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Origin of Proteinuria as Observed from Qualitative and 
Quantitative Analysis of Serum and Urinary Proteins

It is well known that proteins present in the primary urine are reabsorbed in the 
renal proximal tubules, and that this reabsorption is mediated via the megalin‐
cubilin complex and the neonatal Fcγ receptor. However, the reabsorption is 
also thought to be influenced by an electrostatic interaction between protein 
molecules and the microvilli of the renal proximal tubules. By analyzing the 
charge diversity of urinary IgG, we showed that this reabsorption process occurs 
in a cationic charge-preferential manner. The charge‐selective molecular sieving 
function of the glomerular capillary walls has long been a target of research 
since Brenner et al. demonstrated the existence of this function by a differential 
clearance study by using the anionic dextran sulfate polymer. However, conclusive 
evidence was not obtained when the study was performed using differential 
clearance of serum proteins. We noted that immunoglobulin (Ig) A and IgG 
have similar molecular sizes but distinct molecular isoelectric points. Therefore, 
we studied the differential clearance of these serum proteins (clearance IgA/
clearance IgG) in podocyte diseases and glomerulonephritis. In addition, we 
studied this differential clearance in patients with Dent disease rather than in 
normal subjects because the glomerular sieving function is considered to be 
normal in subjects with Dent disease. Our results clearly showed that the charge-
selective barrier is operational in Dent disease, impaired in podocyte disease, and 
lacking in glomerulonephritis. 

Key words: Charge selectivity, IgG, IgA, Glomerular capillary wall, Charge selec-
tivity index (CSI), Dent disease, Podocyte disease, Nephritis

Shori Takahashi, M.D., Ph.D.

Department of Pediatrics and Child 
Health Nihon University School of 
Medicine.

Corresponding author: 
Shori Takahashi, M.D., Ph.D.
Department of Pediatrics and Child 
HealthNihon University School of  
Medicine.

Received: 9 October 2015
Revised: 15 October 2015
Accepted: 20 October 2015

This is an open-access article distributed 
under the terms of the Creative Commons 
Attribu tion Non-Commercial License (http:// 
crea tivecom mons.org/licenses/bync/3.0/) 
which permits unrestricted non-commercial 
use, distribution, and reproduction in any 
medium, provided the original work is 
properly cited.

Copyright © 2015 The Korean Society of 
Pediatric Nephrology

Introduction

Proteinuria has long been one of the most important targets of therapy for 
many kidney diseases. However, only a small number of studies have been 
performed that analyzed urinary proteins in comparison with serum proteins 
in glomerular diseases.

Urinary proteins in glomerular diseases are those proteins that pass through 
the glomerular capillary walls in considerable amounts, and are then elim
inated via reabsorption by the renal proximal tubules. Fig. 1A (arrows) shows 
the path of proteins in primary urine; the proteins pass through the glomerular 
capillary walls, then attach, and are reabsorbed by the renal proximal 
tubules. The proteins eliminated by reabsorption are then concentrated and 
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voided as final urinary proteins. On the other hand, in renal 
tubular diseases, the urinary proteins consist of proteins 
that pass through the glomerular capillary walls in very 
small amounts, but are not reabsorbed by the renal 
proximal tubules, and are concentrated and voided into 
the final urine (Fig. 1B). It is necessary to understand these 
processes better in order to elucidate the chargeselective 
protein sieving function of the glomerular capillary walls.

Cationic charge-preferential protein reabsorp-
tion in renal proximal tubules

The megalin‐cubilin complex has been found to play a 

central role in protein reabsorption in the proximal tubules, 
and serves as a multiligand receptor 1). However, another 
receptor located in the proximal tubules also binds to im
munoglobulin G (IgG) (Fig. 2)2). This receptor is identical 
to the neonatal Fcγ receptor (FcRN). FcRN is expressed in 
the human placenta, and is known to transport IgG from 
mother to the fetus by means of transcytosis. Recently, 
several papers have postulated that this FcRN also trans
ports albumin in the proximal tubules for recycling of albu
min3). However, it has long been hypothesized that a cat
ionic chargepreferential reabsorption mechanism is 
present in the renal proximal tubules (Fig. 3)4) because the 
microvilli of the renal proximal tubular cells are negatively 
charged and some parts of the filtered proteins are thought 
to be positively charged because of the acidification of 
urine in the proximal tubules. To provide evidence in sup
port of this hypothesis, we sought to evaluate the charge 
diversity of serum and urinary IgG. 
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Fig. 1. Urinary protein: Proteins that pass through the glomerular 
capillary walls and then are eliminated via reabsorption by the 
renal proximal tubules.

The Megalin-Cubilin complex (multi-ligand receptor) and the neonatal Fc-gamma 
receptor (FcRN) expressed in the renal proximal tubules bind to filtered proteins, 
leading to reabsorption. 
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Fig. 2. The megalin‐cubulin complex (multi‐ligand receptor) and 
the neonatal Fcγ receptor (FcRN) expressed in renal proximal 
tubules bind to filtered proteins, leading to reabsorption.
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• Glomerular ultrafiltrate is 
acidified in the renal proximal 
tubules, and the pH falls to 
around 6.  

• Positively charged serum 
proteins in this pH status may 
attach to negatively charged 
microvilli of the brush border 
via electrostatic binding. 
 

Fig. 3. Glomerular ultrafiltration is acidified in the renal proximal 
tubules where the urinary pH falls to around 6. Positively 
charged serum proteins at this pH may attach to the negatively 
charged microvilli of the brush border via electrostatic binding.

Iso-electric focusing (IEF) 
An ampholyte buffer produces a pH gradient on the gel 
under electrical conduction  
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Proteins move to their own isoelectric point and then stop 

Proteins of this area (oval circle) are charged positively when pH is neutral or acidic:  
cationic proteins  
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Figure 4. 

Fig. 4. Proteins indicated by the oval circle are charged positively 
when pH is neutral or acidic (cationic proteins). 
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Discussion

Prior to discussing the results of the present study, it is 
necessary to understand the principle of isoelectric focusing, 
as shown in Fig. 4. The isoelectric point (pI) is the pH at 

which a protein does not carry a net electrical charge. 
Proteins are composed of amino acids and sugars, which 
are basic, neutral, or acidic in nature. The pH of the urine 
falls to 6 in the renal proximal tubules. At this pH, the 
cationic portion of IgG (pI 8–9) is strongly positively 
charged, and seems to attach more easily to the negatively 
charged microvilli of the renal proximal tubules.

In order to show cationic charge‐preferential protein 
reabsorption in the renal tubules, we utilized the chara
cteristics of the very broad charge diversity of IgG. As 
shown in Fig. 5 (square box), the cationic portion of IgG 
(pI 8–9; indicated by arrow) is present in the serum (S) but 
absent in the urine (U).

IgG has been shown to be reabsorbed in the renal proximal 

IEF- immunoblotting analysis of serum and urinary IgG  from 
MCNS and IgAN 

Figure 5. 

Fig. 5. Iso‐electric focusing immunoblotting analysis of serum 
and urinary IgG from MCNS and IgAN
IEF: iso-electric focusing, MCNS: minimal change nephrotic 
syndrome, IgAN: IgA nephritis, S: serum, U: urine.

Serum and urinary IgG charge diversity in Dent disease 

Figure 6. 
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Fig.  6 .  The charge divers i t ies  of  serum and ur inar y 
immunoglobulin G (IgG) are almost identical. 
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Figure 7. 
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Figure 7. 

Fig. 7.  The differences in charge diversity of urinar y 
immunoglobulin G (IgG) between glomerular and renal tubular 
diseases.

Reabsorption of cationic IgG is a saturable process 
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Figure 8. 
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Fig. 8. Reabsorption of cationic immunoglobulin G (IgG) is a 
saturable process. 
LMN: Lupus membranous nephropathy, S: serum, U: urine.
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tubules by FcRN in vitro. This process is inhibited if the 
pH of the culture medium is raised (as the cationic charge 
decreases)2).

In cases of Dent disease showing proximal tubular 
proteinuria, the charge diversities of serum and urinary 
IgGs have been observed to be almost identical (Fig. 6). 
This indicates that the cationic chargepreferential protein 
reabsorption mechanism is not functional in Dent disease. 
This difference in the charge diversities of urinary IgG in 
glomerular diseases compared to those in renal tubular 
diseases is apparent. The cationic portion of IgG that is 
absent in glomerular diseases (upper arrow), but is present 
in renal tubular diseases (lower arrow). This suggests that 
the cationic portion of IgG is reabsorbed in the renal 
proximal tubules only with the renal proximal tubular 
function intact (Fig. 7)5). 

In a patient with lupus membranous nephropathy (LMN) 
with extremely severe proteinuria, the charge diversity 
between serum and urinary IgG did not show any difference 
(Fig. 8, upper arrows). However, during remission, the 
cationic part of IgG in the urine became predominantly 
faint (Fig. 8, lower arrows). This indicates that the reabsor
ption of IgG may be a saturable process5). 

Charge selectivity index showed differences in 
the glomerular charge sieving function between 
healthy subjects, patients with podocyte disease, 
and patients with glomerulonephritis

Next, we investigated the charge selectivity of the glomer
ular capillary walls by analyzing serum and urinary IgA 
and IgG. IgA has a Stokes‐Einstein (SE) radius of 61 Å 
and low pI (3.5–5.5), while IgG has a Stokes‐Einstein 
radius of 49–60 Å and high pI (4.5–9) (Fig. 9A). Therefore, 
the molecules have similar tertiary structure and SE radius, 
but distinct isoelectric points. Fig. 9B shows 2dimen
sional (2D) electrophoresis6) isoelectric focusing (IEF) for 
the horizontal dimension, and sodium dodecyl sulfate 
(SDS) polyacrylamide gel electrophoresis for the vertical 
dimension), followed by immunoblotting of IgA and IgG 
(2D immunoblotting of IgA and IgG). This figure clearly 
illustrates the distinct difference in molecular charge 
between IgA and IgG.

Fig. 10 shows the 2D immunoblotting of serum and 
urinary IgA and IgG in patients with steroid‐sensitive 
nephrotic syndrome (SSNS; Fig. 10A) and IgA nephro pathy 
(IgAN; Fig. 10B). It is obvious that the density of IgA in the 
urine of patient with SSNS is much weaker than that of 
IgAN in comparison with that of urinary IgG in both 
diseases. These results indicate that the fractional clearance 
of IgA to IgG could serve as a charge selectivity index (CSI) 
of the glomerular capillary walls (Fig. 10C)7).

However, it was difficult to determine how to evaluate 
the CSI of healthy subjects. Thus, we chose to use the CSI 
of patients with Dent disease instead of healthy subjects, 
since patients with Dent disease are considered to have a 
normal glomerular sieving function, but defective proximal 
tubular protein reabsorption8). Therefore, the final urine of 
patients with Dent disease could be considered a concen
trate of the primary urine eliminating the influence of 
reabsorption through the renal proximal tubules.

We investigated the differences in charge selectivity in 
the glomerular capillary walls using CSI (Fig. 10C). The 
CSI was investigated in eight patients with Dent disease 
(Group A), in 40 patients with podocyte disease (Group B: 
SSNS 35 patients, focal segmental glomerulosclerosis 4 
patients, and Finnish type congenital nephrotic syndrome 
1 patient), and in 75 patients with chronic glomerulo ne

2-dimensional immunoblotting of IgA and IgG 
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Fig. 9. A) Molecular structure and charge of immunoglobulin7) 
and immunoglobulin G (IgG). B) 2‐dimensional immunoblotting 
of IgG and IgA of serum and urine samples obtained from 
steroid‐responsive nephrotic syndrome. 
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phritis (Group C: IgAN 41 patients, purpura nephritis 21 
patients, membranoproliferative glomerulonephritis 5 

patients, and Alport syndrome 8 patients). The results showed 
a statistically significant difference in CSI between each 
group (Table 1 and Fig. 11)7).

Conclusion

The cationic portion of IgG is reabsorbed in the normal 
renal proximal tubules, in a cationic charge‐preferential 
manner, and the reabsorption of cationic IgG seems to be 
a saturable process. The charge‐selective protein sieving 
function is operational in healthy subjects, impaired in 
podocyte disease, and is lacking in patients affected by 
glomerulonephritis.

Figure 10. Two‐dimensional immunoblotting of serum and urinary immunoglobulin A7) and immunoglobulin G (IgG). A) Steroid‐sensitive 
nephrotic syndrome (SSNS). B) IgA nephropathy (IgAN). C) Formula of the charge selectivity index (CSI).

Table 1. Charge selectivity index (CSI) in Dent disease, podocyte disease, and glomerulonephritis
Group Disease n U Pro/Cr meam (±SEM) CSI mean (±SD)

Dent disease (group A) Dent disease 8 ND 0.16 (0.06)

Podocyte disease (group B)

Steroid sensitive nephrotic syndrome 35 18.24 (3.12)

0.42 (0.31)Focalsegm entalgbm bscrerosis 4 27.1 (ND)

Finnish type congenita Inephrotic syndrome 1 15.5 (ND)

Chronic Glomerulonehritis (group C)

IgA nephropathy 41 1.02 (0.13)

1.12 (0.25)
Purpura nephritis 21 7.29 (3.81)

Membranoproliferative glomerulonephritis 5 0.81 (ND)

Alport syndrome 8 1.19 (0.39)

Comparison of charge selectivity index (CSI) among three disease groups: (A) Dent 
disease group; (B) podocyte disease group; (C) chronic glomerulonephritis group 
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Figure 11.  
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Fig. 11. Comparison of the charge selectivity index (CSI) among 
three disease groups. A) Dent disease group. B) Podocyte 
disease group. C) Chronic glomerulonephritis group.



70 Chil Kidney Dis • 2015;19:65-70 www.chikd.org

References

1. Christensen EI, Birn H. Megalin and cubilin: synergistic endocytic 
receptors in renal proximal tubule. American journal of physiol-
ogy Renal physiology 2001:280(4):F562-573.

2. Kobayashi N, Suzuki Y, Tsuge T, Okumura K, Ra C, Tomino Y. FcRn- 
mediated transcytosis of immunoglobulin G in human renal 
proximal tubular epithelial cells. American journal of physiology 
Renal physiology 2002;282(2):F358-365.

3. Tenten V, Menzel S, Kunter U, Sicking EM, van Roeyen CR, Sanden 
SK, et al. Albumin is recycled from the primary urine by tubular 
transcytosis. Journal of the American Society of Nephrology : 
JASN 2013;24(12):1966-1980.

4. Maack T, Johnson V, Kau ST, Figueiredo J, Sigulem D. Renal filtra tion, 
transport, and metabolism of low-molecular-weight proteins: a 

review. Kidney international 1979;16(3):251-270.

5. Takahashi S, Wada N, Harada K, Nagata M. Cationic charge-pref-
erential IgG reabsorption in the renal proximal tubules. Kidney 
international 2004;66(4):1556-1560.

6. Gorg A, Postel W, Gunther S, Friedrich C. Horizontal two-dimen-
sional electrophoresis with immobilized pH gradients using 
PhastSystem. Electrophoresis 1988;9(1):57-59.

7. Saito H, Takahashi S, Nagata M, Tsuchiya T, Mugishima H, Yan K, 
et al. Reevaluation of glomerular charge selective protein-siev-
ing function. Pediatr Nephrol 2009;24(3):609-612.

8. Christensen EI, Devuyst O, Dom G, Nielsen R, Van der Smissen P, 
Verroust P, et al. Loss of chloride channel ClC-5 impairs endocy-
tosis by defective trafficking of megalin and cubilin in kidney 
proximal tubules. Proceedings of the National Academy of Sci-
ences of the United States of America 2003;100(14):8472-8477.


