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The renal mechanisms by which urate is excreted
have not yet been defined and there still is disagree-
ment on several major points.

Previous studies are in accord on one point, that
the normal urate clearance in man is only a small
fraction of the glomerular filtration rate, usually
of the order of 8-10o. Differing explanations
for the relatively low clearance have been offered.
Patently, the difference between the clearance of
urate and the clearance of inulin must be due either
to non-filterability of a large fraction of the plasma
urate, to tubular reabsorption of a major fraction
of the filtered urate, or to some combination of
these two.

Some observers have reported non-filterability
of the plasma urate, presumably due to protein-
binding or polymerization, but the magnitude of
the bound fraction, 4-24%o (1), and 23% (2) has
not been nearly sufficient to account for the dif-
ference between the clearances of urate and inulin.
In a number of other studies (3-5) of the behavior
of the uric acid of normal serum on ultrafiltration
or dialysis, relatively little or no binding has been
detected. In our hands ultrafiltrates of 12 normal
and 10 gouty plasmas prepared by the technique
of Simms (6) contained concentrations of urate
averaging 1% higher than that of the plasma wa-
ter (7). Complete diffusibility of the plasma urate
is in accord with the findings of Bordley and Rich-
ards (8) who found that in frogs and snakes the
urate concentration of glomerular filtrate was the
same as that of plasma with plasma concentrations
varying from 1.6 to 9.4 mg.% in frogs and from
9.6 to 30 mg. % in snakes, concentrations covering
the range of normal human plasma as well as
exceeding it by a considerable margin. This is
perhaps the most direct and pertinent evidence of
the filterability of urate as far as its renal excretion
is concerned.

1 Supported in part by a John A. Hartford Founda-
tion Gift for the Study of Gout.

Despite this evidence of filterability in sitro and,
at least in lower vertebrates, in s'ivo, several in-
vestigators have held that this is not the situation
in man and that the actual amount filtered at the
glomerulus is close to the amount excreted.
Berglund and Frisk (9) advanced this theory to
explain the fairly constant clearance of urate over
a moderate range of plasma urate concentrations
and a fairly constant ratio of urate to creatinine
clearance in a series of patients with a wide range
of renal functional impairment. The same hypoth-
esis has been more recently supported by Wolfson
and his associates (2, 10, 11), for reasons similar
to those of Berglund and Frisk. In addition, it
was suggested that the very low cerebro-spinal
fluid urate concentration was due to non-filter-
ability in vivo. The latter position, however, is
not tenable since the composition of spinal fluid de-
parts in several respects from that of a plasma
ultrafiltrate, the concentration of a number of
filterable substances in the spinal fluid being ap-
preciably lower than that in plasma water (12, 13).
These authors hypothesize that non-filterability of
urate is due to polymerization and that urate is
excreted by filtration only or by filtration with a
small amount diffusing back passively.

The most extensive work on the mechanism of
uric acid excretion is probably that of Talbott (14)
who reported a number of simultaneous determina-
tions of inulin and urate clearances and the effect
of various agents on the clearance ratio. The ratio
of urate to inulin clearance was increased by a
number of substances (glucose, salicylate, phenol
red, diodrast) most of which are known to be ac-
tively transported by the tubular cells. Talbott
implies that there is an active mechanism for re-
absorbing urate but does not comment on its ca-
pacity nor on the possible role of such a tubular
reabsorptive capacity in regulating either urate
excretion or the plasma urate concentration.
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The present studies were undertaken to attempt
to answer the latter questions. The number of
experiments to be reported is limited, but they are

sufficient to show that there is an active mechanism
for the reabsorption of urate, to indicate that this
mechanism has a definitely limited and measurable
capacity, and to permit an evaluation of the role of
the tubules in determining urate excretion and reg-

ulating the plasma urate concentration.

MATERIAL ANDMETHODS

Studies were made on male patients with no known
abnormality of urate metabolism or renal function. The
diagnosis in most of the subjects was neurosyphilis. All
observations were made in the post-absorptive state.
Urines were obtained through an indwelling catheter
and the bladder washed with saline at the end of each
clearance period. Arterial blood samples were secured
at the midpoint of each period using heparin as an anti-
coagulant. Inulin was administered by continuous intra-
venous infusion. The uric acid administered was dis-
solved in 0.7% Li2CO, to make a solution of about 0.5%
urate. In some experiments the urate was administered
by continuous intravenous infusion arranged to produce
steadily rising plasma urate concentrations. In other
experiments the urate was administered as two injec-
tions of this solution to give a total dose of 11 to 44 mg./
kilo. The largest dose administered was about 100 mg./
kilo. in a period of two hours 40 minutes.

Inulin in Somogyi zinc filtrates of yeasted plasma and
in diluted urine was determined by the method of Harri-
son (16). Urate in Folin-Wu tungstate filtrates of
plasma and in urine was determined by a modification of
Benedict's method (17). No correction for non-uric acid
chromogen was made in any of these experiments since
all critical data were obtained at times when the plasma
concentration and urinary excretion of urate had been
greatly increased by the administration of solutions of
pure urate. At such times the non-uric acid chromogen is
a negligible fraction of the total. Complete diffusibility
of the plasma urate has been assumed in all calculations.

Toxic reactions

Nausea and vomiting occurred in about half of the pa-

tients who received infusions of the lithium carbonate-
uric acid solution. One severe reaction occurred in the
subject (Fe) who received the largest dose of urate (100
mg./kilo.). Marked* oliguria lasting 36 hrs. developed.
The BUNrose from 12 to 36 mg.% in the first two days
and fell slowly to normal. The plasma urate which had
been as high as 26 mg.% during the study did not return
to its original value for two weeks. (In other studies a

normal urate level was attained in 24 to 48 hours.) In
addition to the evidence of renal dysfunction, the pa-

tient showed alarming neurological manifestations with
semistupor, cog-wheel rigidity, unilateral Babinski, and

incontinence of urine. These cleared slowly over a period
of several weeks. The cause of the toxic effects encoun-

tered in these studies is not entirely clear since the urate
was administered along with fairly large amounts of
alkali and considerable amounts of lithium. In retrospect,
it seems not unlikely that the oliguria was attributable to
the uric acid since the same effect has been produced with
similar doses in dogs (18). However, the other mani-
festations in Case Fe were probably due to the lithium
administered (about 7 gms. of the carbonate) (15). It is
of interest that no manifestations of acute gout were pro-

duced in spite of plasma concentrations up to 26 mg.%

RESULTS

A study of the rates of urate filtration, excre-
tion, and reabsorption as the plasma urate level is
increased shows the pattern associated with active
tubular reabsorption by a mechanism of limited
capacity (Tm). Illustrative experiments are
shown in Tables I to III. As the amount of urate
filtered increases the amount reabsorbed increases,
until a maximum rate of reabsorption is reached.
Further increases in the filtered load are not as-
sociated with a significant change in the amount
reabsorbed. It did not seem prudent to increase
the load very much beyond that required to satu-
rate the mechanism so that constant reabsorption
despite large variation in filtered load was not ob-
served. However, there are no changes in the
reabsorbed urate beyond the errors of the deter-
minations as the load is increased from 18.2 to

TABLE I

The reabsorption and excretion of rate at varying filtered loads
Patient Fr, age 41. S.A. 1.70M2

Time Plasma Inulin Urate Urate Urate
rate clearance filtered excreted reabsorbed

min. mg. % ml./min. mg./min. mg./min. mg./min.

0 Priming inulin 1 gm.
1 Infusion started, 0.33% inulin in saline at

6 ml./min.
20 Infusion changed to 0.13% urate in 0.2%

Li2COs and 0.33% inulin in saline at 6 ml./
min.

21-44 4.57 126 5.76 0.75 5.0
44-66 9.40 140 13.2 2.52 10.7
66-85 12.8 131 16.8 4.90 11.9
85-105 13.9 131 18.2 5.28 12.9

124-140 15.7 140 22.0 8.20 13.8
140-155 16.5 141 23.2 10.0 13.2
155-170 17.3 140 24.2 10.6 13.6
170-185 17.9 137 24.5 11.2 13.3
185-200 17.5 139 24.4 10.7 13.7
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TABLE II

The reabsorption and excretion of rate at varying filtered loads
Patient Fe, age 51. S.A. 1.94M'

Time Plasma Inulin Urate Urate Urateurate clearance filtered excreted reabsorbed

min. mg. % ml./min. mg./min. mg./min. mg./min.

-1 4.7
0 Priming inulin 1.4 gms.

Infusion started, 0.4% inulin in saline at
6 ml./min.

18 Infusion changed to 0.6% urate in 0.4%
Li2COs and 0.4% inulin in saline at 6 ml./
min.

18-48 10.2 141 14.4 0.5 13.9
48-67 14.2 131 18.5 1.6 16.9
67-87 17.5 141 24.6 4.0 20.6
87-101 19.7 141 27.7 5.8 21.9

101 Infusion rate increased to 9 ml./min.

101-117 21.4 144 30.7 8.5 22.2
117-132 24.8 143 35.4 12.0 23.4
132-148 25.0 149 35.6 12.5 23.1
148-164 24.8 142 35.2 13.7 21.7
164-178 26.2 139 36.3 15.5 20.8

24.5 mg./min. and from 27.7 to 36.3 mg./min.
respectively in the experiments in Tables I and II.

Results such as those shown were obtained in
six experiments on four patients. The pertinent
data from these studies are summarized in Table
IV. For comparison all figures have been ad-
justed to a standard surface area of 1.73M2.
Particularly worthy of note is the reproducibility

TABLE III

The reabsorption and excretion of rate at varying filtered loads
Urate administered as two rapid intravenous injections

Patient L, age 47. S.A. 1.44M2

Time Plasma Inulin Urate Urate Urate
urate clearance filtered excreted reabsorbed

min. mg. % ml./min. mg./min. mg./min. mg./min.
0-20 3.0 123 3.69 0.49 3.20

20-39 3.1 126 3.91 0.42 3.49

40 Urate, 22 mg./kilo. I.V.

54-68 13.5 120 16.2 6.1 10.1
68-88 10.9 121 13.2 4.0 9.2

90 Urate, 22 mg./kilo. I.V.

100-115 19.0 113 21.5 9.7 11.8
115-135 16.2 119 19.3 7.3 12.0

TABLE IV

Summary of rate Tmmeasurements
All values adjusted to surface area 1.73M2

Patient Inulin Urate Tm (Tm/Inulin clearance)clearance XlOO

ml./min. mg./min. mg./100 ml.
Fr a 132 13.5 10.1

b 138 13.7 9.9

Fe a 141 19.3 13.7
b 125 19.7 15.7

M 131 15.0 11.4
L 143 14.1 9.8

of the Tmvalue in the same patient from one time
to another. The duplicate experiments on patients
Fr and Fe were done at two-week intervals. In
each instance the Tmwas reproduced within 2%o,
somewhat less than the errors of the determination,
indicating that the reabsorptive capacity for urate
is a more or less stable individual characteristic.
The ratio of Tm to filtration rate, shown in the
last column, gives the value of the plasma urate
at which saturation of the Tm would occur were
the Tm saturated as soon as the amount filtered
exceeded the reabsorptive capacity. The not in-
considerable variation in this ratio is worthy of
note. Actually a filtered load considerably greater
than the reabsorptive capacity is generally re-
quired to insure saturation, so that the ratio in no
way represents a "threshold." This is well shown
in a series of six additional experiments in which
from 8 to 38% of the filtered load was excreted
without evidence of saturation of the Tm (Table
V). In the first four of these experiments fail-
ure to saturate the reabsorptive mechanism was
presumably due to inadequate urate dosage. In
the other two sharp drops in filtration rate, ac-

TABLE V

Summary of experiments in which no Tmwas reached

Total Highest Largest Largest
Patient dose plasma amount

urate urate reabsorbed excreted

mg./kilo. mg. % mg./min. %
B 11* 9.7 9.0 8.3
D 11* 7.8 6.6 13.0
M 22* 13.3 10.0 20.0
K 37t 13.5 10.4 28.0

45t 19.1 11.8 24.2
S 48t 14.0 8.3 38.3

* Urate administered in two rapid intravenous injections.
t Urate administered by continuous infusion.
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FIG. 1. THE RELATIONSHIP BETWEENURATE LOAD AND

URATE REABSORBED
In plotting these data values of 22 mg./min. and 13.5

mg./min. have been used for the Tms of patients Fe and
Fr respectively.

companying nausea and vomiting, were partially
responsible for reducing the filtered loads below
saturation levels.

The form of the relationship between filtered
load and reabsorption is shown in Figure 1. The
data from the four experiments on patients Fr and
Fe are plotted in the form used by Smith (19).
The amount reabsorbed (T) is plotted against the
amount filtered (load). In order to bring all ex-

periments to the same scale both of these quanti-
ties have been plotted as fractions of the individual
maximum reabsorptive capacities (Tm). The
intersecting straight lines represent the "idealized"
situation where the amount filtered is quantita-
tively reabsorbed until the load is equal to the re-

absorptive capacity. Beyond this load the excess

is quantitatively excreted. The observed relation-
ships are indicated by the free-hand lines. Note-
worthy are 1) the excretion of appreciable amounts
of urate at all attainable loads, 2) failure to utilize
the full reabsorptive capacity until the load ex-

ceeds it by as much as 60% in patient Fr, and 3)
the reproducibility of the form of the titrationn
curve" in successive experiments in the same in-
dividual, similar amounts of urate being excreted
at similar loads.

DISCUSSION

These data, although limited in quantity, are

sufficient to show that urate excretion is the re-

sultant of glomerular filtration and active tubular
reabsorption. Failure to obtain appreciable
changes in urate clearance with changes in plasma
urate concentration in earlier studies (9, 10) is

probably attributable to the relatively limited
range of plasma concentrations studied.

However, it is clear that the magnitude of the
urate reabsorptive capacity is so great that it is al-
most certainly never saturated in the normal indi-
vidual. This being the case, the Tm per se can-
not be considered as directly involved in the regu-
lation of the plasma urate concentration or even
in the regulation of urate excretion. That is,
urate excretion is not normally determined by the
extent to which the amount filtered exceeds the
reabsorptive capacity. The demonstration of a Tm
should be considered only as showing that an ac-
tive tubular transport mechanism is involved.

The quantitative factors determining the excre-
tion of urate at normal loads remain to be deter-
mined. These are the factors which fix the posi-
tion of the titration curves. The shape of such
curves has been discussed by Shannon (20) from
the standpoint of the law of mass action as applied
to the cellular transporting reaction, and by Smith
(19) from the aspect of the distribution of func-
tional capacity among the individual tubules and
their conjoined glomeruli. It seems most reason-
able that, in considering the titration curve of any
transport mechanism, both factors should be taken
into account. The assumption (19) that each
tubule reabsorbs all of the filtered substance until
the load is equal to it* maximum reabsorptive ca-
pacity can, in the strictest sense, be only approxi-
mately true, most nearly so when the equilibrium
constant for the reaction between cellular com-
ponent and transported substance is very small
(20). Under such circumstances the "splay" in
the titration curve might be largely attributable to
disparity between the functional capacity of indi-
vidual tubules and their attached glomeruli. This
appears to be the situation in the case of glucose
and of diodrast to which this type of analysis has
been applied. However it does not seem reason-
able that individual tubular function should be
closely correlated to individual glomerular function
in the case of glucose but not in the case of other
substances such as ascorbic acid (21, 22), vari-
ous amino acids (23), and phosphate (especially
in acidosis) (24), where excretion of appreciable
amounts well below saturation levels is the rule.
The urate mechanism appears to fall in the latter
category. Indeed, adequate fits to the observed
titration curves can be calculated using the equa-
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FIG. 2. THE RELATIONSHIP BETWEENURATE LOAD AND

URATEREABSORBED
The data shown in Figure 1 have been replotted. The

curves were calculated from the equation (21)

k = a-(Tr)(Tm- Tr),

where a is the arterial plasma concentration, Tr the
amount reabsorbed at any plasma concentration, and V
the volume of glomerular filtrate. For patient Fe a value
of 23 mg./min. has been used for Tm and 0.4 for K.
The values for patient Fr were 14 and 0.8 respectively.

tion derived by Shannon from consideration of
the law of mass action as applied to the reaction be-
tween transported substance and the intracellular
transporting enzyme (Figure 2). The normal
excretion of urate is thus determined by both the
total transport capacity and the affinity of the
transporting system for the substance in question.

It is not clear that the plasma concentration of
any substance is regulated by continuous saturation
of the renal tubules. (The excretion of sulfate is
a probable exception [23].) In most cases, in
fact, the normal plasma concentration is well be-
low that necessary to bring the filtered load up to
the Tmmuch less to saturate the reabsorptive ca-

pacity, for which purpose appreciably higher loads
are generally required. It is reasonable to question
to what extent even urinary excretion is determined
by the margin by which the filtered load exceeds
the reabsorptive Tm. In most instances which
have been investigated (phosphate, amino acids,
ascorbic acid) the bulk of normal excretion occurs

without saturation of reabsorptive capacity. In
this respect, the urate mechanism is no exception.

SUMMARY

1. A study of the clearances of inulin and urate
over a wide range of plasma urate concentrations
indicates that urate is excreted by glomerular fil-
tration and active tubular reabsorption. The lat-

ter process is characterized by a limiting maximum
rate of the order of 15 mg./min. per 1.73M2 in
four normal males and in a given individual is re-
producible from one time to another within the
limits of error of the methods.

2. The magnitude of the Tm is such that it is
almost certainly never saturated under physio-
logical conditions.

3. Factors determining the excretion of sub-
stances at concentrations lower than those required
to saturate the tubular reabsorptive mechanisms
are discussed.
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