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Review Article

Abstract
The present paper reviews the role of proximal tubular cells in the early stages of diabetic nephropathy. The 

chronic hyperglycemia that occurs in diabetes mellitus may have different effects on different cells, and some kidney 
cell types may be injured earlier than others. Recent findings point towards a relevant involvement of proximal 
tubular cells in the early stages of diabetic nephropathy. As normal urine contains very low amounts of proteins, 
while proteinuria occurs in kidney diseases, it was believed that the glomerular filtration barrier was capable of 
preventing the passage of proteins. Nevertheless, recent data indicate that the primary filtrate does contain albumin 
and other proteins, which possibly are reabsorbed by tubular cells. So, the increased albuminuria that occurs in 
diabetic nephropathy and other renal diseases could result, at least in their early stages, from defective tubular 
processing. The participation in this process of the receptors megalin, cubilin, and the newborn Fc receptor (FcRn) 
is discussed, regarding both protein transcytosis and lysosomal digestion. The processing and urinary excretions of 
sulfated polysaccharides are also briefly considered.
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Introduction
Diabetes mellitus (DM) is a metabolic disease of multiple etiologies, 

characterized by chronic hyperglycemia. It is estimated that 347 million 
people worldwide have DM [1], and the main diabetic complications 
arise from macro- and microangiopathies. Macroangiopathies are 
characterized by narrowing of arterial lumen throughout the body, 
mostly due to atherosclerosis, leading to coronary, cerebrovascular, 
and peripheral complications [2]. Microangiopathies, characterized by 
loss of normal function of capillary bed and thickening of basement 
membranes, lead to retinopathy, neuropathy, and diabetic nephropathy 
[3].

Diabetic nephropathy affects approximately one third of the 
diabetic patients [4], and is the most common cause of end-stage renal 
disease [5]. An early marker of any nephropathy is microalbuminuria, 
which may progress to overt proteinuria, if not adequately treated [6]. 
The initial stages of diabetic nephropathy are usually associated to 
glomerular capillar dysfunction, increased perfusion and hyperfiltration 
[7]. These hemodynamic alterations, together with changes in the 
glomerular permselectivity barrier, could lead to albumin leakage from 
the glomerular capillary to the Bowman’s capsule [8]. This traditionally 
accepted idea could justify the albuminuria observed in patients with 
diabetic nephropathy, assuming that albumin remains intact through 
the renal passage. However, there are evidences indicating that it is not 
always so [9]. For instance, there are solid evidences that albumin is, at 
least in part, degraded during its renal transit [10,11], suggesting the 
participation of other renal cells, such as podocytes and tubular cells, in 
the handling of proteins and other macromolecules.

The present review focused the evidences that support the 
participation of tubular cells in the renal handling and urinary 
excretion of proteins, especially albumin, in the early stages of diabetic 
nephropathy. The processing and urinary excretions of sulfated 
polysaccharides are also briefly considered.

Glomerular Structure and Function
The glomerulus is the filtration unit of the kidney. Human kidneys 

generate a primary filtrate of about 180 L from the approximately 900 
L of blood that passthrough them on a daily basis. Nevertheless, due 
to reabsorption of water and solutes by the tubular epithelial cells of 
the kidney, this primary filtrate is concentrated to a urinary output 
of only 1–2 L. The glomerular filtration barrier, which lies between 
the vasculature and the urinary space, retards the passage of plasma 
proteins, while ensuring the efficient flow of water and small solutes 
that comprise the primary filtrate.

The glomerular filtration barrier is a three-layered structure that 
lies between the vasculature and Bowman’s space, composed by an 
endothelial cell layer, the glomerular basement membrane (GBM), and 
an epithelial cell layer (podocytes). Within the glomerulus, it is the only 
separation between the bloodstream and the urine.

Podocytes, the glomerular visceral epithelial cells, are 
morphologically complex cells that reside within the urinary space 
(or Bowman’s space), and are bathed in the primary urine. Podocytes 
enwrap the outer surface of the glomerular capillaries by extending 
narrow foot processes that interdigitate with those of adjacent 
podocytes. Juxtaposed foot processes are directly linked to one another 
by the glomerular slit diaphragms.

On the blood side, glomerular capillaries are lined by endothelial 
cells that bear many fenestrations, which are “holes” that allow 
the passage of fluid across the cell layer. Ultrastructural analyses 
have shown that some of these fenestrations have wagon wheel-
like diaphragms, while others contain a filamentous plug, possibly 
composed by glycocalyx.
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The GBM is a specialized extracellular matrix situated between 
the podocytes and endothelial cells. Both cell types are important for 
maintaining the GBM’s structure and function [12,13]. The GBM has 
three layers when viewed by transmission electron microscopy: a central 
electron-dense lamina, flanked by two light layers. It is unusually thick 
compared to most other basement membranes, and although formed 
by laminin, type IV collagen, nidogen and heparan sulfate proteoglycan 
[14], as other basement membranes, the isoforms present in the GBM 
are very different from those of other basement membranes. The GBM 
occupies a prime position in the glomerular filtration barrier.

In the center of the glomerulus is the mesangium, composed by 
mesangial cells and the mesangial extracellular matrix. The mesangium 
provides support for the capillary loops and modulates glomerular 
filtration through the smooth muscle-like activity of mesangial cells 
[15]. Mesangial cell proliferation and mesangial matrix expansion 
seem to be regulated by cytokines, and occur in many glomerular 
diseases [16].

Morphological Changes in Diabetic Kidney
Although hyperglycemia and its consequences may affect each 

kidney cell, not all of them present signs of injury at the same time. 
For instance, in diabetic rats, we have recently shown distended 
proximal tubules, with thinner walls and reduced brush borders, 
before any changes in glomerular morphology [17] (Figure 1). This 
was also observed by others [18,19], and electron microscopy has 
shown swollen and bulbous microvilli in diabetic nephropathy [20]. 
Furthermore, thickening of proximal tubular basement membrane was 
also reported [21].

Glomerular changes have also been described, including mesangial 
cell proliferation and hypertrophy, expansion of mesangial extracellular 
matrix, and thickening of GBM, eventually leading to nodular 
glomerulosclerosis (Kimmelstiel-Wilson nodules) [22,23]. Mesangial 
cells isolated from diabetic rats synthesize and secrete increased 
amounts of extracellular matrix proteoglycans in culture, but similar 
effects are not induced by high glucose only [24]. Nevertheless, it seems 
that the basement membrane thickening and mesangial expansion 

precede symptoms of renal dysfunction [25], but occur after tubular 
alterations, suggesting that the tubular injury is not triggered by the 
changes in glomerular physiology. It is possible that the proximal 
tubular cells are the most prone to the high glucose-induced damage, 
but this hypothesis remains to be proved.

Interstitial fibrosis occurs even latter, in which tubular cells suffer 
epithelial-to-mesenchymal transition, presenting a fibroblastic-like 
phenotype and extracellular matrix deposition [26,27].

In humans, a few years after diabetes onset, vascular thickening 
and hyalinization with effacement of the endothelia, was also observed 
[23,28].

Excretion of Proteins in Diabetic Nephropathy
Traditionally, the glomerular filtration barrier was considered 

to be a sophisticated filter that permits water and plasma solutes to 
pass into the Bowman’s capsule space, preventing larger molecules 
from being filtered. These would be selected by their size, shape, and 
charge [29]. It was believed that the glomerular filtrate was essentially 
albumin-free, but recent studies reported that the glomerular filtrate 
does contain albumin. This indicates that albumin is able to cross the 
GBM, as well as the fenestrated endothelial and the epithelial cell layers. 
Concerning podocytes, albumin could either cross the paracellular slit 
diaphragms, or pass through the podocytes themselves. Analysis of the 
podocyte slit diaphragm using high-resolution electron-tomography 
[30] showed that the filtration slit has convoluted strands that form 
zipper-like sheets with pores as big as the diameter of albumin, with 
direct involvement of the transmembrane protein nephrin [31]. More 
recently, it was reported that podocytes internalize albumin along the 
basal membrane via caveolin-mediated (but not clathrin-mediated) 
vesicular transport [32], indicating that both pathways are possible.

By the use of intravital microscopy and fluorescent albumin, Russo 
et al. [33] have shown that the renal filtration of albumin in normal 
rats is almost 50 times the values previously reported, obtained by 
micropuncture [34]. As the albumin concentration in normal urine is 
very low, it seems that there is a retrieval pathway, possibly in proximal 
tubular cells [33,35]. Receptor-mediated endocytosis, involving the 
complex megalin/cubilin [36,37], as well as the neonatal Fc receptor 
(FcRn) [38,39] seem to be involved [40]. Internalized albumin may 
either be retrieved back to circulation via transcytosis or follow 
lysosomal degradation, with fragments being exocytosed back into 
tubular lumen and excreted in urine [41,42].

Megalin is a 600 kDa transmembrane glycoprotein that can bind a 
variety of ligands [43], including albumin, vitamin-binding proteins, 
carrier proteins, lipoproteins, hormones, drugs, enzymes, and immune-
related proteins. Megalin can also act as a membrane anchor for 
cubilin, a cell surface 460 kDa glycoprotein, which shows no apparent 
transmembrane domain and no GPI anchor. In proximal tubular cells, 
the two proteins form a complex that works as a scavenger receptor, 
and is the major receptor for renal albumin reabsortion [43]. It was 
reported that megalin and cubilin are among the 20 most abundant 
proteins in the urine of type 1 DM microalbuminuric patients [44]. So, 
the shedding of this complex from proximal tubular apical membrane 
into the urine may also contribute to the increased excretion of intact 
albumin in diabetic urine. Apparently, the ectodomain of megalin 
is shed by a protein kinase C-regulated metalloprotease [45]. This 
receptor shedding leaves, in proximal tubular cell membrane, the 
megalin transmembrane and endo-domains. This activates a Notch-
like signaling pathway [46], which controls the expression of brush 

Figure 1: Optical microscopy of diabetic (DM) and normal (NL) rat 
kidneys. Kidneys from normal and diabetic rats (30 days of DM) were 
stained in hematoxylin and eosin. Low magnification images (bars = 100 µm) 
show cortical region with convoluted tubules (arrows) and glomeruli (*). In 
DM higher magnification images (bars = 20 µm), it is possible to evidence 
proximal tubules with thinner walls (arrows) and reduced brush borders 
(arrow heads). No changes were observed in glomeruli.
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border-related genes, and directly influence the absorptive capacity of 
proximal tubular cells.

There are evidences that transforming growth factor-β (TGF-β) 
is upregulated in diabetic nephropathy and other renal diseases [47]. 
Increased TGF-β signaling reduces the expression of megalin/cubilin, 
and thus slows down albumin internalization [48]. This effect is 
dependent on transcription factors Smad2 and Smad3.

Changes in tubular cell morphology, especially concerning 
microvilli, which could directly affect protein reabsortion by proximal 
tubular cells, may be related to cytoskeleton alterations. In fact, it was 
shown that disruption of actin and microtubule cytoskeleton reduces 
albumin uptake. This is not surprising, since the initial phases of 
receptor-mediated endocytosis depend on intact actin, whereas latter 
phases are supported by microtubules [49].

The neonatal Fc receptor (FcRn) received its name because it 
transports maternal IgG through the placenta and the fetal small 
intestine, to passively immunize the fetus [50]. FcRn is a heterodimer 
consisting of a MHC class I-like heavy chain and a α2-microglobulin 
light chain [51]. It is widely expressed in adult cells, including 
endothelial cells [52], hepatocytes [53], spleen, lung, and kidney 
[54,55]. These findings suggest that IgG is not the only ligand of FcRn. 
In the kidney, FcRn is expressed on the surface of podocytes and in the 
brush border of the proximal tubular cells [54]. FcRn binds albumin 
(and also IgG) in a pH-dependent manner, with higher affinity at 
acidic pHs (<6.5), and lower at pH ~7.4 [56,57]. This property is very 
important because it renders FcRn capable to rescuing IgG and albumin 
from acidic endosomes, preventing their lysosomal degradation, 
and increasing their lifespans [58,59]. Recently, it was proposed that 
FcRn is involved in an important trancytosis retrieval mechanism of 
albumin in proximal tubular cells [60,61], although luminal pH does 
not favor albumin binding to FcRn [62]. Therefore, it is proposed that 
the megalin/cubilin complex binds albumin at the cell surface, while 
FcRn binds albumin in the endosomes, at low pH. Vesicles containing 
FcRn-linked albumin fuse to the basolateral membrane, releasing the 
ligand, while free albumin is digested by the lysosomal pathway. Figure 
2 shows a schematic representation of this hypothesis.

Degradation of Internalized Proteins: Lysosomal 
Enzymes in Diabetic Kidney

Methods traditionally used for detection of albumin in urine, such 
as radioimmune assay (RIA) and immunoprecipitation, are not able to 
detect albumin-derived small peptides [10]. In patients with diabetic 
nephropathy, which show high urinary albumin, as measured by RIA, 
it was shown that the kidney fragmentation ratio of albumin, expressed 
as urinary fragmented/intact albumin, is decreased in comparison to 
normal subjects [63]. Figure 3 shows a gel permeation chromatography 
of urinary proteins from diabetic (30 days) and normal rats. It is 
clear that normal rats excrete low amounts of high molecular weight 
proteins, in contrast to diabetic rats that excrete higher amounts of 
high molecular weight proteins in the urine [17].

Back in the 1990’s, Olbricht and Geissinger [64] proposed a role 
for lysosomal proteolytic enzymes in diabetic renal hypertrophy, 
and reported decreased activities of cathepsin B and cathepsin L in 
proximal tubules of streptozotocin-DM rats on the 4th day of diabetes. 
These activities were equal to controls six months later, when end stage 
renal hypertrophy had already occurred. Decreased tubular cathepsins 
were also reported on the 2nd day of DM [65].

We have recently reported decreased expression and activities of 
lysosomal proteases, especially cathepsins B and L, in kidney during 
the early stages of DM (10 and 30 days) [17]. Immunohistochemistry 
localized most of the kidney cathepsin B at the brush border of proximal 

Figure 2: Hypothetical scheme showing the proximal tubular handling 
of albumin and other proteins. Albumin (blue) and other proteins (yellow), 
after binding to megalin/cubilin complex on the brush border of proximal 
tubular cells, are internalized, via clathrin-coated vesicles, that fuse to 
early endosomes. Acidification of these endosomes causes dissociation of 
albumin from the megalin/cubilin complex, but, at pH 5-6, albumin binds to 
FcRn, and undergoes transcytosis. The megalin/cubilin complex is recycled 
to the apical brushborder membrane, while unbound albumin and other 
proteins are transferred to lysosomes for degradation by cathepsin B and 
other lysosomal proteases. Degradation products are exocytosed into the 
tubular lumen, and excreted in the urine.

Figure 3: Gel permeation chromatography of urinary proteins from 
normal (NL) and diabetic (DM) rats. Urine samples (0.5 ml for normal, and 
3 ml for diabeticrats) were concentrated to 0.4 ml, and applied to a Sephadex 
G-100 Superfine column (1 x 30 cm), equilibrated and eluted with phosphate 
buffer saline. Fractions (0.72 ml) were eluted at a constant flow rate (0.12 ml/
min). Protein was measured by a modified Lowry method, with bicinchoninic 
acid (OD 562)(Brown RE, Jarvis KL, Hyland KJ (1989) Protein measurement 
using bicinchoninic acid: elimination of interfering substances. Anal Biochem 
180: 136-139).
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tubules, which were clearly affected by the disease (thinner walls with 
reduced brush borders).

There are evidences that lysosomal enzymes are affected by 
increased TGF-β [66,67], although the signaling pathway is unknown. 
As already mentioned, TGF-β is upregulated in diabetic nephropathy 
and other renal diseases. In the glomerulus, TGF-β regulates the 
synthesis of extracellular matrix macromolecules, including collagens, 
fibronectin, tenascin, and proteoglycans, as well as integrins that are 
the receptors for some of these molecules. Several DM changes, such 
as sustained hyperglycemia, advanced glycation end products (AGEs), 
generation of reactive oxygen species (ROS), and increased activity of 
protein kinase C (PKC), may contribute to increased TGF-β signaling 
[22].

Aberrant Excretion of Sulfated Polysaccharides
Other aberrant renal processing in diabetic nephropathy concerns 

sulfated polysaccharides. A marked decrease in the urinary excretion of 
glycosaminoglycans was reported in streptozotocin-DM in rats [68,69]. 
Decreased urinary excretion of glycosaminoglycans was also reported 
in other renal diseases [25,70]. DM rats have also shown decreased 
excretion of exogenous dextran sulfates of different molecular weights 
[71]. Higher amounts of dextran sulfates, especially those of high 
molecular weights, accumulated in diabetic kidney and liver, suggesting 
cell internalization and accumulation of these macromolecules. In 
contrast to the urine, the total kidney glycosaminoglycans increased 
in DM kidney, because of chondroitin sulfate and dermatan sulfate 
accumulation [68], possibly due to a lower digestion rate in comparisons 
to normal rats [17].

Although increased urinary excretion of glycosaminoglycans 
have been reported in DM [72,73], most of these studies used 
methods which were shown to be non-reliable to measure urinary 
glycosaminoglycans [74,75]. Reliable data are obtained by purification 
of urinary glycosaminoglycans by dialysis [75], gel permeation or 
ion exchange chromatography [74], and analysis by a combination 
of agarose gel electrophoresis [76] and enzymatic degradation with 
specific glycosaminoglycan lyases [77].

Decreased activities of glycosidases were also reported in diabetic 
kidney, with the presence of metachromatic staining by toluidine blue 
in tubular cells [17]. The decreased activity of glycosidases could lead 
to intracellular accumulation of partially digested macromolecules, 
contributing to decreased levels of sulfated polysaccharides in the 
urine. Also, these engorged endosomes could impair normal tubular 
cell function.

Conclusion
Since the amounts of intact proteins in normal urine are low, it is 

a common thought that proteins are unable to cross the glomerular 
filtration barrier. Recent findings, however, point towards the 
opposite way, as newer methodologies have shown that albumin is 
indeed present in the normal glomerular ultrafiltrate, indicating that 
this protein crosses the glomerular barrier. Later on, this protein is 
retrieved by tubular cells, through receptor-mediated endocytosis, and 
is either sent back to the circulation via transcytosis, or digested by 
lysosomal enzymes. The digestion products are excreted into the urine. 
In diabetic nephropathy, the changes in proximal tubular cells appear 
to be triggered earlier than those that occur in other cell types. The loss 
of scavenger receptors and/or the decrease in lysosomal proteases could 
contribute to the increased amounts of intact proteins in the urine of 
DM subjects (as detected by RIA). Concerning sulfated polysaccharides, 

decreased tubular glycosidases could lead to intracellular accumulation 
of partially digested macromolecules, contributing to the decreased 
levels of these compounds in the urine, and impairment of normal 
tubular function.
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