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A BS T R AC T The present study was directed toward
determining the role of the kidney in the metabolism of
various classes of serum proteins and to define the uri-
nary protein excretion patterns and the pathogenesis of
disorders of protein metabolism in patients with pro-
teinuria. To this end, the metabolic fates of a small pro-
tein, X-L chain (mol wt 44,000), and a protein of
intermediate size, IgG (mol wt 160,000), were studied
in controls and patients with renal disease. Controls
metabolized 0.28%/hr of circulating IgG and 22.3%/hr
of circulating X-L chain. All the IgG and 99% of the
X-L chain was catabolized with the remaining X-L chain
lost intact into the urine. The kidney was shown to be
the major site of catabolism for small serum proteins.
Three distinct disorders of protein metabolism were
noted in patients with renal tubular disease and tubular
proteinuria, glomerular disease (the nephrotic syndrome),
and disease involving the entire nephrons (uremia), re-
spectively. Patients with renal tubular disease had a 50-
fold increase in the daily urinary excretion of 1540,000
molecular weight proteins such as lysozyme and X-L
chains. Serum IgG and X-L chain survivals were normal;
however, the fraction of the over-all X-L chain metab-
olism accounted for by proteinuria was increased 40-fold
whereas endogenous catabolism was correspondingly de-
creased. Thus, tubular proteinuria results from a failure
of proximal tubular uptake and catabolism of small pro-
teins that are normally filtered through the glomerulus.
Patients with the nephrotic syndrome had a slight in-
crease in X-L chain survival whereas IgG survival was

decreased and the fraction of IgG lost in the urine was
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markedly increased. Here, abnormal glomerular perme-
ability to proteins of intermediate size is the basic ab-
normality. Patients with uremia had a normal IgG
survival but a four to 10-fold prolongation of X-L chain
survival due to loss of entire nephrons, the major site of
metabolism of these proteins. This results in an increase
(up to 10-fold) in the serum concentration of X-L chain,
lysozyme, and other small biologically active proteins, a
phenomenon that may be of importance in causing some
of the manifestations of the uremic syndrome.

INTRODUCTION
The relationship of normal renal function to the metab-
olism of serum proteins is reflected in the fact that pro-
teinuria and abnormalities of serum protein concentration
accompany most forms of renal disease. In recent years
this role of the kidney in protein metabolism has been
clarified with the use of analytical techniques for the
quantitation of proteins in biological fluids. Such tech-
niques have led to the concept that there are two main
forms of proteinuria, one associated with glomerular
damage, glomerular proteinuria, and the other associ-
ated with disorders of the convoluted tubule of the kidney,
tubular proteinuria. In glomerular proteinuria large
quantities of proteins of intermediate molecular size such
as albumin (mol wt 68,000), transferrin (mol wt 90,000),
and, to a lesser extent, IgG (mol wt 160,000) appear in
the urine. In tubular proteinuria the total urinary pro-
tein loss is usually much less than in glomerular protein-
uria and the proteins present in greatest abundance in
the urine are a heterogeneous group of proteins with
relatively low molecular weights (mol wt 10-50,000) in-
cluding serum enzymes, immunoglobulin light chains, and
small protein hormones (1-8). As the name implies,
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tubular proteinuria is observed in a number of conditions
showing acquired or hereditary abnormalities of renal
tubular function. Examples include cadmium poisoning
(9), Wilson's disease (10), hypokalemic nephropathy
(11), acute tubular necrosis (12), renal allograft rejec-
tion (13), and the Fanconi syndrome (1).

A second technique that has been applied to the study
of the role of the kidney in protein homeostasis is the
use of radiolabeled proteins in metabolic turnover studies.
Such studies provide a quantitative description of the
various pathways of metabolism and excretion for indi-
vidual protein components. They have been used to de-
termine the role of the kidney in albumin metabolism in
both normal individuals and those with glomerular dis-
ease (14-18). In addition, metabolic turnover studies
have been used to show that the kidney is a major site
of catabolism of low molecular weight serum proteins
(19-24).

In the present study analytical techniques and turnover
studies with radiolabeled proteins were used in concert
to shed additional light on the pathogenesis of abnormali-
ties of serum and urinary protein levels in patients with
different forms of renal disease. To this end the metabolic
fates of a small serum protein, X-L chain (mol wt 44,000)
and a protein of intermediate size, IgG (mol wt 160,000),
were studied in control individuals as well as in pa-
tients with glomerular damage and the nephrotic syn-
drome, patients with renal tubular disease, and patients
with nephron loss and uremia.

METHODS

Patient material. 45 turnover studies were performed
with purified lambda (X) L chain dimers (mol wt 44,000)
or IgG (mol wt 160,000) in patients with proximal renal
tubular disease, the nephrotic syndrome or uremia and in
control individuals. The five patients with tubular protein-
uria included two adults with familial Fanconi syndrome
and three children with cystinosis and the Fanconi syn-
drome. Each of these patients had aminoaciduria, glycosuria,
and phosphaturia. The two patients with the adult Fanconi
syndrome and one of the children with cystinosis had nor-
mal blood urea nitrogen and creatinine clearance values.
The remaining two patients with cystinosis had blood urea
nitrogen values of 42 and 50 mg/100 ml and reduced crea-
tinine clearance values. The six patients with glomerular
damage and the nephrotic syndrome included four patients
with idiopathic nephrosis, one with amyloidosis and one with
Sj 6gren's syndrome. Each of these patients excreted from
5 to 15 g of protein in the urine per day and had hypo-
albuminemia, hypogammaglobulinemia, and hypercholesterol-
emia. The six patients with uremia had end-stage kidney
disease; blood urea nitrogen values of patients in this group
ranged from 60 to 228 mg/100 ml. The controls for the IgG
turnover studies were normal volunteers over the age of
21. The controls for the L chain turnovers were patients
with neuromuscular diseases including myotonic dystrophy
and amyotrophic lateral sclerosis. Each of these individuals
had a normal blood urea nitrogen and creatinine clearance

-value.

The serum and urine of additional patients were ob-
tained for studies of protein excretion patterns and serum
lysozyme concentrations. This group included eight patients
with proximal renal tubular disease, six patients with the
nephrotic syndrome, and 21 patients with uremia and end-
stage kidney disease.

Mode of collection and concentration of the urine. In
order to determine the pattern of urinary protein excre-
tion and the 24-hr excretion rate of various specific proteins,
urine was collected in 24-hr lots without addition of pre-
servatives and stored at -20'C until used. Before analysis
urine was first clarified by centrifugation for 10 min at
3000 rpm at 40C. The urine was then- concentrated to a
volume of 30-40 ml by ultrafiltration using a Diaflo ultra-
filtration apparatus 1 (containing a 1000 mol wt cut-off,
UM-2, ultrafilter). In a final concentration step the urine
was reduced to a volume of 2-4 ml by placing the urine
in an 8/32 Visking dialysis tube and then immersing the
latter in dry, cross-linked dextran (Sephadex G-200). The
exact degree of concentration achieved by these procedures
was determined by adding a known quantity of 'I labeled
X-type Bence Jones protein to the urine at the start of the
manipulations and then determining the extent to which
the labeled material was concentrated by comparing counts
per milliliter in pre- and postconcentration samples of urine.

Determination of urine protein excretion patterns. (a)
Urinary electrophoresis. The concentrated urine specimens
were subjected to analytical polyacrylamide disc gel electro-
phoresis using a 7.5% alkaline polyacrylamide gel according
to the method of Davis (25). In addition, polyacrylamide
gel electrophoresis was also performed in the presence of
the anionic detergent sodium dodecyl sulfate (SDS)2 ac-
cording to the method of Shapiro, Vinuela, and Maizel (26).

(b) 24-hr excretion rates of various proteins. The con-
centration of total protein and specific protein components
were determined in concentrated urine specimens and con-
verted to 24-hr excretion rates using the 24 hr urine volume
and the degree of concentration determined as discussed
above. The total protein concentration of the urine was
determined by the Biuret technique of Gornall, Bardawill,
and David (27). The concentration of lysozyme in the
urine and serum was determined by the lysoplate assay
method of Osserman and Lawler (28).

The X-L chain concentration in the urine was determined
by a modification of the solid phase radioimmunoassay
technique of Mann, Granger, and Fahey (29). The 'I-
labeled X-L chain used in the radioimmunoassay procedure
was a X-L chain dimer (Bence Jones protein) labeled by
a modification of the chloramine-T method of Hunter and
Greenwood (30). The anti X-L chain antibody used re-
acted only with free X-L chain and not with L chain com-
bined with H chain in whole immunoglobulins. Such an
antiserum was prepared by absorbing an antiserum made
in sheep against free X-L chain with chromatographically
pure IgG; the resultant antiserum reacted in immunoelectro-
phoresis and in Ouchterlony analysis with determinants on
the free X-L chain but not with IgG, IgA, IgM, or con-
centrated urine from normal and agammaglobulinemic pa-
tients. In addition, whole IgG was 500 times less effective
than X-L chain (on a molar basis) in inhibiting precipita-
tion of X-L chain by this antibody in the radioimmunoassay.

For the urines with relatively high X-L chain concentra-

1Amicon Corp., Lexington, Mass.
2Abbreviations used in this paper: EV, extravascular;

IV, intravascular; SDS, sodium dodecyl sulfate.
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tions a supplementary assay technique, the radial diffusion
method of Mancini, Carbonara, and Heremans (31), was
employed. The two techniques gave equivalent results.

Preparations of radioiodinated proteins for turnover studies.
IgG was prepared from normal serum by DEAE cellulose
chromatography. The x-L chain for turnover studies was
prepared from the urine of a patient excreting 35 mg of
X-Bence Jones protein per milliliter using a technique pre-
viously described (19).

The IgG and X-L chain protein used for the turnover
studies were shown to be free of contaminating proteins by
double diffusion in agar and immunoelectrophoresis using
an antiserum to whole human serum as well as specific
antisera to each of the major classes of immunoglobulin
and to X- and v-L chains. Purified IgG and X-L chains
were iodinated by the iodine monochloride method of Mc-
Farlane (32) using 'I. The final products contained less
than 1 mole of iodine per mole of protein and were 99%
precipitable with 10% trichloroacetic acid. The labeled X-L
chain was examined by analytical ultracentrifugation and
was shown to have a sedimentation constant of 3.7S and
have a calculated molecular weight of 44,000. Thus, the
purified labeled X-L chain was in the dimeric form.

Experimental protocol., All patients were studied while
hospitalized on a balance ward. They were given 0.5 ml
of a saturated solution of potassium iodide every 8 hr to
inhibit thyroidal uptake of radioiodine. In studies of IgG
metabolism, approximately 0.2 mg of radioiodinated IgG
containing 25 /ACi of 'I was administered intravenously
from a calibrated syringe. A plasma sample was collected

131I-LABELED CHAIN METABOLISM
1*

10 min after injection and then daily for the remaining 21
days of the study. Urine was collected in 24-hr lots for
each day during this period. In studies of X-L chain metab-
olism, 25 juCi of 'I labeled X-L chain and 25 ,uCi of 'I-
labeled sodium iodide were administered intravenously at
the same time. The iodide-'I was used to determine the
parameters of iodide metabolism as described below. Serum
samples were collected at 10 and 20 min, 1, 2, 3, 5, 11,
15, and 24 hr and then daily throughout the study. Urine
was collected in 3-hr lots during the first 24 hr of study
and then in 12-hr lots until the study was terminated.

Measurement of radioactivity. In the L chain turnover
studies total and nonprotein-bound ...I and 'I radioactivities
were determined on all serum and urine samples. Protein-
bound radioactivity values for the serum and urine were
calculated from the difference between the total and non-
protein-bound 'I radioactivity values as described previ-
ously (19) with the exception that 10% trichloracetic acid
rather than perchloric acid was used to precipitate proteins.
Samples were counted in an automatic gamma-ray well
scintillation counter with appropriate standards to a count-
ing accuracy of ±3%o.

Whole body counts were obtained on six of the patients
that received 'I-labeled X-L chains. These patients were
counted daily in a whole body radioactivity counter by
methods previously described (33).

Data analysis. Plasma volumes were obtained by the
method of isotope dilution. IgG pool size and the fraction
of the IV IgG pool metabolized per day were determined
according to the method of Nosslin (34). IgG synthetic

IODIDE-1251 METABOLISM

FIGURE 1 Kinetic model of X-L chain-'I and iodide-'-I metabolism. See Methods section
for explanation.
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rates were calculated from the product of the intravascular
(IV) IgG pool size and the fractional metabolic rate.

X-L chain turnover data were used to calculate the fol-
lowing metabolic parameters: the fractional proteinuric rate
(the fraction of the IV pool of X-L chain lost per hour into
the urine as intact protein), the fractional catabolic rate
(the fraction of the IV pool of x-L chain lost per hour as a
result of endogenous catabolism to amino acids), and the
fractional metabolic or fractional disappearance rate (the
fraction of the IV pool of X-L chain lost per hour by all
mechanisms, i.e., by proteinuria and endogenous catabolism).
In addition, the x-L chain turnover data were used to
define the circulating and whole body pool sizes of X-L
chains and the rate of X-L chain synthesis.

These metabolic parameters were derived from the data
using the simulation, analysis, and modeling (SAAM)
computer program of Berman and Weiss (35, 36). Details
of the program and of the data fitting techniques embodied
in it have been previously published (35-37). The great
advantage of this method is that it allows one to use all
of the experimentally obtained data simultaneously in the
calculation of individual metabolic parameters. This feature
is of special importance in the analysis of X-L chain kinetics
since the rate of catabolism of this protein is rapid relative
to the rate of urinary excretion of the free radioiodide label
released upon degradation of labeled protein.

A diagram of the compartmental model which was used
in the calculation of metabolic parameters in these experi-
ments is given in Fig. 1. It is seen that the model consists
of protein and iodide pools (compartments) and inter-
compartmental transfer constants (X's) representing the
fractional rates of transfer between the compartments. Com-
partment 1 represents the serum X-L chain pool, compart-
ment 2 represents the extravascular (EV) X-L chain pool,
compartments 3 and 4 represent body radioiodide pools,
compartment 5 represents the cumulative protein-bound
radioactivity excreted into the urine, and compartment six
represents the cumulative free (non-protein-bound) radio-
iodide excretion into the urine.

X3,1 represents the fractional rate of transfer of label from
its bound form on X-L chain to free iodide, and therefore
xa is the fractional catabolic rate of X-L chain. Similarly,
X5,i represents the fractional rate of transfer of intact labeled
X-L chain from the IV pool to the urine and thus represents
the fractional proteinuric rate.

Experimental data, i.e., curves describing the die-away
and accumulation of label in various compartments were
available for compartments 1, 3, 5, and 6. In addition, since
each patient studied was given a simultaneous injection of
"SI into compartment 7, data were also available for com-
partment 7, the iodide-'5I radioactivity in the plasma and
compartment 9, iodide-'I radioactivity in the urine. The
iodide ('I) data was utilized in the computer for the cal-
culation of the iodide excretion rate (X9,7) and the inter-
compartmental transfer constants for iodide (X8,7 and X7.8).
These constants also govern the movement of iodide label
released as a result of X-L chain metabolism ('~I label)
and were therefore inserted into the model of X-L chain
metabolism; in other words, XS,7, X7,s, and X9,7, which were
calculated directly from the iodide-'5I data were used to
provide fixed values for X4,3, X3,4, and Xos.

The above data was sufficient to compute the desired
metabolic parameters X3,1 and X5,i. We, however, added two
additional constraints on the system derived from two other
types of experimental data which further improved the re-
liability of the calculated X3,,, X values. Firstly, we re-

quired that the die-away of label in the whole body, i.e.,
the sum of the compartments 1, 2, 3, 4, conform to the
actual measured die-away of label in the patient as deter-
mined directly with the whole body counter. Secondly, we
required that the ratio of the fractional catabolic rate to the
fractional proteinuric rate (i.e., X ./x 1) conform to the
actual measurement of this ratio by a modification of the
method used by Gitlin, Janeway, and Farr (14). In this
method, the ratio is determined from the ratio of the total
nonprecipitable urinary counts to the total precipitable uri-
nary counts ("I counts) excreted during the entire study
period, that is, until there was negligible radioactivity left in
the body.

The serum X-L chain concentration could not be directly
determined whereas the 24 hr urinary excretion of X-L
chain could be directly determined by the immunological
techniques discussed above. Therefore, the total circulating
X-L chain pool was calculated from the following relation-
ship: total circulating X-L chain protein pool = hourly uri-
nary X-L chain excretion/hourly fractional proteinuric rate.
The steady-state synthetic rate of X-L chain was determined
from the product of the fraction of the circulating X-L
chain pool metabolized per day (Xs,1 + Xa,1) and total cir-
culating X-L chain pool. The serum X-L chain concentration
was determined from the ratio of the total circulating X-L
chain pool and the plasma volume.

RESULTS

Protein excretion patterns in various renal disease
states. The urinary protein excretion patterns of pa-
tients with various categories of renal disease including
patients with renal tubular disorders, patients with dis-
eases involving the glomerulus, and patients with end-
stage renal disease and uremia were studied. In the pa-
tients with renal diseases that primarily affected renal
tubular function, i.e., two patients with familial adult
Fanconi syndrome and 11 patients with early cystinosis,
there was a moderate proteinuria of 170-820 mg of
protein daily. The proteins excreted were distributed in
a characteristic pattern on alkaline acrylamide gel elec-
trophoresis that was easily distinguishable from the pat-
tern of proteinuria of gloxnerular origin (Fig. 2). The
patients with renal tubular disorders had a relatively
minor albumin band but had, in addition, strikingly
prominent a- and pre-P-bands. An evej more character-
istic pattern of proteinuria was obtained when the urinary
protein was subjected to polyacrylamide gel electrophore-
sis in the presence of the anionic detergent SDS. This
material minimizes the native charge differences among
proteins by the formation of protein-SDS complexes so
that the migration of proteins into the gel is determined
solely by their molecular weight (26). As shown in Fig.
3 the majority of proteins excreted by patients with
tubular disease have bands of migration that move
more rapidly in the gel than does albumin. Using refer-
ence proteins with known molecular weights it was
shown that the major rapidly migrating bands have
molecular weights ranging from 12 to 45,000.
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These electrophoretic patterns corresponded well with
measurements of excretion rates of representative pro-
teins in patients with tubular disease. Thus, there was
no significant excretion of very large serum proteins
such as IgM into the urine and only a moderate increase
in the urinary excretion of intermediate size proteins
such as albumin (mean excretion: 117 mg/24 hr; 25.4%
of total urinary protein) and IgG (mean excretion: 18
mg/24 hr; 3.9% of total urinary protein). On the other
hand, there were very high urinary excretion rates for
the representative low molecular weight proteins studied.
The mean daily urinary excretion of lysozyme (mol wt
17,000) of the 11 patients with cystinosis and the two
patients with the familial Fanconi syndromne was 50.2±31
mg/day compared with the 0.6±0.4 mg/day in controls.
Similarly these patients excreted 44.2±23 mg/day (3.25
mg/kg per day) of free X-L chain dimers (mol wt
44,000) into the urine daily compared with 2.3±1.1 mg/
day (0.04 mg/kg per day) in control individuals
(Fig. 4).

A contrasting pattern of urinary protein excretion was
observed in patients with renal diseases that primarily
affected the glomerulus. In the first place, these patients
excreted much greater quantities of protein into the urine
(4.0-18.2 g/day) than did patients with tubular disease.
Secondly, the acrylamide gel patterns of the urinary
protein differed in that two intermediate size proteins,
albumin and transferrin, were the chief protein bands
seen and the multiplicity of prealbumin, a- and #-region
bands were notably absent (Fig. 2). Moreover, on SDS
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FIGURE 2 Alkaline acrylamide gel electrophoresis of nor-
mal serum and urine from representative patients: (1)
normal serum, (2) urine from a patient with the nephrotic
syndrome and glomerular damage, and (3) urine from a
patient with cystinosis and renal tubular disease. Albumin
and transferrin were the chief bands seen in urine from the
patient with the nephrotic syndrome. The patients with
renal tubular diseases had, in addition, prominent prealbu-
min, a- and pre-fl-bands.
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FIGURE 3 Sodium dodecyl sulfate acrylamide gel electro-
phoresis of: (1) normal serum, (2) urine from a patient
with the nephrotic syndrome, (3) urine from a patient with
the adult Fanconi syndrome, and renal tubular disease, and
(4) urine from a normal individual. The migration of
proteins into the gel is determined by their molecular size.
The predominating proteins in the patients with the neph-
rotic syndrome ranged in molecular weight from 60 to
160,000. In contrast, the majority of proteins excreted by
the patients with tubular disease had bands of migration
that moye more rapidly into the gel than does albumin.
These proteins were shown to have molecular weights rang-
ing from 12 to 45,000.

polyacrylamide gel electrophoresis the predominating
proteins associated with the nephrotic syndrome ranged
in molecular weight from 60 to 200,000 and there was
little or no protein in the region where proteins of less
than 45,000 mol wt migrate (Fig. 3). In these patients,
albumin was the predominant protein excreted, account-
ing for 73-86% of the total urinary protein. Other in-
termediate size proteins including transferrin, IgG, and
IgA were excreted in significant amounts whereas the
very large serum proteins such as IgM were still not
present in the urine. The urinary excretion rate of a
typical low molecular weight protein, lysozyme, was nor-
mal and that of X-L chain was only slightly increased to
0.3 mg/kg per 24 hr (Fig. 4). Acrylamide gel and
urinary excretion patterns of patients with uremia and
end-stage renal disease reflected both tubular and glo~mer-
ular disease in that both low molecular weight and in-
termediate molecular weight proteins were excreted in
excessive amounts. Nevertheless such patients with
chronic uremia could be clearly distinguished from other
patients with renal disease in that they had marked
elevation of the serum concentration of low molecular
weight proteins (Fig. 5). Thus, the 27 patients with
uremia and blood urea nitrogen levels greater than 60
mg/100 ml had a mean serum lysozyme concentration of
71.8±25 Ig/ml; these levels were approximately 10-fold
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greater than that of normal individuals (mean: 6.5±2
/g/rml) patients with isolated tubular disease (mean:
8.3±2) or patients with glomerular disease without sig-
nificant blood urea nitrogen elevations (mean: 7.2±2).

Thus, distinctive urinary and serum protein abnormali-
ties were observed in three major categories of renal
disease. To explain these abnormalities we turned to
studies of protein metabolism utilizing proteins of rep-
resentative size, namely L chain dimers (X-type) as a
representative protein for molecules with a molecular
weight less than 50,000 and IgG as a representative pro-
tein for molecules with a molecular weight ranging from
65 to 200,000.

IgG and X-L chain metabolism in normal individuals.
10 control individuals with normal renal function metabo-
lized 0.28%+0.06% of the IV IgG pool per hour. All
of this metabolism was attributable to endogenous catabo-
lism, i.e., breakdown to constituent amino acids. In con-
trast, the metabolism of X-L chain was 75-fold more rapid
with 22.3±5% of the IV pool of this protein metabolized
per hour. The major metabolic mechanism, accounting
for 99% of the L chain metabolism consisted of endogen-
ous catabolism. This corresponded to a fractional cata-
bolic rate of 22.1±5% of the intravenous protein pool per
hour. A minor metabolic mechanism consisted of loss of
intact protein into the urine; this corresponded to a
fractional proteinuric rate of 0.17±0.1% per hr. The
total circulating pool size of X-L chain in normal indi-
viduals was 0.93 mg/kg and the synthetic rate of free
X-L chain was 0.21±0.1 mg/kg per hr.

Since the L chain excreted in the urine of normal in-
dividuals has been shown to be an anabolic product (38,
39), the X-L chain metabolic turnover data can be used
to estimate the rate of synthesis of free X-L chains (i.e.,
X-L chains synthesized but not incorporated into intact
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immunoglobulins) in an intact organism as compared
with the rate of synthesis of X-L chains that are in-
corporated into complete immunoglobulin molecules of
one of the five major inimunoglobulin classes. The rate
of X-L chain synthesis destined for incorporation into
intact molecules can be calculated from the product of
the following parameters: the rate of synthesis of each
immunoglobulin class, the fraction of each immunoglobu-
lin molecule that is composed of L chain, and the fraction
of the total L chain in each immunoglobulin class that
is of the X-type. Estimates for each of these parameters
have been reported (40-43) and with their use it can
be calculated that in normal individuals 0.3 mg/kg of
X-L chain is synthesized and incorporated into intact
immunoglobulin molecules each hour.' As noted earlier,
our results indicate that the synthetic rate of free L chain
is 0.2 mg/kg per hr. Thus only about 60% of the X-L
chain molecules synthesized by normal individuals are
incorporated into complete immunoglobulin molecules
while the remaining 40% are synthesized and released
into the serum as free X-L chain molecules.

Protein metabolism in patients with tubular proteinuria.
The total metabolic rate (0.30%/hr) and catabolic rate
(0.29/hr) for IgG were normal in the patients with
tubular proteinuria. The IgG proteinuric rate was in-
creased slightly to 0.008% of the intravenous pool per

'For example 1.37 mg/kg of IgG is synthesized per hour
in normal individuals (40); 28% of this molecule is com-
posed of L chain and 33% of this L chain is of the X-type
(41). Thus 0.13 mg/kg of X-L chain is synthesized and
incorporated into IgG molecules per hour. Using similar
calculations it can be shown that 0.11 mg/kg of X-L chain
are normally incorporated into IgA and 0.02 mg/kg into
IgM per hour.
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hour. However, this proteinuria still accounted for less
than 3% of the over-all metabolism of IgG.

In contrast, the metabolism of X-L chains in the five
patients with tubular proteinuria studied differed con-
siderably from that of normal individuals (Fig. 6). The
rate of X-L chain synthesis (0.28 mg/kg per hr) and the
survival of labeled X-L chain in the serum were normal.
The total metabolic rate of X-L chain was normal for the
three patients with normal creatinine clearance values
and slightly decreased for the two patients with reduced
clearances of creatinine. The mean total metabolic rate
for all five patients was 16.8±3% per hr of the IV pool
per hour which does not differ significantly from the
normal value of 22.3±5% per hr (P > 0.1). However,
this normal total metabolic rate was associated with a

30[

"I.

4

10

I
FRACTIONAL
METABOLIC

RATE

30_

20

10 _

0

so1
0 0

FRACTIONAL
CATABOLIC

RATE

10

8

6

4

c- 0

FRACTIONAL
PROTEINURIC

RATE

FIGURE 7 Metabolism of X-L chain in patients with uremia
and end-stage renal disease.

40-fold increase in the fractional proteinuric rate and a

corresponding decrease in the fractional catabolic rate.
Thus, the fraction of the intravenous pool of X-L chain
excreted in the urine was increased from a normal mean
of 0.17±0.1% of the X-L chain per hour to 7.4+2.6%-of
the intravenous pool per hour while the fractional cata-
bolic rate was decreased from 22.1±5% per hr to 9.5±
5.1% per hr. Thus, it appears that the protein component
of tubular proteinuria results from a shift in the pathway
of metabolism of small molecules so that proteins which
are normally broken down endogenously are excreted
into the urine instead. As discussed below, this appears
to result from a failure of the proximal tubule of the kid-
ney to take up and catabolize small proteins normally
filtered through the glomerulus.

IgG and X-L chain metabolism in patients with glo-
merular damage and the nephrotic syndrome. The frac-
tional metabolic and catabolic rates for X-L chain were
normal in those patients with the nephrotic syndrome and
normal creatinine clearance values and slightly decreased
in those patients with reduced creatinine clearance values.
The fractional proteinuric rate for X-L chain was only
slightly increased (mean 0.7% of IV pool/hr) and pro-
teinuria still accounted for less than 5% of the over-all
metabolism of X-L chain. In contrast, the survival of IgG
was markedly decreased and the fractional metabolic rate
markedly increased to 0.8±0.09% of the intravenous pool
per hour compared with the 0.28±0.06%/hr value found
in control individuals. The major factor in the increased
metabolic rate of IgG was the marked increase in the
fractional proteinuric rate to 0.44±0.07% of the intra-
venous pool per hour. There was, in addition, a slight
increase in the fractional catabolic rate of IgG to 0.36±
0.03%/hr as compared with the normal value of 0.28±
0.06%/hr. The metabolism of a representative large
serum protein, IgM, was studied in four patients with the
nephrotic syndrome and was found to be normal. More-
over, the fractional proteinuric rate for IgM in these
individuals was negligible. Thus, the protein metabolic
defect in patients with the nephrotic syndrome may be
characterized as an abnormal glomerular permeability to
proteins of intermediate size leading to an increased frac-
tional proteinuric rate for these proteins.

IgG and X-L chain metabolism in patients with uremia
and end-stage renal disease. The metabolic parameters
of IgG were normal in patients with uremia. In contrast,
the fractional metabolic rate for X-L chain was reduced
to 2.9±0.7% per hr from the normal mean of 22.3±5%
per hr (Fig. 7). The fractional proteinuric rate was in-
creased slightly to a mean of 1.1+0.2% per hr whereas
the fractional catabolic rate was reduced over 10-fold to
1.8±0.6% per hr as compared with a mean of 22.1±5%
per hr in control individuals. Thus, the chief change in
the metabolic fate of X-L chain in patients with uremia

2168 T. A. Waldmann, W. Strober, and R. P. Mogielnicki

9



0

0

W 02

atL0~~~~~~~~
0 00~~

40

-'U

C0.
L.S

0C

0

0 1.0 2.0 3.0
CREATINI NE CLEARANCE(fraction of intravascular pool/ hr)

FIGuRE 8 Relationship between fractional metabolic rate of X-L chain
(total loss resulting from both metabolism and proteinuria) and

creatinine clearance. Each point represents the value obtained in a
separate individual. Patients with tubular proteinuria are indicated by
open circles and patients without tubular proteinuria by closed circles.
Linear relationships is defined by the regression lines: y = 0.081 x +
0.028.

was a change in the endogenous fractional catabolic rate
of this protein.

The rate of X-L chain synthesis in patients with uremia
was 0.22 mg/kg per hr which was quite comparable to
that seen in control individuals. Thus, the elevated serum
concentration and increased circulating pool of X-L chain
(7.6 mg/kg) and, presumably, of other low molecular
weight serum proteins, in patients with uremia are due
solely to their prolonged survival and reduced fractional
metabolic rates and not to an increase in the rates of
synthesis of these molecules.

DISCUSSION
Renal control of serum protein metabolism is a complex
phenomenon involving a number of separate renal ac-
tivities. The results of the present study taken together
with data reported previously permits us to define the
role of the normal kidney in the handling of various
classes of serum proteins and provides a coherent view of
the pathophysialogy of different forms of proteinuria in
patients wtih renal disease.

One of the major functions of the kidney is that of the
glomerulus acting as a molecular sieve to retain the in-
termediate and large proteins that predominate in the
serum. This function has been most clearly established
by clearance experiments using uncharged, metabolically
inert macromolecules of graded molecular size such as
polyvinylpyrrolidone and dextran which are neither se-

creted nor absorbed by the tubules (44 47). Macro-
molecules with molecular weights of 7000 or less have
clearance values equal to that of inulin whereas the glo-
merular clearances of larger molecules decrease progres-
sively as the molecular weight and molecular radius in-
creases. At the other end of the scale, the glomerular
membrane is nearly impermeable to molecules with a
molecular weight greater than 60,000. When there is sig-
nificant damage the permeability of the membrane to
inert macromolecules of intermediate size (mol wt 50-
160,000) increases markedly. In contrast, the glomerular
filtration of small inert macromolecules does not increase
and may even decrease significantly (44).

While clearance studies with inert macromolecules do
define many properties of the glomerular membrane they
do not necessarily bear directly upon the way in which
the kidney handles specific serum proteins since these
proteins are metabolically active, charged molecules.
Simple clearance studies similar to those with inert
macromolecules are not satisfactory for the measurement
of glomerular permeability of serum proteins since pro-
tein appearance in the urine (and therefore measurements
of "clearance") will be a function of both glomerular
permeability of these proteins and other renal mechanisms
including tubular uptake.

Another method of measuring glomerular permeability
of protein other than through total renal clearance deter-
minations is suggested by the present studies. This
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method takes advantage of the fact that the glomerular
clearance rate of a serum protein can be related to the
total metabolic rate of that protein by the following re-
lationship: glomerular clearance rate = total metabolic
rate - nonrenal catabolic rate (provided there is no reab-
sorption of the protein back into the blood, an assumption
which is supported by certain evidence presented below).
The total metabolic rate of any protein is measured by
the turnover technique. The nonrenal catabolic rate is
obtained as follows: the total metabolic rate of a pro-
tein is plotted against the creatinine clearance (expressed
as a fraction of the plasma creatinine pool cleared per
unit time) for a number of individuals having a range
of creatinine clearance values. The plot obtained for
X-L chain is shown in Fig. 8, each point representing the
value obtained in a separate individual. It can be seen that
a linear relationship is obtained that is defined by the
regression line: y = 0.081x + 0.028, where y is the frac-
tional metabolic rate of X-L chain and x is the fractional
creatinine clearance rate. The nonrenal metabolic rate
for X-L chains is defined by the ordinate intercept of this
regression line, i.e., the metabolic rate at zero creatinine
clearance when the nephron population is negligible.
Subtraction of this value from the total X-L chain frac-
tional metabolic rate of any given patient yields an esti-
mate for the glomerular X-L chain clearance rate for that
patient (expressed as a fraction of the circulating X-L
chain pool cleared per unit time). Another parameter of
the glomerular permeability of a protein, the clearance of
the protein relative to that of creatinine or the sieving
coefficient, is defined by the slope of the regression line.
In the present case, X-L chain dimers appear to have
7-9% of the glomerular permeability of creatinine. This
value agrees well with that predicted from the glomerular
permeability values obtained for inert macromolecules
having a comparable size (45-47).

A second level of renal participation in serum protein
metabolism comes into play after passage of protein
through the glomerular sieve and exposure of protein to
tubular cells. At this point, protein in the tubular lumen
may be taken up by tubular cells or may pass into the
urine. The magnitude of the uptake can be estimated
from a knowledge of the amount of protein filtered and
the amount actually excreted into the urine. From the
present studies the amount of X-L chain filtered through
the glomerulus may be estimated from the sieving co-
efficient, the circulating X-L chain pool, and the glomeru-
lar filtration rate. Using these parameters we estimate
that on the order of 5 mg of X-L chain protein per kg of
body weight is filtered by normal individuals daily. Since
only 0.04 mg/kg is excreted each day, it is clear that over
99% of the filtered protein is taken up by the tubular
cells. Other proteins may have a different fractional up-
take by the tubular cells since, as discussed below, there

is evidence suggesting that the uptake process may be
selective.

Proteins taken up by the tubular cells may theoretically
be returned to the circulation or catabolized within the
cells. The data in the present studies suggest that catabo-
lism within the cells is the dominant process and that
there is little transport of intact L chain through the
cell back into the blood stream. This conclusion is drawn
from the fact that the total X-L chain metabolic rate of
patients with tubular proteinuria (Fig. 8, open circles)
falls on the line relating the X-L chain metabolic rate
to the creatinine clearance obtained for patients without
tubular proteinuria (Fig. 8, closed circles). If trans-
tubular transport of intact X-L chain were a significant
process, the points representing patients with tubular
proteinuria (open circles) would be significantly above
the line determined by the points representing patients
without tubular proteinuria. This would result from the
urinary loss of proteins which are normally reabsorbed
and returned to circulation. Thus, the finding of total
metabolic rates for patients with tubular proteinuria
that are comparable to those of patients without tubular
disease but with comparable creatinine clearance values
is in accord with the conclusion that there is little trans-
port of intact X-L chains from the tubular lumen to the
blood stream. This conclusion is the same as that drawn
from studies using the renal tubular toxin sodium maleate
to produce tubular proteinuria. In this case a normal total
metabolic rate for L chain was observed despite dis-
ruption of tubular function and increased urinary excre-
tion of L chain (24). Radioautographic studies of the
kidney after intravenous administration of labeled albu-
min or other serum proteins also suggest that transport
of these proteins from the tubular lumen to the blood
stream is not a major function of the kidney (48).

These considerations bring into focus the role of the
kidney in the endogenous catabolism of serum proteins.
As shown in the present studies as well as work in nor-
mal animals and man the primary metabolic fate of such
small proteins as lysozyme, ribonuclease, Bence Jones
proteins, and L chains of the immunoglobulins is break-
down to their constituent amino acids rather than excre-
tion intact into the urine (19, 20, 23, 24, 49). In the
present study as well as in that of Jensen (49) from
95 to 99% of the rate of L chain metabolism in normal
individuals is accounted for by catabolism. That the kid-
ney is the primary site of this catabolism was first sug-
gested in our previous studies in which impaired renal
function in man was associated with reduced L chain and
Bence Jones protein catabolism (19). More direct stud-
ies of L chain metabolism in nephrectomized and ureter
severed mice led to the identification of the kidney as the
organ site of L chain metabolism (20) as well as the
catabolism of 82 microglobulin (22) and such enzymes
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as ribonuclease and lysozyme.' The present studies of
X-L chain metabolism reaffirm the importance of the kid-
ney in the catabolism of small proteins. It was shown
that extrarenal catabolism defined by the ordinate in-
tercept of the line relating the total X-L chain metabolic
rate and the creatinine clearance (Fig. 8) was approxi-
mately 10% of the over-all catabolism of X-L chain mole-
cules. Thus 90% of the catabolism of X-L chain occurs
in the kidney. The catabolic site within the kidney ap-
pears to be the tubular cell. This has been shown in
morphological studies using enzyme markers (50-53)
as well as metabolic studies of renal degradative function
after the administration of sodium maleate (24).

In summary, normal kidney function with regard to
the metabolism of small and large serum proteins may
be characterized as follows: the small serum proteins
such as X-L chain have a variable glomerular perme-
ability (depending on molecular radius) and are taken
up by the tubular cells where they undergo catabolism.
For these proteins of high glomerular permeability the
kidney tubule is the major catabolic site. In contrast,
larger serum proteins, exemplified by IgG are retained
by the glomerulus, do not reach the tubular catabolic site
and are not catabolized in the kidney under normal con-
ditions. The abnormalities of urinary protein excretion
seen in patients with tubular proteinuria with the ne-
phrotic syndrome and with uremia can be understood in
terms of derangements of the two major functions of the
kidney, the retention of proteins by the glomerulus and
the catabolism of small filterable proteins by the proxi-
mal convoluted tubule.

Tubular disease. Patients with proximal tubular le-
sions have been shown to excrete a heterogenous group
of low molecular weight proteins into the urine (1-13).
It has been demonstrated that most if not all of these
proteins originate in the serum and are present in normal
urine in minute amounts (6). Harrison, Lunt, Scott, and
Blainey (5) using measurements of serum and urinary
concentrations of specific low molecular weight proteins
(e.g., lysozyme and ribonuclease) have shown that pa-
tients with tubular proteinuria have elevated excretion
rates of such proteins.

In the present study the pathophysiological mechanisms
responsible for the proteinuria of patients with tubular
disorders was studied by turnover studies using a small
protein, X-L chain. Patients with tubular proteinuria had
normal rates of X-L chain synthesis, normal survivals of
the X-L chain in the serum, and correspondingly normal
total metabolic rates. Similarly, the glomerular perme-
ability for X-L chain, that is, the sieving coefficient for
this protein, was the same in patients with tubular dis-
orders and controls. This latter finding is in accordance

'Mogielnicki, R. P., W. Strober, and T. A. Waldmann.
Unpublished observations.

with the observation of Hulme (54) who reported a
normal polyvinylpyrrolidone clearance in a patient with
tubular disease.

These normal metabolic parameters in patients with
tubular disease occurred in association with a vastly in-
creased fractional proteinuric rate and a correspondingly
decreased fractional catabolic rate. It is therefore ap-
parent that the tubular proteinuria seen in patients with
pure tubular disease is due to the failure of the proximal
tubule of the kidney to take up and catabolize small pro-
teins that are normally filtered through the glomerulus.
However, since the normal route of low molecular weight
protein disposal, tubular catabolism, is counterbalanced
by urinary excretion of intact protein, the over-all rate
of metabolism remains unchanged and no protein ac-
cumulates in the circulation.

On the basis of this pathophysiologic mechanism it
can be predicted that patients with tubular proteinuria
would have a marked increase in the urinary excretion
of many proteins in the serum that are small enough to
pass through the glomerulus.

Glomerular disease. Patients with the nephrotic syn-
drome and glomerular proteinuria have a significant re-
duction in the serum concentration of proteins of inter-
mediate molecular size such as albumin and IgG, as-
sociated with markedly increased concentrations of such
proteins in the urine. In the studies reported here and in
previous studies (14, 18, 55, 56) the survival of IgG was
markedly decreased in such patients due primarily to an
increase in the rate of IgG lost as proteinuria. There was,
in addition, a slight increase in the endogenous fractional
catabolic rate for IgG presumably due to some degree of
renal catabolism of IgG molecules filtered through the
glomerulus. It should be noted that the urinary concen-
tration (57-59) and the serum survival of very large
proteins such as IgM (mol wt 900,000) was normal in
nephrotic patients and that the proteinuric rate for IgM
remained negligible. Thus, it appears that in patients
with the nephrotic syndrome the glomeruli become ab-
normally permeable to proteins of intermediate size al-
though the sieving function of the glomerulus is not lost
completely and large molecules such as IgM continue to
be retained.

The metabolic parameters for low molecular weight
proteins such as X-L chain remained normal in patients
with the nephrotic syndrome or showed a prolongation
of X-L chain survival in patients with decreased creatinine
clearance values. The observation that there is a near
normal metabolic rate for X-L chain and a marked in-
crease in the metabolic rate of IgG is in accord with ob-
servations made in studies using inert macromolecules.
In these studies patients with the nephrotic syndrome
had a markedly increased permeability to inert macro-
molecules in the 50-200,000 mol wt range with a de-
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creased or normal clearance of low molecular weight
macromolecules (44). It is apparent therefore that the
pathologic changes in the glomerular membrane do not
significantly affect the passage of low molecular weight
molecules which normally pass through the membrane
with relative ease.

Hardwick and Squire (60) have suggested that the up-
take of serum proteins that have entered the tubular
lumen is nonselective and comparable for all proteins.
Harrison and Blainey (61) have challenged this view
when it is applied to low molecular weight proteins since
they found normal excretion rates and clearances of low
molecular weight proteins in patients who had the ne-
phrotic syndrome and heavy proteinuria. Selective tubu-
lar handling of low molecular weight proteins is also sug-
gested by the results of other workers studying urinary
excretion patterns of proteins of different molecular
weights (62, 63). The studies of patients with the ne-
phrotic syndrome reported here are in accord with these
latter studies. In nephrotic patients over 95% of the me-
tabolized X-L chain is being catabolized, presumably by
uptake and breakdown within the proximal convoluted
tubular cells at a time when over 50% of the metabolism
of IgG molecules is accounted for by proteinuria. Thus,
it appears that there is a preferential tubular uptake of
the X-L chain molecule as compared to IgG and other
proteins of intermediate size.

Uremia and nephron loss disease. The serum concen-
tration of X-L chain and lysozyme were markedly in-
creased in the patients with uremia who have greatly de-
creased numbers of functioning nephrons. This could not
be explained by an increased rate of X-L chain synthesis
which was normal in these patients, but could be ac-
counted for by prolonged serum X-L chain survival which
was associated with comparable reductions in fractional
metabolic rate and fractional catabolic rate of X-L chain.
Presumably, the reduced fractional catabolic rate of X-L
chain results from the loss of functional renal tissue and
entire nephrons. Thus, the X-L chains were not filtered
through the glomerulus and were not exposed to their
normal catabolic site, the renal tubule, and in addition,
were not excreted into the urine in excessive quantities
as in tubular proteinuria. The result was the accumula-
tion of X-L chain in the circulation.

A second and much more minor abnormality seen in
patients with uremia was an increased proteinuric rate
associated with a markedly increased proteinuric/cata-
bolic ratio. This presumably reflects functional damage
of tubules in nephrons where glomerular filtration of
protein persists and may explain the fact that acrylamide
gel analysis of urine of uremic patients frequently shows
a tubular pattern.

The failure of renal metabolism would be expected to
cause an elevation in the serum levels of many small pro-

teins normally filtered through the glomerulus and indeed
we have shown that lysozyme concentrations are elevated
in the serum of patients with uremia. This elevation of
serum levels would be most marked for those small pro-
teins that do not have significant extrarenal sites of ca-
tabolism and that do not have servoregulatory mecha-
nisms that decrease the rate of protein synthesis in the
face of an elevated serum concentration. The accumula-
tion of low molecular weight proteins in patients with
grossly decreased numbers of functioning nephrons ob-
viously produces widespread exposure of many physio-
logical mechanisms to the actions of biologically active
enzymes, hormones, and other proteins which are nor-
mally excreted or catabolized within the kidney. This
accumulation of biologically active substances may play
a role in causing certain manifestation of the uremic
syndrome.
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