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Diabetic nephropathy, a progressive kidney disease due to longstanding diabetes, is 

the leading cause of end stage renal disease in the Western world (1). However, not 

all patients with diabetes-mediated hyperglycemia will develop this disease (2;3;4). It 

appears that both environmental and genetic factors play a role in the development of 

diabetic nephropathy, making diabetic nephropathy a complex disease. 

One of the aims of this thesis was to create a histopathological classification of 

diabetic nephropathy. Another goal was to create a systematic overview of genetic 

associations in diabetic nephropathy. Furthermore, we focused more on one of these 

genetic variants, the number of trinucleotide repeats coding for leucine in the CNDP1 

gene. Concerning this genetic variant, we examined the genotypic distribution in 3 

ethnic groups. Additionally, we investigated whether the association between this 

genetic variant and diabetic nephropathy was sex-specific. Furthermore, the association 

between the CNDP1 genotype and other progressive glomerular diseases was studied. 

Finally, as the CNDP1 gene encodes for the enzyme carnosinase and carnosinase breaks 

down carnosine, which is known to have many protective capacities, we searched for 

determinants of carnosine levels.

The outline of this introduction is as follows. First, an introduction on diabetes, the 

kidney and diabetic nephropathy (part I) will be given, followed by an introduction on 

genetics in diabetic nephropathy (part II). Continuing with the CNDP1 gene, the enzyme 

it codes for, carnosinase-1 and its substrate L-carnosine (part III). 

Part i – diabetes, the kidney and diabetic nePhroPathy

Diabetes

Diabetes mellitus is a metabolic disorder of multiple causes which is characterized by 

chronic hyperglycemia with disturbances of carbohydrate, fat, and protein metabolism. 

The word diabetes originates from two Greek words; ‘dia’ (=δια) means ‘through’ and 

‘bainein’ (=βαινειν) means ‘to pass’. The word mellitus comes from Latin, meaning 

‘honey sweet’. Therefore, diabetes mellitus could be translated as ‘honey sweet 

passage’. 

The two most common types of diabetes mellitus are type 1 and type 2 diabetes. 

Type 1 diabetes, accounting for 5-10% of cases of diabetes in populations of European 

origin, is associated with primary beta cell failure, mostly a result of autoimmune 
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destruction. Type 2 diabetes, the most common type in all populations, is characterized 

by high glucose in the context of insulin resistance and relative insulin deficiency. The 

number of type 2 diabetes patients has rapidly increased in the past few decades and is 

still rising further. In 2002, the number of diabetes patients worldwide was estimated at 

173 million and has been predicted to increase to 350 million in 2030 (1). 

Approximately 5% of the diabetes patients have maturity onset diabetes of the 

young (MODY). MODY is caused by a genetic defect leading to pancreatic beta cell 

dysfunction. One percent of the diabetes patients have mitochondrial diabetes, due to 

defects in the mitochondria. 

Long-term hyperglycemia can lead to severe complications later in life. These 

complications of diabetes are divided in macrovascular and microvascular complications. 

Macrovascular disease is mainly confined to cardiovascular disease. Microvascular 

complications occur mainly in the eyes, kidneys, peripheral lower limbs and nerves, 

resulting in diabetic retinopathy, diabetic nephropathy, diabetic foot and diabetic 

neuropathy respectively. In this thesis we will further focus on diabetic nephropathy 

due to type 1 and type 2 diabetes. 

The kidney

To understand the pathology of diabetic nephropathy we first briefly describe the 

anatomy and function of the human kidney. The kidneys are the main excretory organs 

of the human body. They regulate the extracellular volume, water and salt balance, and 

acid-base homeostasis. Furthermore, kidneys are endocrine organs, producing hormones 

with a role in erythropoiesis, calcium metabolism and blood pressure regulation.

Each kidney weighs approximately 150 grams in adults, and is located in the 

retroperitoneum. A kidney has three major components: the cortex, the medulla and 

the collecting system. The cortex, the outer layer of the kidney, consists mainly of 

glomeruli and convoluted tubuli. Situated more to the centre is the medulla consisting 

of pyramidal structures of parallel arranged tubular structures with apical papillae. 

The bases of the pyramids are at the corticomedullary junction and the apices extend 

into the collecting system. In the collecting system the pre-urine goes from the minor 

calyces, which receive pre-urine from a medullary papilla, to the major calyces, pelvis 

and finally it enters the ureter.   

The blood supply of each kidney is by a single renal artery originating from the 

abdominal aorta. The main renal artery branches form anterior and posterior divisions 
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at the hilus and divides further into the interlobar arteries which run between lobes. 

Interlobar arteries extend to the corticomedullary junction and give rise to arcuate 

arteries, which arch between cortex and medulla. Afferent arterioles branch off from 

the arcuate arteries, each directing to a single glomerulus. A glomerulus represents 

a spherical bag of capillary loops arranged in several lobules. The capillaries come 

together to exit the glomerulus through the efferent arteriole. In most nephrons, the 

efferent arterioles branch off to form another vascular bed, the peritubular capillaries, 

which surround the tubules. 

A nephron is a functional unit of the kidney and consists of a glomerulus with attached 

tubuli. Each kidney has approximately one million nephrons. The glomerulus consists 

of 4 types of cells: the mesangial cell, endothelial cell, visceral epithelial cell (podocyte), 

and parietal epithelial cell. The mesangial cells are responsible for the production of 

the mesangial extracellular matrix. Mesangial cells have numerous functions including 

contraction, production of extracellular matrix, secretion of inflammatory and other 

active mediators and phagocytosis. Mesangial cells and their mesangial matrix together 

form the mesangium.

Figure 1. Histology of a normal glomerulus
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The blood from the capillary network of the glomerulus is filtered into the tubuli. The 

filtration barrier of the glomerulus consists of endothelial cells, glomerular basement 

membrane and podocytes. Endothelial cells of the glomerulus are thin and have multiple 

fenestrae with a glycocalyx, extracellular polymeric material at the apical site of the 

endothelial cell. The glomerular basement membrane is a 300-350 nm thick network 

that surrounds the glomerular capillaries. The outer aspects of the glomerular capillaries 

are covered with podocytes. Each podocyte has a large body with small finger-like 

processes that interdigitate with similar structures from adjacent cells. These structures 

cover the glomerular capillaries forming slit pores. Blood is filtered through these slits, 

known as a slit diaphragm. After passing through the glomerular filtration barrier and 

leaving large and negatively charged molecules in the capillaries, the filtrated blood 

enters the Bowman’s space which is aligned by parietal epithelial cells. The Bowman’s 

space is continuous with the tubular system. 

The remaining portion of the nephron consists of tubuli. First, the filtrated blood 

enters the proximal tubule, then enters the loop of Henle and finally the distal tubules. 

These structures concentrate the pre-urine and reabsorb essential molecules, but also 

secretion from blood to tubuli occurs. The tubuli are supported by the interstitium, 

which consists of thin connective tissue in peritubular and periarterial spaces. 

Diabetic nephropathy

The UK prospective diabetes study (UKPDS) and diabetes control and complications trial 

(DCCT) have established an initiating role for hyperglycemia in developing microvascular 

complications such as diabetic nephropathy (2;5). 

There are four main hypotheses about how hyperglycemia causes diabetic nephropathy:

1) increased polyol pathway flux, 

2) increased advanced glycation end product formation,

3) activation of the protein kinase C isoforms,

4) increased hexosamine pathway flux. 

Each of these hypotheses will be described in detail below:

1) Aldose reductase is the first enzyme in the polyol pathway and an oxidoreductase 

that catalyses the NADPH-dependent reduction of a wide variety of carbonyl compounds, 

such as glucose. Aldose reductase has a low affinity for glucose and in the normal 

situation the metabolism of glucose by this pathway is minimal. In a hyperglycemic 

environment, increased intracellular glucose results in its increased enzymatic conversion 
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to sorbitol, with concomitant decrease in NADPH. In the polyol pathway, sorbitol is 

oxidized to fructose by the enzyme sorbitol dehydrogenase with NAD+ being reduced 

to NADH. The most accepted theory how the polyol pathway is involved in causing 

diabetic nephropathy is as follows. Reduction of glucose to sorbitol consumes NADPH. 

As NADPH is required for generating glutathione, and glutathione protects cells from 

oxidative stress, this could induce intracellular oxidative stress (6;7). 

2) Advanced glycation end products (AGE) are irreversibly damaged proteins or lipids 

resulting from a chain of chemical reactions after an initial glycation reaction (8). AGE 

formation is increased in diabetes due to increased intracellular glucose. Intracellular 

and extracellular AGEs and its precursors damage cells by three mechanisms. First, 

intracellular proteins modified by AGEs have an altered function. Second, extracellular 

matrix components modified by AGE precursors interact abnormally with other matrix 

components and with the receptors for matrix proteins, such as integrins on cells. Third, 

plasma proteins modified by AGE precursors bind to AGE receptors on endothelial cells, 

mesangial cells and macrophages, inducing receptor-mediated production of reactive 

oxygen species. 

3) Intracellular increase of glucose augments the synthesis of a molecule called 

diacylglycerol (DAG), which is a critical activating cofactor for the classic isoforms of 

protein kinase C (PKC), β, δ and α. PKC has an effect on expression of a variety of genes. 

Its overactivation leads to blood flow abnormalities, vascular permeability, capillary and 

vascular occlusion, pro-inflammatory gene expression and oxidative stress (9-11).

4) In the hexosamine pathway, fructose-6-phosphate is diverted from glycolysis 

leading to an increase in uridine diphosphate-N-acetylglucosamine. Overmodification 

by this glucosamine of serine and threonine residues leads to pathological changes in 

gene expression and protein function. Although a role for this relatively newly identified 

pathway in diabetic nephropathy is evident (12;13), the exact pathogenic mechanisms 

still need to be established. 

Brownlee (14) hypothesized that these four pathways can be linked together by 

a common initiating factor: superoxide formation by the mitochondria. Increased 

hyperglycemia-derived electron donors from the tricarboxylic acid cycle (also known 

as the citric acid cycle), NADH and FADH2, generate a high mitochondrial membrane 

potential, by pumping protons across the mitochondrial inner membrane. This inhibits 

electron transport, increasing the half-life of free radical intermediates of co-enzyme 

O, which reduce O2 to superoxide. Hyperglycemic induced superoxide formation 
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by the mitochondria decreases GAPDH which converts glyceraldehyde-3-P into 

1,3-diphosphoglycerate in the tricarboxylic acid cycle. As a result glyceraldehyde-3-P, 

which is a precursor for AGE and PKC, increases. This initiates AGE formation and 

PKC activation. Due to the reduced conversion by GAPDH, the molecules upstream 

the tricarboxylic acid cycle will also increase. These are fructose-6-P, activating the 

hexosamine pathway, and glucose itself, increasing the polyol pathway activity. 

Early in the course of diabetes, abnormalities in blood flow and increased vascular 

permeability occur. In this stage, there is decreased activity of vasodilators, such as nitric 

oxide and increased activity of vasoconstrictors, such as angiotensin II and endothelin-1 

and elaboration of permeability factors such as vascular endothelial growth factor 

(VEGF). Later, abnormalities in the extracellular matrix contribute to an irreversible 

increase in vascular permeability. With time, microvascular cell loss occurs, in part as 

result of apoptosis, and there is progressive capillary occlusion due to both extracellular 

matrix overproduction induced by growth factors such as transforming growth factor 

β (TGF-β) and deposition of hyaline material. Together, these changes lead to oedema, 

high blood pressure in the glomerulus and ischemia, finally leading to glomerulosclerosis. 

The abovementioned mechanisms are not confined to diabetic nephropathy. They 

also play a role in macrovascular complications and other microvascular complications. 

Clinical features

Clinically, the natural history of diabetic nephropathy is described to consist of five 

stages (15). The first stage is characterized by hyperfiltration and hypertrophy of the 

glomerulus, leading to higher glomerular filtration rate and renal enlargement. This 

stage is still reversible but is associated with an increased risk of developing more 

advanced diabetic nephropathy (16). Stage 2 develops silently over many years and is 

characterized by morphologic lesions without signs of clinical disease. Then diabetic 

nephropathy progresses from microalbuminuria (incipient diabetic nephropathy, stage 

3) to macroalbuminuria (overt nephropathy, stage 4) and finally, end stage renal 

disease (advanced diabetic nephropathy). Microalbuminuria can still regress in contrast 

to the later stages. When high blood pressure in the stage 4 diabetic nephropathy 

(macroalbuminuria) is left untreated, renal function (GFR) declines, the mean fall 

rate being around 1 ml/min/month. Long-term antihypertensive treatment reduces 

the fall rate by about 60% and thus postpones end stage renal disease considerably 

(15). End stage renal disease refers a stage in which patients require dialysis or kidney 

transplantation, because the kidneys do not function anymore.
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There is still debate whether diabetic nephropathy due to type 1 and type 2 diabetes 

can be considered the same disease. Two early studies showed a similar course in 

clinical diabetic nephropathy in type 1 and type 2 diabetes (17;18). However, several 

differences have been described between diabetic nephropathy in type 1 and type 2 

diabetes. Diabetic nephropathy due to type 1 diabetes almost always coincides with 

diabetic retinopathy (19) in contrast to type 2 diabetes in which this parallel is less clear. 

However, the relationship between diabetic nephropathy and retinopathy in type 2 

diabetes varies depending on the diabetes regimen (20). In patients treated with insulin, 

the relationship between nephropathy and the severity of retinopathy is similar to that 

in type 1 diabetes (21). Furthermore, some claim that diabetic nephropathy develops 

more often in type 1 diabetes than in type 2 diabetes. The difficulty in type 2 diabetes 

is that many die due to cardiovascular disease before reaching the clinical stage of 

diabetic nephropathy. If we look at Pima Indians who have type 2 diabetes relatively 

early in life and are known for their relatively low cardiovascular mortality risk, 65% 

of the diabetes type 2 patients will develop ESRD (22), suggesting that cardiovascular 

disease in Caucasians might influence the incidence rate of diabetic nephropathy due 

to type 2 diabetes.

For pathologists, diabetic nephropathy due to type 1 and type 2 diabetes appears 

to be undistinguishable (23;24). However, on the genetic level, there seem to be 

differences in genetic susceptibility between diabetic nephropathy due to type 1 and 

type 2 diabetes (25-29). This is suggestive for different mechanisms in type 1 and type 2 

diabetes leading to similar histopathologic appearance of diabetic nephropathy. 

Histopathology 

Diabetic nephropathy causes pathological abnormalities in the glomerulus and 

tubulus extraglomerular vessels and interstitium. The first pathological sign of diabetic 

nephropathy is enlargement of the glomerulus which corresponds to the clinical stage of 

glomerular hyperfiltration (stage 1) (15). Additionally, glomerular basement thickening 

occurs in an early stage and is seen to be present after 2 years of diabetes duration (30). 

When the disease progresses the mesangium starts to expand, corresponding to the 

clinical stage of both micro- and macroalbuminuria. 

Two forms of diabetic nephropathy are described; diffuse versus nodular 

glomerulosclerosis (31). This designation is primarily of descriptive value, because the 

distinctions do not have clear-cut clinical significance, although nodular glomerulo-

sclerosis is more often described in severe cases (31;32). Diffuse diabetic glomerulo-
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sclerosis is less specific for diabetic glomerulosclerosis than nodular glomerulosclerosis. 

The nodular lesions of diabetic glomerulosclerosis are also known as Kimmelstiel-Wilson 

lesions. 

Glomerular hyalinosis is common in diabetic glomerulosclerosis. These hyaline lesions 

may result from insudation or exudation of plasma proteins from vessels followed by 

entrapment in the matrix. The hyalinosis can occur anywhere in the glomerular tufts, 

but there are two characteristic patterns: capsular drops and hyaline caps (also known 

as fibrin caps). Capsular drops are spherical accumulations of hyaline material adjacent 

to or within the Bowman’s capsule. The hyaline caps occupy the capillary lumen instead 

of being attached to Bowman’s capsule. 

Arteriolosclerosis and arteriosclerosis often accompany diabetic glomerulosclerosis. 

Arteriolar hyalinosis at the glomerular hilum is present in diabetic glomerulosclerosis 

and typically affects both the afferent and efferent arterioles. Hypertensive hyaline 

arteriolar sclerosis affects the afferent but not the efferent arteriole (33). 

The earliest tubular change is thickening of tubular basement membrane that is 

analogous to the glomerular basement membrane thickening. When the disease 

progresses, tubules become atrophic and, fibrosis and chronic inflammation are present 

in the interstitium. Mononuclear cells can also be found in the interstitium in diabetic 

nephropathy. Inflammatory infiltrates of the interstitium, predominantly by T lympho-

cytes and macrophages, have been described (34). These chronic tubulointerstitial 

changes are not specific to diabetic nephropathy. 

Pathological classification of diabetic nephropathy

Although for many kidney diseases pathological classification schemes exist (35-37), 

for diabetic nephropathy no uniform internationally accepted classification scheme 

has been developed yet. Classification schemes improve communication between 

and among renal pathologists and clinical nephrologists, provide logistical structure 

for prognostic and interventional studies and assist clinical management and efficiency 

(38).

In the past, several attempts have been made in classifying diabetic nephropathy. 

In 1959, Gellman et al. (39) proposed a systematic evaluation examining glomeruli, 

tubules, arterioles and the interstitium of kidney biopsies with diabetic nephropathy. 

The unique feature of this paper was that it presented for the first time associations 

between histopathological findings in renal biopsies with diabetic nephropathy and 
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severity of clinical parameters (39). Due to its extensive and elaborate nature, this 

evaluation system turned out to be unsuitable for practical usage. 

More recently, in 1993, Gambara et al. (40) suggested to distinguish three classes 

of type 2 diabetes related nephropathy: class 1, typical diabetic glomerulopathy; class 

2, aspecific glomerular and tubulointerstitial lesions, and class 3, different glomerular 

diseases superimposed on diabetic lesions. This system does not distinguish in severity 

of the lesions; it also contains a rather broad ‘aspecific’ category.

In 1996, Fioretto et al. (41) proposed another categorization of lesions for diabetic 

nephropathy in type 2 diabetes, also distinguishing between three classes: Class I, normal 

or near normal renal structure; Class II, typical diabetic nephropathy; Class III, atypical 

diabetic nephropathy. Although this system proved useful in evaluating renal biopsies 

for research purposes, it is not practical for clinical use. There are four drawbacks to 

this system: 

-	 it does not discriminate between damage from other causes (e.g. vascular 

damage) and diabetic nephropathy, 

-	 it does not distinguish in severity of the lesions, 

-	 it is only suitable for ‘proven’ diabetic nephropathy at the electron microscopy 

level, 

-	 the category ‘atypical’ is too broad to make a reliable evaluation of the biopsy.

In 2002, Mazzucci et al. (42) published an evaluation system for type 2 diabetic 

nephropathy that was based upon Gambara’s scheme from 1993 (40). Mazzucci et 

al. (42) revised the Gambara scheme by re-naming class 2 into a category mainly 

characterized by changes related to vascular damage. In addition to this revision, they 

split class 3 into two subtypes: 3a) glomerular diseases superimposed on diabetic 

glomerulosclerosis and 3b) glomerular disease as the only renal change. They concluded 

that a renal biopsy should play a central role in management of type 2 diabetic patients 

with proteinuria.  

None of these classification schemes were used in clinical practice. A standardized 

classification could encourage international uniformity in classifying diabetic 

nephropathy, facilitate experiments, be applied in multi-center clinical trials, and 

ultimately lead to improvement in the care of diabetic nephropathy. A proposal for such 

a classification scheme, based on severity of diabetic nephropathy, is made in chapter 

2 by a group of experts. 
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Part ii – Genetics in diabetic nePhroPathy

Francis Harry Compton Crick, James Dewey Watson and Maurice Hugh Frederick Wilkins 

received the Nobel Prize in Medicine for their discoveries in the molecular structure of DNA 

in 1962. Since then, many techniques have been developed to investigate variations in 

this DNA molecule in relation to disease. Several distinctions in genetic variation between 

individuals can be made based on variation in the DNA sequence and allele frequency. 

At the DNA level, there are insertion/deletions, copy number variations, microsatellites, 

and single nucleotide polymorphisms (SNP). Insertion/deletion are insertions or deletion 

in a certain part of the DNA sequence. Copy number variation is the same but larger, 

also referred to as duplications and insertions. Microsatellites are repeated sequences of 

which the CA repeat is the most common one. A single nucleotide polymorphism is a 

variant in a single nucleotide. Furthermore, based on allele frequency, the distinction is 

made between a polymorphism (minor allele frequency greater or similar to 1%) and a 

mutation, which is more rare (minor allele frequency <1%). 

In the beginning, genetic mapping was used to search for causal mutations of 

diseases that run in families and are inherited by the principles of Mendel. These 

Mendelian diseases, also called monogenetic disorders, are caused by a mutation in 

a single gene. Duchenne muscular dystrophy is an example of a Mendelian disease. 

The disorder is caused by a mutation in the gene DMD, which encodes for the protein 

dystrophin, an important structural component within muscle tissue. Due to a single 

gene mutation the protein is not produced adequately, leading to the severely disabling 

phenotype of Duchenne. In contrast to Mendelian diseases, complex diseases are 

disorders in which the cause is considered to be a combination of several genetic effects 

and environmental influences. For example, type 1 and 2 diabetes, diabetic nephropathy 

and cardiovascular disease are such complex diseases. 

Genetic mapping 

Genetic mapping in the last century has resulted in a rapid increase in the understanding 

of disease pathology in many Mendelian diseases. These were found by a family-

based approach based on the principle of linkage. Linkage is the tendency of certain 

loci or alleles to be inherited together. In family based linkage studies, it has been 

investigated which DNA markers (microsatellites) are more often inherited in affected 

family members compared to unaffected family members. When a genetic marker is 



1

21

tightly linked (i.e. often inherited) with the disease, additional DNA markers near this 

marker are sought and studied. This process is often referred to as positional cloning 

and finally leads to the gene involved in the disease. This is a most useful approach in 

Mendelian disease, but in complex disease one gene does not ultimately lead to the 

disease. Therefore some relatives might be affected without the risk allele of the genetic 

variant and unaffected relatives might have this risk allele. Especially when a risk allele 

and disease are common (> 5% allele frequency), the inheritance pattern of the risk 

allele might not be so informative. An impractically large number of families would be 

needed to study a complex disease to find a small enough region to ultimately lead to 

one gene. 

A candidate gene is a gene which is suspected to be involved in diabetic nephropathy 

based on the literature. To investigate a candidate gene association studies are used. 

Association studies investigate whether a risk allele occurs more frequently in subjects 

with the disease than in individuals without the disease. In contrast to familial studies, 

in association studies a problem called population stratification can occur. Population 

stratification refers to the problem that results in genetic association studies are due to 

ancestral differences in cases versus controls instead of related to the disease. Population 

stratification can only occur when either allele frequency or the disease risk differs 

between ancestral backgrounds. Another problem is that a clear biological explanation 

beforehand is needed to choose such a candidate gene and from Mendelian diseases 

we have learned that most genes found, were completely unexpected. 

A new approach, developed to investigate complex disease, is the genome wide 

association scan (GWAS). This is an association study of the genome with common SNPs 

used as genetic markers. Since many SNPs are present in the human genome, this gives 

a good coverage of the human genome. A great advantage of the GWAS is that it does 

not need a biological explanation beforehand. It maps the genome with common SNPs 

either directly involved in disease pathology or indirectly through tagSNPs, which are 

potentially linked with risk alleles. Another advantage is that population stratification 

can be corrected for in this approach, as with the many SNPs the ancestry of the 

individual can be determined. 

Models in complex genetics

Three models have been proposed to explain the genetic component in complex disease; 

the common disease-common variant model (CD-CV model), the rare alleles of major 
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effect (RAME) model and the infinitesimal model. 

The CD-CV model assumes that common variants contribute to risk, each explaining 

a small proportion of disease liability. Due to their high frequencies, these variants 

may explain a large part of the population risk. The genome-wide association scan 

(GWAS), based on the CD-CV model, has proven to be powerful (43). An example of 

a common disease variant consistently replicated  is APOE  in Alzheimer’s disease and 

heart disease (44). In contrast, the RAME model postulates that common diseases are in 

fact genetically heterogeneous and caused by de novo mutations. A rare variant in each 

individual (or family) with large effect may contribute to risk. Support for this model 

comes from studies of rare genetic variants in the high density lipoprotein C (HDL-C) 

gene (45;46). Rare variants were more often present in patients with low HDL-C (<fifth 

percentile) than with high HDL-C (>95th percentile). These findings were replicated in 

an independent study population (45). That the GWAS provides solid evidence for novel 

gene associations does not ultimately mean that the CD-CV model explains the genetic 

risk in complex diseases. Common SNPs identified by GWAS could be associated with 

rare mutations. Therefore, some common SNPs may be a proxy for a rare variant with 

large effect. Rare variants with large effect may provide clear information on disease 

etiology. 

The infinitesimal model assumes that liability for disease follows an asymptotic 

distribution, as shown for the continuous trait height. Hundreds of genes would be 

involved, covering a wide range of frequencies (47). This model has gained support in 

GWAS, where odds ratios of 1.2 may each account for a small fraction of the liability. 

Genetic susceptibility of diabetic nephropathy

In type 1 diabetes it has clearly been shown that some patients develop diabetic 

nephropathy within the first fifteen years and after that the incidence decreases (4). 

This suggests that some patients seem to be more susceptible to develop diabetic 

nephropathy. This is less clearly shown in type 2 diabetes as probably many die of 

cardiovascular disease before reaching the age to develop diabetic nephropathy. Several 

studies indicate that a separate genetic risk factor exists for diabetic nephropathy in type 

1 or type 2 diabetes. Evidence for a genetic predisposition is that diabetic nephropathy 

seems to aggregate in certain families (48;49). Furthermore the prevalence of diabetic 

nephropathy varies significantly among ethnic groups (48). 
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Genetics in diabetic nephropathy

The first studies performed in the search for genes in diabetic nephropathy were linkage 

analyses in family studies. Several genome-wide linkage scans have been published in 

diabetic nephropathy in type 1 and type 2 diabetes. Although most of these analyses 

evaluated small numbers of families from different ethnic groups, several consistent 

regions of linkage have been detected (50-56). These regions can be helpful in choosing 

candidate genes, but these linkage studies were underpowered for directing to one 

specific gene.

In genetic association studies several candidate genes for diabetic nephropathy 

have been investigated. The frequently investigated genes were the genes involved 

in the renin-angiotensin-system. The most studied variant, the insertion/deletion 

polymorphism in intron 16 of the gene coding for angiotensin-converting enzyme 

(ACE), has shown to have a small effect in a meta-analysis of 53 studies (57). 

Furthermore, genetic variants in genes coding for aldose reductase (58), endothelial 

nitric oxide (59-61), manganese superoxide dismutase (62), vascular endothelial growth 

factor (63), TGF-β (64), apolipoprotein E (65-67), inflammatory cytokines (68) among 

several other candidates were studied in relation to diabetic nephropathy. A broad 

definition of diabetic nephropathy was used in these studies, from hyperfiltration and 

microalbuminuria to biopsy proven diabetic nephropathy. 

Combining the two approaches, also referred to as large scale mapping, has led 

to some success. A good example is the CNDP1 gene. A region on chromosome 

18q22-22.3 was found to be associated with diabetic nephropathy in large Turkish 

families who were not treated for this disease, making this an ideal population to study 

for this purpose (50). Genes of this relatively small region were searched for up- or 

downregulation in diabetic nephropathy. A few genes were differentially expressed in 

diabetic nephropathy and one of these genes was the CNDP1 gene. Genetic variations 

were sought in this gene and tested in a genetic association study. A polymorphism in 

exon 2 was found to be associated with diabetic nephropathy (26). This is an example 

of a successful finding, however, most found regions in diabetic nephropathy are 

larger. Furthermore, microarray analyses are known for the high false-positivity rate and 

finding the right variant is also a challenge considering multiple testing. Therefore, only 

few successful examples of this approach are known. 

A few GWAS have been performed in diabetic nephropathy (69;70), leading to 
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several variants in or near genes which were not hypothesized before. Examples are 

genetic variants in the engulfment and cell motility 1 gene (ELMO1) (71) and cysteinyl-

tRNA synthetase gene (CARS) (70). Most of the found variants will not prove to be 

causal and the relevance of these findings still needs to be assessed. 

Part iii - CNDP1, carnosinase and carnosine in diabetic nePhroPathy

Carnosine

In 1900 carnosine (β-alanine-L-histidine), as the name implies, was first isolated 

from meat by Gulewitsch and Amiradzibi (72). Related compounds to carnosine are 

anserine, homocarnosine, ophidine, carcinine and N-acetyl carnosine. In the human 

body, carnosine and related compounds are found in high concentrations in muscle 

and nervous tissue, but are also present in several organs such as the kidney, liver and 

small intestine. In the muscle, carnosine makes up a significant fraction of the water 

soluble nitrogen-containing compounds. The most convincing role of carnosine in the 

muscle was considered to be the control of intracellular hydrogen ion concentration. 

It was presumed that this property explains its predominant association with white, 

fast glycolytic type IIb muscles which possess relatively few mitochondria. Therefore 

these fibers will more often need anaerobic activity, which generates lactic acid. 

The importance of carnosine as a physicochemical buffer within human muscle was 

examined by calculating its buffering ability over the physiological pH range. From the 

range of carnosine concentrations observed (7.2-30.7 mmol/kg dry muscle mass), it 

was estimated that the dipeptide could buffer between 2.4 and 10.1 mmol H+/kg dry 

mass over the physiological pH range 7.1-6.5, contributing on average, approximately 

7% to the total muscle buffering. This suggests that in humans, in contrast to many 

other species, carnosine is of only limited importance in preventing the reduction 

in pH observed during exercise (73). Further evidence that carnosine is more than a 

physiological buffer, comes from Severin and co-workers (74;75). They showed that 

after addition of carnosine in medium surrounding a fatigued skeletal muscle, the 

muscle working was restored and because of special precautions in their study, it was 

shown that it did not depend on the pH-buffering capacity of carnosine.   

The protective effect of carnosine can also be explained by its antioxidant properties. 
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Carnosine is capable of preventing the accumulation of oxidized products derived from 

the lipid components of biological membranes (73;76;77). This is rather surprising 

considering that carnosine is water soluble and remote from the site at which the 

peroxidation of membrane lipids takes place. However, both carnosine and anserine 

potentiate the effect of lipid soluble antioxidants such as vitamin E (78). Detailed studies 

of the time course of lipid peroxidation in the sarcoplasmic reticulum suggest that the 

ability of carnosine to inhibit the accumulation of thiobarbituric acid-reactive products 

is mediated by the result of direct interaction of the dipeptide not only with free radicals 

generated within the system, but also with primary molecular products of the lipid 

peroxidation (76). The antioxidant effect of carnosine has been demonstrated at both 

cell and tissue level as well as in suspensions of lipids derived from cell membranes. 

Carnosine is able to suppress peroxidation induced both enzymatically and non-

enzymatically and eliminates the products of free radical reactions. These effects are 

not confined to the muscle and are accomplished by membrane stabilizing action as 

shown by preservation and recovery of intact cell membrane structures. 

Kohen et al. (79) have demonstrated that these compounds can act as antioxidants 

as a result of their ability to scavenge single oxygen, peroxyl radicals and hydroxyl 

radicals. Carnosine and its analogues have been shown to be efficient chelating agents 

for copper and other transition metals. Since human skeletal muscle contains one-third 

of the total copper in the body (20-47 mmol/kg) and the concentration of carnosine 

is relatively high, the complex of carnosine:copper was thought to be of biological 

importance. Kohen et al. results indicated the complex of copper:carnosine can dismute 

superoxide radicals released by neutrophils (79). Furthermore, carnosine has shown to 

attenuate oxidative damage to DNA molecules (80) in the presence of iron and copper 

ions. 

Carnosine has also been shown to have AGE inhibitory actions; protein crosslinks 

induced by methylglyoxal (a precursor of AGE) were found to be eliminated in the 

presence of carnosine (81;82). Although the mechanism by which carnosine inhibits 

the formation of AGE is unknown, it is likely that the free amino group derived from 

β-alanine competes with the amino groups of proteins in their reaction with precursors 

of AGEs (75). Apart from the abovementioned protective capacities, carnosine has also 

shown to inhibit formation of foam cells in vitro (83) and is an natural ACE inhibitor 

(84). 

While carnosine is mainly found in skeletal muscle, homocarnosine concentration 
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is higher in the brain. It has been postulated that carnosine is a neurotransmitter. 

However, no receptors for carnosine have been found in nervous tissues (85). The role 

of carnosine in the brain is still under debate (86). 

Investigating this dipeptide gained popularity for its anti-aging potential; it 

suppresses cultured human fibroblasts senescence and delays aging in senescence-

accelerated mice (87). The exact reason why carnosine has this effect is not known, but 

it is probably due to the combination of abovementioned protective effects. In humans, 

so far no relation with carnosine and longevity have been found (88). Carnosine has 

also been investigated in age-related diseases such as Alzheimer (89) and Parkinson 

disease (90), but also in a wide variety of disorders and diseases, such as autism (91), 

cataract (92) and, cancer (93). The exact role of carnosine in these diseases still needs 

to be established.

Figure 2. Carnosine metabolism

Carnosine metabolism

Carnosine and related compounds are produced by carnosine synthase of which the 

genetic sequence has recently been identified (94) as ATP-grasp domain containing protein 

1, ATPGD1. Carnosine is synthesized by muscle cells, glial cells and oligodendrocytes 

(85). The kidney brush border also possesses a carnosine transport system (95;96). The 

majority of circulating carnosine is internalized by proximal tubular epithelial cells of 

the kidney via oligopeptide transporters Pept1 and Pept2 (97;98). Dibutyryl cyclic AMP 

and other agents that can, directly or indirectly, activate cyclic AMP-dependent protein 
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kinases strongly lower the rate of carnosine synthesis (99). 

Carnosinase degrades carnosine into L-histidine and β-alanine (figure 2). Classical 

carnosinase was first described by Hanson and Smith (100), who found hog kidney 

carnosinase in 1949. Later, a distinction was made in two isoforms of carnosinase; 

serum carnosinase (also known as carnosinase-1) and tissue carnosinase (also known 

as carnosinase 2) (101). Teufel et al. showed that in fact there were two different genes 

coding for each of the enzymes (102). Tissue carnosinase is not capable of degrading 

carnosine under physiological condition in humans and has been shown to have 

rather a broad specificity (102). Therefore, this enzyme should be renamed into ‘non-

specific dipeptidase’ and serum carnosinase into the genuine carnosinase (94;102). 

The following part will only describe data on genuine carnosinase. The physiological 

function of this carnosinase seems to be the hydrolysis of homocarnosine in the brain 

and the splitting of carnosine and anserine in the blood stream. Carnosinase is present 

in plasma and the brain and is specific to carnosine and related compounds. 

Carnosinase activity is nearly absent in neonates (103), low in children (although 

protein level are similar in children and adults) and seems to increase with age (104). 

Women have slightly higher carnosinase levels than men (105). In the literature, 

some cases have been described with serum carnosinase deficiency, leading to severe 

neurological symptoms such as epilepsy, myoclonic seizures, microcephaly, blindness 

and mental retardation (103;106-108). On the other hand, subjects with carnosinase 

deficiency without any symptoms (103) have been described and the degree of serum 

carnosinase deficiency does not seem to correlate with the severity of the disease 

(106). However, it seems evident that even without a clear dose-response relationship, 

carnosinase deficiency is often associated with mental retardation (106). 

Carnosinase-carnosine metabolism in diabetes and diabetic nephropathy

The most important clue that carnosine metabolism plays a role in diabetic nephropathy 

comes from genetic studies (26;50). A region on chromosome 18q22-22.3 was found to 

be associated with diabetic nephropathy in large Turkish families (50). A polymorphism in 

the CNDP1 gene, which encodes serum carnosinase and is located in the chromosomal 

region 18q22-22.3, was found to be associated with diabetic nephropathy (26). 

Freedman et al. (25) confirmed this finding in European Americans with end stage 

diabetic nephropathy due to type 2 diabetes, but the association between diabetic 

nephropathy and the CNDP1 gene could not be confirmed in patients with diabetic 
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nephropathy due to type 1 diabetes (27;28). The polymorphism is a microsatellite of CTG 

repeats (coding for the amino acid leucine) in exon 2 of the CNDP1 gene, which varies 

between 0, 4, 5, 6, 7 and 8 repeats. Alleles with null, four and eight repeats are rare 

(25;26;88). Patients with homozygosity for 5 leucine repeats demonstrated a reduced 

susceptibility (2.0-fold reduced risk) for developing diabetic nephropathy due to type 

2 diabetes compared with individuals with 6–8 repeats (25;26). Increasing numbers of 

leucine repeats in the leader peptide, have shown to increase the secretion of serum 

carnosinase (109) and to lead to higher serum carnosinase activity (26). Carnosines and 

related dipeptides are generally known for their protective effects. In the pathogenesis 

of diabetic nephropathy oxidative stress plays a central role. Therefore, of particular 

interest in relation to diabetic nephropathy is the scavenging of reactive oxygen species 

effect of carnosine (110). Formation of AGE is increased in a diabetic environment and 

has a major role in the development of diabetic nephropathy (111). Carnosine is able to 

scavenge precursors of AGE, such as methylglyoxal, and facilitates the degradation of 

AGEs (81). Furthermore, carnosine has shown to inhibit angiotensin converting enzyme 

(84), potentially lowering blood pressure. Elevated blood pressure could accelerate the 

development of diabetic nephropathy. Finally, TGF-β induced synthesis of extracellular 

matrix components (26) is thought to induce fibrosis and can be reduced by carnosine. 

This might explain why lower carnosinase levels (because of the 5-5 CNDP1 homozygous 

genotype) leading to high circulating carnosine concentrations, are protective in diabetic 

nephropathy (figure 3).  

Carnosine is mainly present in meat and fish and therefore it is interesting to see that 

vegetarians have higher levels of a precursor of AGE, which carnosine can scavenge, 

than carnivores. Furthermore, carnosine content increases with exercise (112;113), 

which has been shown to be body beneficial in diabetes, apart from the fact that it 

decreases mass content (114). 
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Figure 3. Hypothesis of CNDP1 genotype in relation to diabetic nephropathy

Carnosine in animal models

With exception of the Goldhamster, carnosinase is not present in serum of rodents. 

However, rodents have a functional carnosinase coded by CNDP1, but it is not excreted 

from the cell into the serum. Several studies have been performed with carnosine 

treatment in rodents with diabetic nephropathy (115-117). Ob/ob mice, a leptin-

deficient mouse used as a model for type 2 diabetes and diabetic nephropathy, were 

made transgenic for human carnosinase under a liver-specific promoter (117). Human 

carnosinase was present in serum of these transgenic mice and in this unique model, 

carnosinase could be overexpressed. When the animals were treated with carnosine, the 

hyperglycemia was reduced. The histological features of the kidney, serum creatinine 

levels and albumin creatinine levels in the carnosine-treated mice versus the untreated 

mice did not differ. These data suggest that the protective effect of the 5-5 homozygous 

genotype in diabetic nephropathy is primarily regulated by improved glycemic control 

(117). The obese Zucker rat, used as a model for metabolic syndrome (which includes 

type 2 diabetes) associated with kidney damage, was also treated with carnosine. 

Carnosine led to a reduced albumin excretion and improved kidney function in these 

rats. Furthermore, carnosine reduced the plasma triglycerides and insulin resistance 

but not plasma glucose (115). The characteristic pattern of lipid abnormalities in 
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patients with diabetes consists of moderate elevation in triglycerides, low high-density 

cholesterol values, and an increase in small dense low-density lipoprotein particles. 

Possibly in this rat model the improvement of the kidney is primarily due to improvement 

in the lipid abnormalities. In male streptozocin-treated Sprague-Dawley rats, used as a 

model for type 1 diabetes with diabetic nephropathy, the treatment with carnosine was 

also investigated. In these rats carnosine treatment reduced the amount of albumin 

excretion, but not plasma glucose (116). This is in contrast to streptozocin-treated Balb/

cA mice, which did show improved glycemic control, lower triglyceride concentrations 

after carnosine treatment. In the latter study, the effect of carnosine on the kidney was 

not investigated (118). Clearly, more studies have to be done in mice to establish the 

role of carnosine in diabetic nephropathy.

Outline of this thesis

This thesis, with as a central theme diabetic nephropathy, comprises 7 chapters. In 

chapter 2 a histological classification of diabetic nephropathy is proposed, classifying 

diabetic nephropathy according to severity of the disease. The idea is that this will 

induce clinical and pathological uniformity, leading to better patient care and scientific 

communication. As diabetic nephropathy has a strong genetic component, chapter 

3 covers the genetic variants reproducibly associated with diabetic nephropathy in a 

meta-analysis study. Chapters 4, 5 and 6 focus on one genetic variant known to be 

involved in diabetic nephropathy, the leucine repeat in exon 2 of the CNDP1 gene. 

In chapter 4, a population of South Asians Surinamese immigrants, who have an 

increased risk of developing diabetic nephropathy, was investigated for the frequency 

of the protective 5-5 homozygous genotype of the CNDP1 gene. Chapter 5 describes 

the relation between the CNDP1 genetic variant and gender in diabetic nephropathy 

in three independent diabetic nephropathy groups. In chapter 6 the relation between 

the CNDP1 genotype with glomerular kidney diseases other than diabetic nephropathy 

was investigated. Chapter 7 relates more to the physiological aspect of carnosine, 

investigating determinants such as gender, age, diet, CNDP1 genotype, carnosinase and 

testosterone in relation to carnosine content in muscle.  



1

31

reference list

 (1)  The world health report 2006; working together with health.  2006.  World Health Organisation. 

 (2)  Adler AI, Stevens RJ, Manley SE, Bilous RW, Cull CA, Holman RR. Development and progression 

of nephropathy in type 2 diabetes: the United Kingdom Prospective Diabetes Study (UKPDS 64). 

Kidney Int 2003;63(1):225-232.

 (3)  Intensive blood-glucose control with sulphonylureas or insulin compared with conventional 

treatment and risk of complications in patients with type 2 diabetes (UKPDS 33). UK Prospective 

Diabetes Study (UKPDS) Group. Lancet 1998;352(9131):837-853.

 (4)  Krolewski AS, Warram JH, Rand LI, Kahn CR. Epidemiologic approach to the etiology of type I 

diabetes mellitus and its complications. N Engl J Med 1987;317(22):1390-1398.

 (5)  Diabetes Control and Complications Trial (DCCT). Update. DCCT Research Group. Diabetes Care 

1990;13(4):427-433.

 (6)  Pompella A, Visvikis A, Paolicchi A, De T, V, Casini AF. The changing faces of glutathione, a cellular 

protagonist. Biochem Pharmacol 2003;66(8):1499-1503.

 (7)  Lee AY, Chung SS. Contributions of polyol pathway to oxidative stress in diabetic cataract. FASEB J 

1999;13(1):23-30.

 (8)  Goldin A, Beckman JA, Schmidt AM, Creager MA. Advanced glycation end products: sparking the 

development of diabetic vascular injury. Circulation 2006;114(6):597-605.

 (9)  Koya D, King GL. Protein kinase C activation and the development of diabetic complications. 

Diabetes 1998;47(6):859-866.

 (10)  Way KJ, Katai N, King GL. Protein kinase C and the development of diabetic vascular complications. 

Diabet Med 2001;18(12):945-959.

 (11)  Koya D, Jirousek MR, Lin YW, Ishii H, Kuboki K, King GL. Characterization of protein kinase C beta 

isoform activation on the gene expression of transforming growth factor-beta, extracellular matrix 

components, and prostanoids in the glomeruli of diabetic rats. J Clin Invest 1997;100(1):115-126.

 (12)  Kolm-Litty V, Sauer U, Nerlich A, Lehmann R, Schleicher ED. High glucose-induced transforming 

growth factor beta1 production is mediated by the hexosamine pathway in porcine glomerular 

mesangial cells. J Clin Invest 1998;101(1):160-169.

 (13)  Wells L, Hart GW. O-GlcNAc turns twenty: functional implications for post-translational modification 

of nuclear and cytosolic proteins with a sugar. FEBS Lett 2003;546(1):154-158.

 (14)  Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature 

2001;414(6865):813-820.

 (15)  Mogensen CE, Christensen CK, Vittinghus E. The stages in diabetic renal disease. With emphasis 

on the stage of incipient diabetic nephropathy. Diabetes 1983;32 Suppl 2:64-78.:64-78.



1

32

 (16)  Magee GM, Bilous RW, Cardwell CR, Hunter SJ, Kee F, Fogarty DG. Is hyperfiltration associated with 

the future risk of developing diabetic nephropathy? A meta-analysis. Diabetologia 2009;52(4):691-

697.

 (17)  Hasslacher C. Diabetic nephropathy: structural-functional relationships. Contrib Nephrol 

1989;73:24-8; discussion 28-9.:24-28.

 (18)  Biesenbach G, Janko O, Zazgornik J. Similar rate of progression in the predialysis phase in type I and 

type II diabetes mellitus. Nephrol Dial Transplant 1994;9(8):1097-1102.

 (19)  Parving HH, Hommel E, Mathiesen E, Skott P, Edsberg B, Bahnsen M et al. Prevalence of 

microalbuminuria, arterial hypertension, retinopathy and neuropathy in patients with insulin 

dependent diabetes. Br Med J (Clin Res Ed) 1988;296(6616):156-160.

 (20)  Romero-Aroca P, Mendez-Marin I, Baget-Bernaldiz M, Fernendez-Ballart J, Santos-Blanco E. Review 

of the relationship between renal and retinal microangiopathy in diabetes mellitus patients. Curr 

Diabetes Rev 2010;6(2):88-101.

 (21)  Schmechel H, Heinrich U. Retinopathy and nephropathy in 772 insulin-treated diabetic patients in 

relation to the type of diabetes. Diabete Metab 1993;19(1 Pt 2):138-142.

 (22)  Nelson RG, Knowler WC, McCance DR, Sievers ML, Pettitt DJ, Charles MA et al. Determinants of 

end-stage renal disease in Pima Indians with type 2 (non-insulin-dependent) diabetes mellitus and 

proteinuria. Diabetologia 1993;36(10):1087-1093.

 (23)  Alsaad KO, Herzenberg AM. Distinguishing diabetic nephropathy from other causes of 

glomerulosclerosis: an update. J Clin Pathol 2007;60(1):18-26.

 (24)  White KE, Bilous RW. Type 2 diabetic patients with nephropathy show structural-functional 

relationships that are similar to type 1 disease. J Am Soc Nephrol 2000;11(9):1667-1673.

 (25)  Freedman BI, Hicks PJ, Sale MM, Pierson ED, Langefeld CD, Rich SS et al. A leucine repeat in 

the carnosinase gene CNDP1 is associated with diabetic end-stage renal disease in European 

Americans. Nephrol Dial Transplant 2007;22(4):1131-1135.

 (26)  Janssen B, Hohenadel D, Brinkkoetter P, Peters V, Rind N, Fischer C et al. Carnosine as a Protective 

Factor in Diabetic Nephropathy: Association With a Leucine Repeat of the Carnosinase Gene 

CNDP1. Diabetes 2005;54(8):2320-2327.

 (27)  Tregouet DA, Groop PH, McGinn S, Forsblom C, Hadjadj S, Marre M et al. G/T substitution in intron 

1 of the UNC13B gene is associated with increased risk of nephropathy in patients with type 1 

diabetes. Diabetes 2008;57(10):2843-2850.

 (28)  Wanic K, Placha G, Dunn J, Smiles A, Warram JH, Krolewski AS. Exclusion of polymorphisms in 

carnosinase genes (CNDP1 and CNDP2) as a cause of diabetic nephropathy in type 1 diabetes: 

results of large case-control and follow-up studies. Diabetes 2008;57(9):2547-2551.



1

33

 (29)  Xu M, Chen X, Yan L, Cheng H, Chen W. Association between (AC)n dinucleotide repeat 

polymorphism at the 5’-end of the aldose reductase gene and diabetic nephropathy: a meta-

analysis. J Mol Endocrinol 2008;40(5):243-251.

 (30)  Drummond K, Mauer M. The early natural history of nephropathy in type 1 diabetes: II. Early renal 

structural changes in type 1 diabetes. Diabetes 2002;51(5):1580-1587.

 (31)  Schwartz MM, Lewis EJ, Leonard-Martin T, Lewis JB, Batlle D. Renal pathology patterns in type 

II diabetes mellitus: relationship with retinopathy. The Collaborative Study Group. Nephrol Dial 

Transplant 1998;13(10):2547-2552.

 (32)  Hong D, Zheng T, Jia-qing S, Jian W, Zhi-hong L, Lei-shi L. Nodular glomerular lesion: a later stage 

of diabetic nephropathy? Diabetes Res Clin Pract 2007;78(2):189-195.

 (33)  Stout LC, Kumar S, Whorton EB. Insudative lesions--their pathogenesis and association with 

glomerular obsolescence in diabetes: a dynamic hypothesis based on single views of advancing 

human diabetic nephropathy. Hum Pathol 1994;25(11):1213-1227.

 (34)  Bohle A, Wehrmann M, Bogenschutz O, Batz C, Muller CA, Muller GA. The pathogenesis of chronic 

renal failure in diabetic nephropathy. Investigation of 488 cases of diabetic glomerulosclerosis. 

Pathol Res Pract 1991;187(2-3):251-259.

 (35)  Cattran DC, Coppo R, Cook HT, Feehally J, Roberts IS, Troyanov S et al. The Oxford classification 

of IgA nephropathy: rationale, clinicopathological correlations, and classification. Kidney Int 

2009;76(5):534-545.

 (36)  D’Agati VD, Fogo AB, Bruijn JA, Jennette JC. Pathologic classification of focal segmental 

glomerulosclerosis: a working proposal. Am J Kidney Dis 2004;43(2):368-382.

 (37)  Weening JJ, D’Agati VD, Schwartz MM, Seshan SV, Alpers CE, Appel GB et al. The classification of 

glomerulonephritis in systemic lupus erythematosus revisited. J Am Soc Nephrol 2004;15(2):241-

250.

 (38)  Glassock RJ. Reclassification of lupus glomerulonephritis: back to the future. J Am Soc Nephrol 

2004;15(2):501-503.

 (39)  Gellman DD, Pirani CL, Soothill JF, Muehrchke RC, KARK RM. Diabetic nephropathy: a clinical and 

pathologic study based on renal biopsies. Medicine (Baltimore) 1959;38:321-67.:321-367.

 (40)  Gambara V, Mecca G, Remuzzi G, Bertani T. Heterogeneous nature of renal lesions in type II 

diabetes. J Am Soc Nephrol 1993;3(8):1458-1466.

 (41)  Fioretto P, Mauer M, Brocco E, Velussi M, Frigato F, Muollo B et al. Patterns of renal injury in NIDDM 

patients with microalbuminuria. Diabetologia 1996;39(12):1569-1576.

 (42)  Mazzucco G, Bertani T, Fortunato M, Bernardi M, Leutner M, Boldorini R et al. Different patterns 

of renal damage in type 2 diabetes mellitus: a multicentric study on 393 biopsies. Am J Kidney Dis 

2002;39(4):713-720.



1

34

 (43)  Altshuler D, Daly MJ, Lander ES. Genetic mapping in human disease. Science 2008;322(5903):881-

888.

 (44)  Payami H, Kaye J, Heston LL, Bird TD, Schellenberg GD. Apolipoprotein E genotype and Alzheimer’s 

disease. Lancet 1993;342(8873):738.

 (45)  Cohen JC, Kiss RS, Pertsemlidis A, Marcel YL, McPherson R, Hobbs HH. Multiple rare alleles 

contribute to low plasma levels of HDL cholesterol. Science 2004;305(5685):869-872.

 (46)  Romeo S, Pennacchio LA, Fu Y, Boerwinkle E, Tybjaerg-Hansen A, Hobbs HH et al. Population-

based resequencing of ANGPTL4 uncovers variations that reduce triglycerides and increase HDL. 

Nat Genet 2007;39(4):513-516.

 (47)  Goldstein DB. Common genetic variation and human traits. N Engl J Med 2009;360(17):1696-

1698.

 (48)  Pettitt DJ, Saad MF, Bennett PH, Nelson RG, Knowler WC. Familial predisposition to renal disease 

in two generations of Pima Indians with type 2 (non-insulin-dependent) diabetes mellitus. 

Diabetologia 1990;33(7):438-443.

 (49)  Seaquist ER, Goetz FC, Rich S, Barbosa J. Familial clustering of diabetic kidney disease. Evidence for 

genetic susceptibility to diabetic nephropathy. N Engl J Med 1989;320(18):1161-1165.

 (50)  Vardarli I, Baier LJ, Hanson RL, Akkoyun I, Fischer C, Rohmeiss P et al. Gene for susceptibility to 

diabetic nephropathy in type 2 diabetes maps to 18q22.3-23. Kidney Int 2002;62(6):2176-2183.

 (51)  Placha G, Poznik GD, Dunn J, Smiles A, Krolewski B, Glew T et al. A genome-wide linkage scan 

for genes controlling variation in renal function estimated by serum cystatin C levels in extended 

families with type 2 diabetes. Diabetes 2006;55(12):3358-3365.

 (52)  Bowden DW, Colicigno CJ, Langefeld CD, Sale MM, Williams A, Anderson PJ et al. A genome scan 

for diabetic nephropathy in African Americans. Kidney Int 2004;66(4):1517-1526.

 (53)  Chen G, Adeyemo AA, Zhou J, Chen Y, Doumatey A, Lashley K et al. A genome-wide search 

for linkage to renal function phenotypes in West Africans with type 2 diabetes. Am J Kidney Dis 

2007;49(3):394-400.

 (54)  Imperatore G, Hanson RL, Pettitt DJ, Kobes S, Bennett PH, Knowler WC. Sib-pair linkage analysis 

for susceptibility genes for microvascular complications among Pima Indians with type 2 diabetes. 

Pima Diabetes Genes Group. Diabetes 1998;47(5):821-830.

 (55)  Iyengar SK, Abboud HE, Goddard KA, Saad MF, Adler SG, Arar NH et al. Genome-wide scans 

for diabetic nephropathy and albuminuria in multiethnic populations: the family investigation of 

nephropathy and diabetes (FIND). Diabetes 2007;56(6):1577-1585.

 (56)  Osterholm AM, He B, Pitkaniemi J, Albinsson L, Berg T, Sarti C et al. Genome-wide scan for type 

1 diabetic nephropathy in the Finnish population reveals suggestive linkage to a single locus on 

chromosome 3q. Kidney Int 2007;71(2):140-145.



1

35

 (57)  Ng DP, Tai BC, Lim XL. Is the presence of retinopathy of practical value in defining cases of diabetic 

nephropathy in genetic association studies? The experience with the ACE insertion/deletion 

polymorphism in 53 studies comprising 17,791 subjects. Diabetes 2008;57(9):2541-2546.

 (58)  Fanelli A, Hadjadj S, Gallois Y, Fumeron F, Betoule D, Grandchamp B et al. [Polymorphism of aldose 

reductase gene and susceptibility to retinopathy and nephropathy in Caucasians with type 1 

diabetes]. Arch Mal Coeur Vaiss 2002;95(7-8):701-708.

 (59)  Asakimori Y, Yorioka N, Taniguchi Y, Ito T, Ogata S, Kyuden Y et al. T(-786)-->C polymorphism of 

the endothelial nitric oxide synthase gene influences the progression of renal disease. Nephron 

2002;91(4):747-751.

 (60)  Bellini MH, Figueira MN, Piccoli MF, Marumo JT, Cendoroglo MS, Neto MC et al. Association 

of endothelial nitric oxide synthase gene intron 4 polymorphism with end-stage renal disease. 

Nephrology (Carlton ) 2007;12(3):289-293.

 (61)  Cai H, Wang X, Colagiuri S, Wilcken DE. A common Glu298-->Asp (894G-->T) mutation at exon 

7 of the endothelial nitric oxide synthase gene and vascular complications in type 2 diabetes. 

Diabetes Care 1998;21(12):2195-2196.

 (62)  Al-Kateb H, Boright AP, Mirea L, Xie X, Sutradhar R, Mowjoodi A et al. Multiple superoxide 

dismutase 1/splicing factor serine alanine 15 variants are associated with the development and 

progression of diabetic nephropathy: the Diabetes Control and Complications Trial/Epidemiology 

of Diabetes Interventions and Complications Genetics study. Diabetes 2008;57(1):218-228.

 (63)  McKnight A-J, Maxwell AP, Patterson CC, Brady HR, Savage DA. Association of VEGF-1499C[right 

arrow]T polymorphism with diabetic nephropathy in type 1 diabetes mellitus. Journal of Diabetes 

and its Complications 2007;21(4):242-245.

 (64)  Akai Y, Sato H, Ozaki H, Iwano M, Dohi Y, Kanauchi M. Association of transforming growth 

factor-beta1 T29C polymorphism with the progression of diabetic nephropathy. Am J Kidney Dis 

2001;38(4 Suppl 1):S182-S185.

 (65)  Araki S, Moczulski DK, Hanna L, Scott LJ, Warram JH, Krolewski AS. APOE polymorphisms and the 

development of diabetic nephropathy in type 1 diabetes: results of case-control and family-based 

studies. Diabetes 2000;49(12):2190-2195.

 (66)  Blaauwwiekel EE, Beusekamp BJ, Sluiter WJ, Hoogenberg K, Dullaart RP. Apolipoprotein E genotype 

is a determinant of low-density lipoprotein cholesterol and of its response to a low-cholesterol diet 

in Type 1 diabetic patients with elevated urinary albumin excretion. Diabet Med 1998;15(12):1031-

1035.

 (67)  Guan J, Zhao HL, Baum L, Sui Y, He L, Wong H et al. Apolipoprotein E polymorphism and 

expression in type 2 diabetic patients with nephropathy: clinicopathological correlation. Nephrol 

Dial Transplant 2009;24(6):1889-1895.



1

36

 (68)  Ahluwalia TS, Khullar M, Ahuja M, Kohli HS, Bhansali A, Mohan V et al. Common variants of 

inflammatory cytokine genes are associated with risk of nephropathy in type 2 diabetes among 

Asian Indians. PLoS ONE 2009;4(4).

 (69)  Maeda S, Osawa N, Hayashi T, Tsukada S, Kobayashi M, Kikkawa R. Genetic variations associated 

with diabetic nephropathy and type II diabetes in a Japanese population. Kidney Int Suppl 

2007;(106):S43-S48.

 (70)  Pezzolesi MG, Poznik GD, Mychaleckyj JC, Paterson AD, Barati MT, Klein JB et al. Genome-

wide association scan for diabetic nephropathy susceptibility genes in type 1 diabetes. Diabetes 

2009;58(6):1403-1410.

 (71)  Shimazaki A, Tanaka Y, Shinosaki T, Ikeda M, Watada H, Hirose T et al. ELMO1 increases expression 

of extracellular matrix proteins and inhibits cell adhesion to ECMs. Kidney Int 2006;70(10):1769-

1776.

 (72)  Gulewitsch W, Amiradzibi S. Carnosine, a new organic base from meat extracts. Ber Dtsch Chem 

Ges 1900;33:1902-1903.

 (73)  Quinn PJ, Boldyrev AA, Formazuyk VE. Carnosine: its properties, functions and potential therapeutic 

applications. Mol Aspects Med 1992;13(5):379-444.

 (74)  Severin SE, Kirzon MV, Kaftanova TM. [Effect of carnosine and anserine on action of isolated frog 

muscles.]. Dokl Akad Nauk SSSR 1953;91(3):691-694.

 (75)  Reddy VP, Garrett MR, Perry G, Smith MA. Carnosine: a versatile antioxidant and antiglycating 

agent. Sci Aging Knowledge Environ 2005;2005(18):e12.

 (76)  Dupin AM, Boldyrev AA, Arkhipenko I, Kagan VE. [Carnosine protection of Ca2+ transport against 

damage induced by lipid peroxidation]. Biull Eksp Biol Med 1984;98(8):186-188.

 (77)  Decker EA, Faraji H. Inhibition of lipid peroxidation by carnosine. J Am Oil Chem Soc 2010;67:650-

652.

 (78)  Neifakh EA. Dokl Acad Nauk USSR 1966;170:1216-1219.

 (79)  Kohen R, Yamamoto Y, Cundy KC, Ames BN. Antioxidant activity of carnosine, homocarnosine, 

and anserine present in muscle and brain. Proc Natl Acad Sci U S A 1988;85(9):3175-3179.

 (80)  Mozdzan M, Szemraj J, Rysz J, Nowak D. Antioxidant properties of carnosine re-evaluated with 

oxidizing systems involving iron and copper ions. Basic Clin Pharmacol Toxicol 2005;96(5):352-360.

 (81)  Hobart LJ, Seibel I, Yeargans GS, Seidler NW. Anti-crosslinking properties of carnosine: significance 

of histidine. Life Sci 2004;75(11):1379-1389.

 (82)  Hipkiss AR, Chana H. Carnosine protects proteins against methylglyoxal-mediated modifications. 

Biochem Biophys Res Commun 1998;248(1):28-32.



1

37

 (83)  Rashid I, van Reyk DM, Davies MJ. Carnosine and its constituents inhibit glycation of low-density 

lipoproteins that promotes foam cell formation in vitro. FEBS Lett 2007;581(5):1067-1070.

 (84)  Hou WC, Chen HJ, Lin YH. Antioxidant peptides with Angiotensin converting enzyme inhibitory 

activities and applications for Angiotensin converting enzyme purification. J Agric Food Chem 

2003;51(6):1706-1709.

 (85)  Bauer K. Carnosine and homocarnosine, the forgotten, enigmatic peptides of the brain. Neurochem 

Res 2005;30(10):1339-1345.

 (86)  Bonfanti L, Peretto P, De MS, Fasolo A. Carnosine-related dipeptides in the mammalian brain. Prog 

Neurobiol 1999;59(4):333-353.

 (87)  McFarland GA, Holliday R. Retardation of the senescence of cultured human diploid fibroblasts by 

carnosine. Exp Cell Res 1994;212(2):167-175.

 (88)  Zschocke J, Nebel A, Wicks K, Peters V, El Mokhtari NE, Krawczak M et al. Allelic variation in the 

CNDP1 gene and its lack of association with longevity and coronary heart disease. Mech Ageing 

Dev 2006;127(11):817-820.

 (89)  Hipkiss AR. Carnosine, diabetes and Alzheimer’s disease. Expert Rev Neurother 2009;9(5):583-585.

 (90)  Boldyrev A, Fedorova T, Stepanova M, Dobrotvorskaya I, Kozlova E, Boldanova N et al. Carnosine 

[corrected] increases efficiency of DOPA therapy of Parkinson’s disease: a pilot study. Rejuvenation 

Res 2008;11(4):821-827.

 (91)  Chez MG, Buchanan CP, Aimonovitch MC, Becker M, Schaefer K, Black C et al. Double-blind, 

placebo-controlled study of L-carnosine supplementation in children with autistic spectrum 

disorders. J Child Neurol 2002;17(11):833-837.

 (92)  Babizhayev MA, Deyev AI, Yermakova VN, Semiletov YA, Davydova NG, Doroshenko VS et al. 

Efficacy of N-acetylcarnosine in the treatment of cataracts. Drugs R D 2002;3(2):87-103.

 (93)  Renner C, Zemitzsch N, Fuchs B, Geiger KD, Hermes M, Hengstler J et al. Carnosine retards tumor 

growth in vivo in an NIH3T3-HER2/neu mouse model. Mol Cancer 2010;9:2.:2.

 (94)  Drozak J, Veiga-da-Cunha M, Vertommen D, Stroobant V, Van SE. Molecular identification 

of carnosine synthase as ATP-grasp domain-containing protein 1 (ATPGD1). J Biol Chem 

2010;285(13):9346-9356.

 (95)  Ganapathy V, Leibach FH. Peptide transport in rabbit kidney. Studies with L-carnosine. Biochim 

Biophys Acta 1982;691(2):362-366.

 (96)  Hipkiss AR. Carnosine and its possible roles in nutrition and health. Adv Food Nutr Res 2009;57:87-

154.:87-154.



1

38

 (97)  Tramonti G, Xie P, Wallner EI, Danesh FR, Kanwar YS. Expression and functional characteristics of 

tubular transporters: P-glycoprotein, PEPT1, and PEPT2 in renal mass reduction and diabetes. Am J 

Physiol Renal Physiol 2006;291(5):F972-F980.

 (98)  Kamal MA, Jiang H, Hu Y, Keep RF, Smith DE. Influence of genetic knockout of Pept2 on the in vivo 

disposition of endogenous and exogenous carnosine in wild-type and Pept2 null mice. Am J Physiol 

Regul Integr Comp Physiol 2009;296(4):R986-R991.

 (99)  Schulz M, Hamprecht B, Kleinkauf H, Bauer K. Regulation by dibutyryl cyclic AMP of carnosine 

synthesis in astroglia-rich primary cultures kept in serum-free medium. J Neurochem 1989;52(1):229-

234.

 (100)  Hanson HT, Smith EL. Carnosinase; an enzyme of swine kidney. J Biol Chem 1949;179(2):789-801.

 (101)  Lenney JF, George RP, Weiss AM, Kucera CM, Chan PW, Rinzler GS. Human serum carnosinase: 

characterization, distinction from cellular carnosinase, and activation by cadmium. Clin Chim Acta 

1982;123(3):221-231.

 (102)  Teufel M, Saudek V, Ledig JP, Bernhardt A, Boularand S, Carreau A et al. Sequence identification 

and characterization of human carnosinase and a closely related non-specific dipeptidase. J Biol 

Chem 2003;278(8):6521-6531.

 (103)  Murphey WH, Lindmark DG, Patchen LI, Housler ME, Harrod EK, Mosovich L. Serum carnosinase 

deficiency concomitant with mental retardation. Pediatr Res 1973;7(7):601-606.

 (104)  Peters V, Kebbewar M, Jansen EW, Jakobs C, Riedl E, Koeppel H et al. Relevance of allosteric 

conformations and homocarnosine concentration on carnosinase activity. Amino Acids 

2010;38(5):1607-1615.

 (105)  Bando K, Shimotsuji T, Toyoshima H, Hayashi C, Miyai K. Fluorometric assay of human serum 

carnosinase activity in normal children, adults and patients with myopathy. Ann Clin Biochem 

1984;21(Pt 6):510-514.

 (106)  Cohen M, Hartlage PL, Krawiecki N, Roesel RA, Carter AL, Hommes FA. Serum carnosinase 

deficiency: a non-disabling phenotype? J Ment Defic Res 1985;29(Pt 4):383-389.

 (107)  Perry TL, Hansen S, Tischler B, Bunting R, Berry K. Carnosinemia. A new metabolic disorder 

associated with neurologic disease and mental defect. N Engl J Med 1967;277(23):1219-1227.

 (108)  Willi SM, Zhang Y, Hill JB, Phelan MC, Michaelis RC, Holden KR. A deletion in the long arm of 

chromosome 18 in a child with serum carnosinase deficiency. Pediatr Res 1997;41(2):210-213.

 (109)  Riedl E, Koeppel H, Brinkkoetter P, Sternik P, Steinbeisser H, Sauerhoefer S et al. A CTG polymorphism 

in the CNDP1 gene determines the secretion of serum carnosinase in Cos-7 transfected cells. 

Diabetes 2007;56(9):2410-2413.



1

39

 (110)  Hipkiss AR, Brownson C, Carrier MJ. Carnosine, the anti-ageing, anti-oxidant dipeptide, may react 

with protein carbonyl groups. Mech Ageing Dev 2001;122(13):1431-1445.

 (111)  Thomas MC, Forbes JM, Cooper ME. Advanced glycation end products and diabetic nephropathy. 

Am J Ther 2005;12(6):562-572.

 (112)  Artioli GG, Gualano B, Smith A, Stout J, Lancha AH, Jr. Role of beta-alanine supplementation on 

muscle carnosine and exercise performance. Med Sci Sports Exerc 2010;42(6):1162-1173.

 (113)  Baguet A, Bourgois J, Vanhee L, Achten E, Derave W. Important role of muscle carnosine in rowing 

performance. J Appl Physiol 2010.

 (114)  Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, Walker EA et al. Reduction 

in the incidence of type 2 diabetes with lifestyle intervention or metformin. N Engl J Med 

2002;346(6):393-403.

 (115)  Aldini G, Orioli M, Rossoni G, Savi F, Braidotti P, Vistoli G et al. The carbonyl scavenger carnosine 

ameliorates dyslipidemia and renal function in zucker obese rats. J Cell Mol Med 2010.

 (116)  Koeppel H, Jeung H, Riedl E, Braungel M, Hoeger S, Sauerhoefer S et al. Carnosine as a novel 

approach for prevention of diabetes induced complications in the rat model. J Am Soc Nephrol 

2008;19:51A.

 (117)  Sauerhofer S, Yuan G, Braun GS, Deinzer M, Neumaier M, Gretz N et al. L-carnosine, a substrate 

of carnosinase-1, influences glucose metabolism. Diabetes 2007;56(10):2425-2432.

 (118)  Lee YT, Hsu CC, Lin MH, Liu KS, Yin MC. Histidine and carnosine delay diabetic deterioration in 

mice and protect human low density lipoprotein against oxidation and glycation. Eur J Pharmacol 

2005;513(1-2):145-150.



1

40




