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Abstract

Diabetic Nephropathy (DN) is a long-standing complication of Diabetes 
Mellitus (DM) and is responsible for more than 40% of end-stage renal disease 
cases in developed countries. The pathogenesis of DN is multifactorial inclusing 
genetic and environmental factors. Traditional risk factors and glycemic control 
are important but inadequate for predicting the incidence and severity of DN. 
Different pathways are involved in the pathogenesis of DN. Hyperglycemia 
accelerates oxidative stress with increased production of free radicals. 

Reactive oxygen species, particularly those derived from iron, have been 
implicated in the increase of oxidative stress injury in the Proximal Convolute 
Tubules and glomeruli with progression of DN. Polymorphic genetic loci 
encoding variants in enzymes protecting against iron-induced oxidative stress 
and apoptosis, serve as potential susceptibility determinants for the development 
of DN. The major function of the Haptoglobin protein is to bind and modulate the 
fate of extra-corpuscular hemoglobin and its iron cargo. Since Iron plays a major 
role in the development of DN it may be a therapeutic target for slowing the 
nephropathy progression.

A combination of glycemic and blood pressure control, utilizing renin 
angiotensin-aldosterone system RAAS blockers, has been a mainstay of 
treatment to slow DN progression. Inhibition of RAAS plays a pivotal role in 
treatment of chronic diabetic kidney diseases. However, reversal of the course 
of DN or at least long-term stabilization of renal function is often difficult to 
achieve, and many patients still progress to end-stage renal disease.

In the current review we suggested some integrated mechanisms involved 
in DN progression. 
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Introduction
Diabetic Nephropathy (DN) is the leading cause of end-stage 

renal disease and dialysis throughout the world. The establishment 
of novel, effective therapeutic strategies is, therefore required. 
Proteinuria and/or albuminuria are a sign of glomerular lesions in 
DN. These lesions can subsequently develop into tubulointerstitial 
lesions that lead to renal dysfunction. Clinically, therefore, reducing 
proteinuria is considered a principal therapeutic target to improve 
renal outcomes in patients with DN. The pathogenesis of DN involves 
altered intracellular metabolism associated with hyperglycemia, 
including the activation of protein kinase C, the accumulation of 
advanced glycation end-products, oxidative stress, altered apoptosis 
and autophagy [1]. Moreover, hemodynamic changes such as 
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systemic and glomerular hypertension related to hyperactivation of 
the renin-angiotensin aldosterone system are also involved in DN [2].

Compared with several proteinuric kidney diseases, the renal 
prognosis of patients with DN is extremely poor. This suggests 
that the diabetic condition makes various renal cells vulnerable to 
damage. Cells have evolved several mechanisms to cope with stress 
and to maintain cellular homeostasis, such as the anti-oxidative 
stress response and the Endoplasmic Reticulum (ER) stress response 
[3,4]. In addition, autophagy is an intracellular catabolic processes, 
in which proteins and organelles are degraded via lysosomes to 
maintain intracellular homeostasis under certain cytotoxic stress 
conditions, including hypoxia and ER stress as appears in DN [5]. The 
recent pathways involved in the generation and progression of DN 
are the Haptoglobin (Hp) and Klotho proteins, Vitamin D-Vitamin 
D Receptor and autophagy [6,7].

Haptoglobin and Oxidative Stress
The Haptoglobin (Hp) genotype is a major determinant of 

progression of nephropathy in individuals with Diabetes Mellitus 
(DM). We have previously demonstrated an interaction between 
the Hp genotype and the DM on the accumulation of iron in renal 
proximal tubule cells [3,4,8]. Transmission electron microscopy 
demonstrated a marked accumulation of electron-dense deposits in 
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the lysosomes of proximal tubules cells in Hp 2-2 DM mice [3]. These 
deposits were iron rich, and are associated with lysosomal membrane 
lipid peroxidation and loss of lysosomal membrane integrity. Cytosolic 
and mitochondrial Reactive Oxygen Species (ROS) generations 
were increased notably by Hyperglycemia (HG) treatment. An 
increase in apoptosis was also observed in cells subjected to HG, 
which was assessed by the terminal deoxynucleotidyl Transferase-
Mediated Digoxigenin Deoxyuridine Nick End-Labeling (TUNEL) 
procedure. The apoptosis was accompanied with upregulation of 
Bax and Cytochrome C. Quantitative analyses confirmed that HG 
induced mitochondrial fragmentation in a time-dependent manner, 
concurring with increased intracellular ROS production and 
apoptosis after HG treatment. Autophagy was marginally increased 
in early treatment with HG [9].

Klotho
Klotho is a novel anti-aging gene encoding a protein with a 

multiple pleiotropic effects. Α Klotho gene is composed of five 
exons, in humans and mice, is highly expressed in the distal and 
Proximal Convolute Tubular (PCT) epithelium of normal kidneys. 
Klotho protein exists in two forms: A membrane and secreted form. 
The soluble klotho is further well known as anti-apoptotic activity, 
especially in DN. It’s well known that the expression of klotho in the 
PCT is decreased in early stages of DN in humans and mice model 
[7].

Transmembrane klotho is a cofactor that converts Fibroblastic 
Growth Factor-Receptor 1 (FGFR1) into a specific receptor for FGF-
23 and decreases 1,25(OH)2D3 synthesis in the kidney. 1,25(OH)2D3 
stimulates both klotho and FGF-23, and both FGF-23 and klotho 
inhibits 1,25(OH)2D3 via 1α hydroxylase. It has also been reported 
that the VDR controls expression of the klotho gene.

Expression of klotho protein is reduced in the kidneys of patients 
with early DN and klotho gene deficiency exacerbates glomerular 
injury in diabetic models such as streptozotocin-induced or db/db 
mice. Up regulation or restoration of klotho by 1,25(OH)2D3, may 

provide a means to slow down the progression of Chronic Diabetic 
Kidney Disease (CDKD) and improve cardiovascular disease 
especially in the DM patients. In addition to the effect of klotho 
on Transforming Growth Factor β (TGF-β), suppressive effects of 
klotho on the insulin-like growth factor pathway may be associated 
with inhibitory action on renal fibrosis and cardio-renal protection in 
high oxidative stress condition such as diabetes and its complications. 
We have shown that diabetic Hp 2-2 mice and humans has reduced 
expression of klotho in the proximal convolute tubules (Unpublished 
data). 

Vitamin D/VDR
Vitamin D is biologically inactive and requires enzymatic 

conversion to active metabolites. Vitamin D is transported to 
the liver, where it is first hydroxylated in the 25 position to yield 
25-hydroxyvitamin D. Then 25-Hydroxyvitamin D is further 
hydroxylated by 1-α-hydroxylase in the PCT of the kidney, to yield its 
active form 1,25-dihyroxyvitamin D. The active 1,25-dihydroxyvitamin 
D binds to the intracellular Vitamin D Receptor (VDR) to activate 
vitamin D response elements within target genes. In the kidney, 
vitamin D is important for maintaining podocytes health, preventing 
epithelial to mesenchymal transformation and suppressing rennin 
gene expression and inflammation. 1,25-dihydroxyvitamin D 
progressively decrease due to PCT injury, leading to a vitamin D 
deficient state. Additionally, there are some evidences that Vitamin 
D analogs supplementation (as calcitriol or Paricalcitol) improves the 
renal damage of diabetic kidney disease patients and their survival 
[10,11].

Increasing prevalence of diabetes has made the need for effective 
treatment of DN critical and thereby identifying new therapeutic 
targets to improve clinical management. Recently Wang et al. showed 
that vitamin D/VDR signaling in podocytes plays a critical role in the 
kidney protection from diabetic injury and reconstitution of VDR 
null mice with the human VDR (hVDR) transgene in podocytes 
rescued the severe diabetes-related renal damage. 

Experimental studies show that administration of a vitamin D 
analogue reduces albuminuria. Furthermore, 1,25-dihydroxyvitamin 
D suppressed high-glucose– induced apoptosis of the podocytes in 
vitro. 

Limited data from clinical trials in people with non-diabetic 
chronic kidney disease suggest that therapy with the vitamin 
D analogue paricalcitol may reduce proteinuria Furthermore, 
recent data suggest that paricalcitol, added to Renin Angiotensin 
Aldosterone System (RAAS) blockade, further reduces albuminuria 
in people with Type 2 diabetes and diabetic nephropathy.

Although combination therapy showed no additional effect 
on oxidative system, renin-angiotensin system and renal histology, 
aliskiren plus paricalcitol significantly decreased interstitial fibrosis 
volume when compared to monotherapy [12].

Autophagy
The accumulation of damaged proteins and organelles is 

associated with the pathogenesis of DN. Autophagy, “The self-eating” 
pathway in the kidney, is activated under some stress conditions, 
such as oxidative stress and increased free radicals in PCT and in 
podocytes. 

Figure 1: Proposed integrated mechanisms involved in diabetic nephropathy.
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These and other accumulating findings have led to a hypothesis 
that autophagy is involved in the pathogenesis of DN. Autophagy is 
a process by which cells degrade and recycle toxic macromolecules 
and organelles. Emerging body of evidence suggests that targeting the 
autophagic pathway to activate and restore autophagy activity may be 
reno-protective [5].

Autophagy is the basic catabolic mechanism that involves 
cell degradation of unnecessary or dysfunctional intracellular 
components through lysosomal-dependent mechanism. There 
are 32 Autophagy-Related Genes (ATG) that are essential for the 
execution of autophagy. ATG5 is one of the most important ATGs 
in the autophagy mechanism and it is essential for autophagosome 
formation and assists in autophagosomal elongation. Recently it was 
indicated that autophagy plays important roles in many biological 
processes and diseases such as DN. We are performing new study in 
diabetic subjects and mice, to evaluate if Specific small Nucleotide 
Polymorphism (SNP’s) in the ATG5 gene is associated also with DN. 

The autophagy-lysosomal degradation pathway is likely to play 
an essential role in maintaining podocyte function. Podocytes exhibit 
active autophagy even under non-stress conditions, suggesting that 
podocytes require a high basal level of autophagy to maintain cellular 
homeostasis. Podocyte-specific autophagy-deficient mice, resulting 
from Atg5 gene deletion, have glomerular lesions accompanied by 
podocyte loss and albuminuria. Furthermore, the impairment of 
lysosomal function in podocytes by deletion of the mammalian Target 
of Rapamycin (mTOR), prorenin receptor or mVps34 genes caused 
severe glomerular sclerosis, massive proteinuria. Since autophagy 
involves degradation by lysosomes, autophagosomal degradation 
was disturbed in the podocytes of these mouse models. These results 
support the idea that the autophagy-lysosomal degradation pathway 
plays an essential role in maintaining podocyte cell homeostasis. 

The physiological role of autophagy in PCT differs from its role 
in podocytes. Autophagy activity is very low in PCT under basal 
conditions, but higher rates of autophagy are required by cells under 
stress conditions. Recent animal studies have shown that autophagy in 
PCT cells is enhanced during acute kidney injury caused by ischemic-
reperfusion. Furthermore, mice lacking autophagy activity in PCT, 
generated by deleting the Atg5 and Atg7 genes, showed progressive 
renal damage, suggesting that activation of autophagy during acute 
kidney injury is renoprotective. These mice has a low level of basal 
autophagy essential to keep cell homeostasis in PCTcells [13].
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