocks oxid.ases (25, 63),

HgCl2 and quinone which block dehydrogenases (24, 408), dehydroacetic acid

which blocks the succinoxidsse system (492), and other inhibitors (37, 55, 98-

101, 123), all of which depress phenol red secretion at concentrations that

materially decrease the respiration of the tissue. The sites of action of these

several inhibitors on oxidases and dehydrogenases are well established and the
literature relating to their substantiation is cited in the above references.

Although respiration is essential to phenol red and p-aminohippurate secre-

tion, oxidation in the absence of phosphorylation is insufficient to complete the

secretory process. It has been shown that in the presence of dinitrophenol, which



RENAL TRANSPORT MECHANISMS 259

uncouples oxidation from phosphorylation (124, 223, 309), neither phenol red

nor PAH is secreted by either the amphibian or the mammalian proximal tu-

bules, although it causes no inhibition of the oxygen uptake of the tissue (37,

123, 231, 361, 362, 525).
This correlation between dinitrophenol inhibition of tubular secretion and

the coupling of oxidation-phosphorvlation cycles indicated that energy-rich phos-

phate bonds somehow participated in the cellular transport of phenol red. The

prompt and complete reversibility of the dinitrophenol inhibition of secretion

indicated that phosphate bond energy was concerned with more than the main-

tenance of viability of the tubules (37, 525).

The importance of transphosphorylation reactions in phenol red and PAH

secretion was indicated also by the inhibitory effect of phloridzin thereon (37).

Although its effects are multiple it seems certain that phloridzin inhibits phos-

phorylation reactions (119, 120, 262, 263, 274, 285, 313, 314, 377, 489, 508).

Thus evidence based on this inhibitor is contributory, if not definitive. To this

point the cumulative evidence indicates that both oxidation and phosphoryla-

tion mechanisms must remain intact if secretion is to take place, and that high

energy phosphate bonds are essential to the secretion of phenol red and PAH.

High-energy phosphate bonds serve as a source of energy for phenol red and

PAH secretion. It is possible to inhibit the utilization of that energy for secre-

tion with the aid of carinamide or Benemid. At concentrations that do not

inhibit oxygen uptake (37,48,49), or the coupling of oxidation with phosphoryla-
tion (524), or the utilization of energy from the phosphate cycle for such reac-

tions as the phosphorylation of glucose (577, 578), both Benemid and carinamide

inhibit phenol red and PAll secretion. Thus it appears that these compounds

inhibit an enzyme that requires high-phosphate-bond energy’ for the completion

of its reaction. In this sense, then, these compounds inhibit the definitive enzyme

of a coupled system.
The nature of the definitive enzyme that is inhibited by these compounds

remains uncertain. Experiments by Cross and Taggart implicate acetate, which
has a striking stimulatory effect on PAll accumulation in the rabbit kidney

slice, as a possible rate-limiting cellular component of the PAH transport mech-
anism (123). Our own studies suggest that the definitive mechanism is a “conju-

gase”, analogous in its energy requirement to the coupled systems described

for the conjugation of p-aminobenzoic acid with glycine to form PAll (110),
and the sulfate conjugation of phenols (4). In neither instance does conjugation

proceed in the absence of a source of energy from the phosphate cycle. At present

it seems quite possible that the implication of acetate and the conjugation system

may be two aspects of the same over-all reaction.

The similarity of the requirements of the phenol red secretory system to those

of the conjugation reactions just mentioned caused us to determine the effects of

carmnamide and Benemid on the system described by Cohen and McGilvery

(110) for the conjugation of PAB with glycine to form PAH, which may be
written as follows:
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0

0
,,�C-OH / Ph
I I + Nll2-CE2---COH

- Conjugase

/
NH2 Glycine

(p-azninobenzoic acid)
0 0

/
-C-NH---CH2---C-OH

PAR
/

NH2

(p-aminohippuric acid)

It was observed that this reaction went essentially to completion in the presence

of liver or kidney as the source of conjugase plus the reconstituted phosphoryla-

tion system as the source of energy (‘..‘Ph).
We have found that carinamide and Benemid are potent inhibitors of this

glycine conjugation reaction (49, 578). This inhibition occurs without a decrease

in the over-all oxygen uptakeof the system and without affecting the phosphoryl-

ation processes that serve as a source of energy. This latter point was confirmed

by demonstrating that these compounds did not inhibit the transphosphoryla-

tion of glucose in the presence of phosphorylase. Thus it seems evident that

carinamide and Benemid inhibit the definitive conjugase component of this

over-all synthesis of PAll.’

More recent chromatographic evidence indicates that neither carinamide nor

Benemid inhibits the conjugation of PAB to form its glucuronide when that

compound is administered to dogs (42, 71, 82, 181, 346, 579). From these studies

on glucuronide formation, plus those related to the synthesis and secretion of

PAll, a relationship between glycine conjugation and tubular secretion sug-
gests itself. Since neither PAB reabsorption nor its glucuronide formation is

inhibited by these compounds, it is attractive to relate these two conjugative
reactions with the orientation of tubular secretion and reabsorption.

Figure 13 presents a working diagram wherein conjugative reactions are cor-
related with the over-all cellular processes of PAB reabsorption and PAll se-

cretion. For schematic reasons both reactions have been illustrated as though

‘This reaction of PAB with glycine is not strictly analogous to peptide bond formation
because of the absence of the a-amino group adjacent to the carboxyl group which takes
place in the amide linkage. The resulting compound is not a dipeptide since the a-amino
nitrogen is not repeated in the molecule. Thus the reaction is a catabolic one representing
the inactivation of PAB. The dissimilarity of this conjugation reaction to peptide synthesis
has been confirmed in a very practical way, since in neither of the chronic toxicity studies
nor in the prolonged clinical usage of either carinamide or Benenmid has any alteration of
nitrogen metabolism been noted.
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they occurred in the same cell. While this may be true, it is not implicit in the

statement of the hypothesis.
This scheme for the tubular reabsorption of PAB or the secretion of PAH

rests on a triad of postulates. 1) So far as the cells are concerned both tubular

processes of secretion and reabsorption are really secretory, the secretory proc-

esses being oriented in the opposite directions within the cells. This implies that

the compounds diffuse into the cell in either instance and that energy is ex-

Fmo. 13. A diagrammatic representation of the over-all reactions in the formation of
p-aminohippurate (PAR) by the conjugation of glycine with p-aminobenzoate (PAB)
in the proximal cells of the renal tubule; together with the formation and cleavage of the
intermediary metabolites, PABG and PAHX, formed in the course of the active “reab-
sorption” of PAB and secretion of PAH, respectively. Arrows indicate the general direc-
tion of the diffusion gradient for the several compounds.

pended by the cell only in their over-all elimination therefrom. 2) In the case of

either PAB or PAll another labile conjugate is formed within the cell (PAB

-�2!�+ PABG; PAll �-!L PAHX) through the expenditure of high phosphate-

bond energy, which permits the building up of a concentration of the interme-
diary metabolite within the cell that will enable it to diffuse toward the cell bound-

aries under its own gradient. 3) Direction or orientation is given to the cellular

secretory process by the concentration of an enzyme at the parenchymal or the

luminal border which is capable of splitting the specific conjugate (PABG or

PAHX), thus releasing the original compound (PAB or PAll) within the inter-

stices of the membrane or in close proximity thereto in sufficient concentration

to permit the diffusion of the agent into the surrounding medium.
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1) The initial step of diffusion of PAB or PAH into the cells of the proximal
convoluted tubules is easily demonstrated. Cross and Taggart (123) found that

when slices from the kidney of the rabbit were suspended in a buffered solution

of PAB the ratio of its concentrations in the medium and in the cells was 1.0,

indicating a uniform diffusion of this compound. We have found that this same

ratio holds for the distribution of PAll when its active secretion by the tubules

is inhibited by Benemid or carinamide. In each instance these data indicate

that the celr membrane is permeable to PAB and PAll and that in the first
step no energy is required for the transport of the compounds.

2) On the other hand, evidence was presented in previous paragraphs that

both the conjugation of PAB (i.e., with glycine) (110) and the secretion of

phenol red (37, 525) or PAH required high phosphate-bond energy. The prin-

cipal source of such energetic systems has been identified with the chromatin

material within the cells (250, 251, 405, 407, 453-456). Presumably, then, these

conjugative reactions occur in, on, or at the chromatin particles. At those points

within the cell the concentration of PABG and PAHX should be the greatest,
hence these agents could diffuse toward the boundaries of the cell, as determined

by their over-all gradients.
3) The orientation of the cellular “secretion” of PAB and PAll is in opposite

directions by virtue of the over-all tubular reabsorption of PAB and tubular

secretion of PAll (34, 503). Thus the cleavage of the PABG metabolite proba-

bly occurs at the interstitial border and the PAHX very likely occurs at the

luminal border of the cell. Although the nature of either intermediary metabolite
is unknown, the requirements for the synthesis of both appear to be somewhat

similar. It is attractive to look for two basically similar enzymes which differ in

their specificity and which are oriented at opposite borders of the cell. One does

not have to look far for two enzymes.

It has been known for some time that the renal cortex is one of the three
richest sources of phosphatases (72, 261-264, 443, 449, 581, 582). The distribu-

tion of the phosphatases was found by Gomori (217, 218) to be limited to the

proximal convoluted tubules of the nephron and this is easily confirmed. There
are essentially two phosphatases. The alkaline phosphatase is restricted to the

lumninal membrane and the brush border of the cells. Acid phosphatase is more
diffusely represented, but it is concentrated to the greatest extent on the inter-

stitial side of the cell.

Whether or not the two phosphatases are responsible for the cleavage of the

two hypothetical metabolites, they do fulfill the general requirements mentioned

for similarity, specificity and opposite spatial orientation. It would seem plausible

that the cell would make use of an over-all phosphorylation-phosphorolytic re-
action for the complex process of secretion. The first (phosphorylation) would be

an energonic one requiring a source of high phosphate-bond energy (264), and

the second (phosphorolysis) would require a lower expenditure of energy than
would a hydrolytic process (264). In our experience carinamide does not inhibit

either of the phosphatases of the kidney or the liver. Although it cannot be con-

sidered conclusive, this lack of an effect of carinamide on phosphatases is at
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least consistent with the impression gained from the glycine conjugation experi-
ments that both it and Benemid inhibit the secretion of PAH by decreasing the

formation of the intermediary metabolite and not by inhibiting its cleavage.

Thus carinamide and Benemid may be considered tentatively to act on the

definitive conjugase of the reaction involved in the synthesis of PAH from PAB
or of PAllX from PAH. It is probable that this is the reaction, with its full com-

plement of enzymatic commitments for oxidation and phosphorylation, that

limits the over-all expression of Tm. This hypothesis, summarized in figure 13,

is presented with the assurance that it may need to be revised in detail as it is

examined intensively. The principle that has been presented seems attractive,
since it considers the vitalistic functions of orientation and the spatial transport

of materials in conventional terms of diffusion gradients, coupled conjugative

reactions and the hydrolysis or phosphorolysis of conjugates.
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