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Several hypotheses have evolved from the ex-
periments of earlier workers (4, 5) regarding the
mechanism of proteinuria. The two hypotheses
most often considered are:

1. Protein normally passes into the glomerular
fluid and is completely or almost completely reab-
sorbed by the cells of the tubules. The concentra-
tion of protein in the glomerular fluid is considered
not to exceed 25 to 30 mg. per 100 ml. (4-8).
Decrease or absence of reabsorption of protein by
the tubules is the cause of proteilnuria4 (9).

2. Proteinuria occurs as the result of changes in
the glomerular wall; proteins pass into the glo-
merular fluid in abnormally high concentration and
are excreted into the urine. Tubular reabsorption
(athrocytosis [10] ) may occur in amounts greater
or less than are assumed for the normal kidney.

It has been suggested, in addition, that protein
may be secreted into the tubular lumen by diseased
tubule cells. This hypothesis requires either that
protein be present normally in renal interstitial
fluid or that the peritubular capillaries become ab-
normally permeable to protein in disease. There
is little to support this hypothesis; the presence of
protein coagula within Bowman's capsule on his-
tological examination is evidence against it. In
pyelonephritis, where marked inflammatory
changes may involve the peritubular capillaries,
proteinuria is often minimal and may be absent
(11).

It has also been suggested that the proteins of
plasma are altered (dysproteinemia) and that the
altered proteins cross the glomerular capillary
walls more readily than normal plasma proteins
(e.g., 12, 13). The evidence in support of this sug-

1 Summaries of some of the data have been published
elsewhere (1-3).

2 Present Address: The Johns Hopkins School of Medi-
cine, Baltimore, Md.

a Present Address: Cornell University Medical College,
NewYork, N. Y.

' Present Address: University of Illinois College of
Medicine, Chicago, Ill.

gestion is not conclusive (7). Gitlin and Janeway
(14) report that the albumin of serum, urine, and
ascitic fluid from children with the nephrotic syn-
drome is immunochemically indistinguishable from
crystallized normal human plasma albumin.

Only the first two hypotheses will be considered.
Neither has been definitely confirmed or refuted
though Bradley and Tyson (7) have rejected the
first hypothesis on the basis of their observations
that patients with the nephrotic syndrome may,
under certain conditions, excrete as much as 60
Gm. of protein per day.

In the present study, calculations have been
made of the concentration of albumin in the glo-
merular fluid from a relationship used originally by
Berglund, Scriver, and Medes (15) and by Bing
(16):

(1) Minimum Gaib = UalbV/GFR.

G,ab is the concentration of albumin in the glo-
merular fluid, U.IbV is the rate of excretion of al-
bumin in the urine, and GFRis the rate of forma-
tion of glomerular fluid. In the absence of tubular
reabsorption of albumin, minimum G1b and actual
Gaib are identical. If minimum Gaib exceeds the 25
to 30 mg. per 100 ml. of total protein assumed to
be present normally the first hypothesis may be
excluded.

METHODS

Concentration of albumin in plasma and urine. A
modification of the method of Chow (17) similar to that
of Kunkel and Ward (18) was used in the studies on pa-
tients A. McE., P. S., J. R., R. O'F., and F. de K. The
antigen was a solution of human plasma albumin contain-
ing about 2 per cent alpha-i globulin. The range of
error of repeated determinations on standard solutions
was within approximately ± 10 per cent; the reproduci-
bility of analysis of a given sample was generally of the
same order. The range of error in the determination of
the concentration of albumin in urine in the studies in
these patients was probably no greater than ± 20 per
cent. A semi-independent check of the calculated renal
clearance of albumin (hence of the urine to plasma con-
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FIG. 1. CONCENTRATIONOF ALBUMIN IN PLASMAESTIMATED BY Two
METHODS: IMMUNOCHEMICAL(ABSCISSA) AND HOWE'S FRACTIONATION
(ORDINATE)

Open and closed circles represent determinations on 35 plasma samples
from A. McE. Line 5 represents the equation fitted to these data by the
method of least squares (y = 0.50 + 0.87x). Line 6 indicates a ratio of
1: 1. Lines 1 -4 are curves fitted to data from four other patients: Line
1, R. O'F. (ten values), y = 1.06 + 0.74x; line 2, F. de K. (five values),
y = 1.00 + 0.77x; line 3, P. S. (six values), y = 0.73 + 0.84x; line 4,
J. R. (seven values), y = 0.62 + 0.85x; (x and y are both expressed in
Gm. per 100 ml. in these equations).

centration ratios of albumin) was obtained in some ex-

periments from the renal clearance of the dye T-1824.
See (19) for data and details and for a brief discussion
of the limitations of the immunochemical procedure.

In the other patients, total urine protein concentration
was estimated by the biuret procedure of Hiller, Greif, and
Bedcnan (20). An independent check of most of these
results was obtained by a titrimetric procedure (21).
The range of error in the total protein concentration of
urine is no greater than 5 per cent. In these patients the
plasma albumin concentration was estimated by a modifica-
tion (22) of Howe's procedure. It is recognized that the
procedure gave results which were often two or three
times as great as the immunochemically determined val-
ues at the low plasma albumin concentrations (P.1b) ob-
taining in patients with the nephrotic syndrome. Figure 1

shows the relationship between the results of these two

methods in five children in whom Pa1b was increased by
repeated administration of albumin.5

Concentration of endogenous "creatinine" in plasmwa and
urine. In patients C. M., L. B., and K. S., plasma con-

centratiQns of creatinine-like chromogen were estimated
by Phillips' procedure (23). A modification of the pro-
cedure of Bonsnes and Taussky (24) was used in patients
A. McE., J. R., and P. S. Phillips' procedure was used
for all urine samples. For a discussion of the errors in
these procedures see (25). The limitations of the cal-
culated endogenous "creatinine" clearance (Cer) as a

measure of the GFRare recognized; because of the pro-

6 Supplied by the National Blood Program of the
American Red Cross. The albumin was administered
either as a 25 per cent solution or, diluted with S per cent
glucose, as a 10 per cent solution. The infusions were

started at about 9 A.M. and lasted for 30 to 90 minutes.
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tracted nature of the experiments (some of the studies
lasted more than 24 hours) there was no practical al-
ternative. Comparative studies were made of the inulin
clearance (C1n) and of the "creatinine" clearance in A.
McE. during a control day and during a day in which al-
bumin was given. The mean value of the ratio Cer/C15
for 28 periods was 1.29 with a range of 1.11 to 1.52; the
ratios for 24 of the 28 periods were within 12.5 of the
mean. See Figure 15 in (26) for details of this experi-
ment. Inulin was determined by a modification of the
method of Harrison (27).

Urine collections. All urine specimens were voided
spontaneously. Errors in the calculated rate of urine flow

are of little importance in the estimation of minimum G.Ib
from expression (1); the urine flow enters in both nu-

merator and denominator and thereby cancels out.
Blood samples. Venous blood samples were obtained

four or five times a day during around-the-clock studies
for the determination of plasma concentrations of "cre-
atinine," albumin, and total protein. Heparin was used as

anticoagulant.
Subjects. The patients were children and young adults

with the syndrome of proteinuria, hypoalbuminemia, hy-
perlipemia, and edema; patients with hematuria, hyper-
tension, and/or decreased urea clearances are included.

TABLE I

Data selected to show the range of minimum concentration of albumin or protein in glomerular fluid

Glomerular fluid Time
concentration relationshipU.lbV calculated for to albumin

Patient Date C Panb Car Paib =4 Gm./100 ml. infusions

ml./min. Gm./100 ml. mg./100 ml. mg./1tO ml.
A. McE.*
(F, age 5)

P. S.
(M, age 4)

J. R.
(M, age 5)

K. S.t
(M, age 5)

C. Mat
(F. age 19)

L. B.t
(M, age 19)

11-1-48
11-1-48
11-1-48
11-1-48

11-16-48
11-16-48
11-16-48

12-3-48
12-3-48
12-3-48

12-4-48
12-4-48
12 4- 48

12-14-48
12-14-48
12-14-48

12-14-48
12-14-48
12-14-48
12-14-48

10-29-47
10-29-47
11-12-47
11-12-47

11- 9-47
12- 8-47
12- 8-47
12-15-47
12-15-47

11- 4-47
12-10-47
12-10-47
12-19-47

1- 7-48

14.9
28.5
35.8
22.6

27.3
32.1
30.0

21.9
25.9
40.8

27.0
26.2
25.4

11.8
14.2

9.4

38.0
47.6
44.1
32.2

19.3
23.1
23.9
23.7

58.4
56.1
82.7
68.6
97.4

84.3
73.3
89.5
64.6
66.1

0.36
1.94
1.78
0.90

1.19
2.48
2.30

1.63
2.89
2.79

2.01
1.60
1.52

0.93
2.52
1.68

0.43
1.67
1.12
0.68

1.12
1.92
1.28
1.20

0.70
1.34
2.21
1.66
2.48

1.18
1.71
2.97
2.95
4.11

20
125
107

50

37
137
115

46
145,
133

55
50
32

48
193

71

11
66
47
17

23
59
40
92

12
26
67
23
70

15
34

120
147
116

225
260
240
220

125
220
200

115
200
190

110
125

85

205
305
170

105
160
170
100

85
125
125
205

70
80

120
55

115

50
60

160
200
115

Before 1st
After 1st
After 1st
After 1st

Before 16th
After 16th
After 16th

Before 33rd
After 33rd
After 33rd

None given
None given
None given

Before
After
After

Before
After
After
After

Before 1st
After 1st
Before 15th
After 15th

Before 1st
Before 24th
After 24th
Before 31st
After 31st

Before 1st
Before 37th
After 37th
After 46th
After 59th

* On 11-1-48, the values listed for Car are actually values of the inulin clearance, which were on the average about
30 per cent less than the concurrent values of Ccr.

t In these patients albumin in plasma was estimated by Howe's method. Figures in the fifth column represent
UV,7tV/CCr. Total urinary protein was determined by the biuret method.
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FIG. 2. DATA ON A. McE. (FEMALE, AGE 53 YEARS; DURATION OF NEPHROTICSYNDROME,28 MONTHS)

The study on the left began a few hours following the last of 33 daily infusions of albumin (25 Gm. per day except
for last 2 which were 37.5 Gm. each) and continued at intervals during the next six weeks. Data were obtained both
around-the-clock and during morning hours only (6 A.M. to noon). The study on the right began 24 hours after the
last (37.5 Gm.) of another course of daily administrations of albumin. (See Figures 1, 4, and 13 in [26] for addi-
tional background data.) The open circles represent data from morning collection periods. The solid circles represent
around-the-clock data from periods outside of the hours of 6 A.M. and noon. The straight lines in the lower right of
each half are curves fitted by the method of least squares to data of the morning hours only, beginning 24 hours after
the last albumin administration. The interrupted line on the right is a reproduction of the curve from the December,
1948 study. The decreased slope, as well as the decreased C.ab/Cer, in the May, 1949 observations suggest that glo-
merular permeability to albumin had decreased since December, 1948. (The equations for the respective curves are:

U.:bV/C,r = 0.0280 P,Ib 5.4 and U.mbV/C.r = 0.0168 Palb - 5.8, where both variables are expressed as mg. per 100 ml.
The ordinate intercepts, - 5.4 and - 5.8 mg. per 100 ml., do not appear to differ significantly from zero.)

RESULTS

Minimum concentration of albumin or of total pro-
tein in glomerular fluid
The calculated values are shown in Table I.

These were selected from a series of several hun-
dred observations and include the lowest and high-
est values found in patients with a severe form of
the nephrotic syndrome. Variation of the plasma
albumin concentration was achieved by the intra-
venous administration of concentrated human al-
bumin. Also shown in this table are the values of
Gaib which would have obtained had the plasma al-
bumin concentration been 4.0 Gm. per 100 ml.

These last calculations are based on the funda-
mental assumption underlying the clearance con-

cept that, other things being equal, the amount of a

given substance crossing the glomerular capillary
walls is proportional to its concentration in plasma.
This assumption finds support in the experimental
evidence shown in Figure 2 that the excretion of
albumin (UabV) and GlIb (i.e., UabV/C,) are

both approximately proportional to the plasma con-

centration of albumin. The data in Figure 3 show
similar results in acute studies. With this adjust-
ment of the data to the circumstance of normal

plasma albumin concentration all the values for
the concentration of albumin and of total protein

60

CCr. 40
W. 30

mnin. 2

CAlb. 1.5

mi, i.C
pne' O.

mm

UA1bY 0

mg.
min.

S0

20

Jo

I I

~~~~~~~~~~~~~~~~~~~~~

624

% 0



MECHANISMOF PROTEINURIA

in glomerular fluid in Table I exceed the usually
accepted normal values of 25 to 30 mg. per 100
ml. (See [26] for additional data on A. McE. and
C. M.)

The acute increase in the clearance of albumin
(C,ab) and in the ratio Cab/Cc1 which occurred in
the first hours following albumin administration
was observed in many experiments and is seen in
Figures 2 and 3. The phenomenon is associated
with the acute expansion of the plasma volume oc-

curring at the same time. This correlation is shown
in Figure 4 in which the same values for Calb/Ccr
as were shown on the left in Figure 2 are replotted

6 Use of the values for plasma albumin concentration ob-
tained by Howe's procedure results in an underestimate of
the concentration of total protein in the glomerular fluid
when this adjustment is made (see Figure 1).
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against concurrent plasma volume. Similar cor-

relations were observed in other patients. (See
[28] for details on the determination of the plasma
volume.)

DISCUSSION

The question of whether proteinuria in patients
with the nephrotic syndrome is the result of fail-
ure of reabsorption by the tubules of protein which
normally enters the glomerular fluid or whether it
indicates an increase in glomerular permeability is
apparently answered by the data presented. The
measurements in the severely edematous patients
indicate that the minimum concentration of albu-
min or of total protein in the glomerular fluid (a)
was often between 2 and 3 per cent of the con-

current concentration of albumin in the plasma;
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(b) that it fell within the range postulated for the
normal kidney (i.e., under 25 or 30 mg. per 100
ml.) only when P.1b was very low; and (c) that it
varied between 100 and 200 mg. per 100 ml. when
Paib was raised by albumin administration to values
one-third to two-thirds of normal. The data leave
little doubt that the cause of proteinuria in these
patients is an increased glomerular permeability to
plasma proteins, particularly albumin.

In the patient most intensively studied (A. McE.,
Figures 2 and 3), the excretion of albumin, UalbV,
and the ratio UaIbV/C,r (i.e., Galb), were shown to
be approximately proportional to Paib as the latter
decreased slowly during several weeks after ces-

sation of albumin administration. The clearances
of albumin and endogenous "creatinine" and the
ratio Calb/Ccr remained relatively constant, ex-

cept for diurnal variation, during each of the two
periods of observation. The simplest interpretation
of these data is that albumin passes into glomeru-
lar fluid in amounts greater than in normal indi-
viduals and undergoes relatively little reabsorption
on passage down the tubules.

That some tubular reabsorption can occur is
strongly suggested by the morphologic experiments
referred to in the introduction; the present results
are not incompatible with this concept. However,
if the tubular reabsorptive process should prove

to have a relatively fixed limiting rate, Rmas, our

data would indicate that its value in patients with
the nephrotic syndrome must be quite small com-

pared to the amount entering the glomerular fluid,
particularly when this amount increases as Paib is

elevated towards normal by administration of con-
centrated albumin (or when, in the initial hours
or days of the disease, Paib has not yet become ex-

tremely reduced). Moreover, in these circum-
stances, Rmax would be small compared to the rate
of excretion. The data, however, are too inaccurate
to provide more than a semi-quantitative estimate
of the magnitude of this hypothetical Rmax. They
are also inadequate to refute the widely-held view
that normal tubules may be capable of recovering
as much as 30 mg. of protein per 100 ml. of glo-
merular fluid formed. However, the data do indi-
cate that a total loss of this postulated reabsorptive
capacity could not possibly account for the rate of
albumin excretion observed in patients with the
nephrotic syndrome after the administration of
concentrated albumin.

Another conceivable reabsorptive mechanism is
one in which the rate of reabsorption is approxi-
mately proportional to the rate at which albumin
enters the glomerular fluid or to the concentration
of albumin in the fluid passing down the tubules.
In either case, the type of data herein presented
would give no indication of the magnitude of the
rate at which the tubules recover albumin. It is
possible that a steady state may be established be-
tween the concentration of albumin in the lumen of
the tubules and that in the tubule cells; this steady
state would not necessarily be achieved nearly in-
stantaneously as it is considered to be in the case

of glucose. It might take hours or even days for
such proportionality to become established.

The possible implications of the acute increases

A.McE.
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in Calb/CCr observed during the hours following
albumin infusion will be discussed in detail else-
where (29). At the present it seems reasonable
to suggest that the permeability of the capillary
walls is changed reversibly during this time. The
association of the increased Caib/Cer with increased
plasma volume and the fact that Ccr increases in
spite of the increase in plasma albumin concentra-
tion (and hence increase in colloid osmotic pres-
sure) suggest that the determinant of the increase
in permeability is an increase in glomerular capil-
lary pressure. Possibly, as a result of this increase
in pressure, the capillary walls are stretched and
the permeability thereby increased as suggested by
others (30, 31).

SUMMARY

The renal clearance of albumin has been studied
in patients with the nephrotic syndrome. The
minimum concentration of albumin in the glomeru-
lar fluid has been calculated from the rate of excre-
tion of albumin and the endogenous creatinine-like
chromogen clearance (Cer). The concentrations,
adjusted to the values which, other factors remain-
ing constant, would obtain at the normal plasma
albumin concentration of 4.0 Gm. per 100 ml., are
considerably greater than the 25 to 30 mg. per 100
ml. assumed to be normally present. It is con-
cluded that proteinuria in these patients occurs as
the result of an increase in the permeability of the
glomerular capillary walls to protein rather than
solely as the result of a decrease in the reabsorption
of protein by the tubules.
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