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EPIDEMIOLOGY OF DIABETES MELLITUS AND DIABETIC NEPH ROPATHY 

The term diabetes mellitus, which roughly translates to excessive sweet urine, represents 

metabolic disorders of multiple aetiologies characterized by chronic elevated blood glucose 

levels. Diabetes is caused by defects in insulin secretion, insulin action, or both that result in 

disturbance of carbohydrate, fat and protein metabolism. Based on aetiology and pathology of 

diabetes, four different subgroups of diabetes can be distinguished. However, most cases fall 

into one of the two major subgroups, i.e. type 1 and type 2 diabetes. Type 1 diabetes, 

accounting for approximately 5%-10% of diabetic patients, is an autoimmune disease in 

which insulin production is lost due to the destruction of β-cells. In contrast, type 2 diabetes, 

accounting for approximately 90% of diabetic patients, is predominantly caused by peripheral 

insulin resistance, defined as a state of reduced responsiveness to circulating concentrations of 

insulin. Type 2 diabetes is most commonly caused by excess nutrition and lack of physical 

exercise, but also develops in elderly people of normal constitution. Diabetes mellitus is 

becoming a pandemic because of changes in lifestyle, population aging, growth and 

urbanization. According to the World Health Organization (WHO)i , at present more than 220 

million people worldwide have diabetes mellitus. It is estimated that diabetes mellitus caused 

deaths will double until 2030, making diabetes a leading cause of global death by disease.  

Diabetes may present with characteristic symptoms such as thirst, polyuria, and blurring of 

vision. In type 2 diabetes however, symptoms are often not severe, or may be absent, and 

consequently hyperglycemia may be present for a long time before the diagnosis. Diabetes 

might also cause acute laps of blood glucose levels, i.e. ketoacidosis or a non-ketotic 

hyperosmolar state, leading to stupor, coma and, in absence of effective treatment, death. 

With the use of insulin and its analogues these acute complications of diabetes became 

preventable and instead, long-term complications of diabetes came to the fore. Chronic 

hyperglycemia leads to long-term damage of the entire vascular system thereby inducing 

dysfunction and failure of various organs. Generally, the injurious effects of diabetes are 

separated into those affecting macrovessels of the body and those damaging the 

microvasculature. Diabetic damage of macrovessels, represented by ateriosclerotic lesions, 

provokes stroke and heart attack and thereby causes death of nearly 50% of the diabetic 

patients. Among the microvascular complications of diabetes, diabetic retinopathy, 

neuropathy and nephropathy are the most common ones. Of importance, diabetic retinopathy 

is an important cause of blindness world wide and diabetic nephropathy (DN) is the leading 

causes of end stage renal disease (ERSD) and kidney failure. Since the number of patients 

with diabetes, especially with type 2 diabetes, has increased dramatically over the years, the 
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number of patients with long-term complications, such as DN, has increased in parallel. In 

fact, the prevalence of DN is expected to double within the next 10 years (1). It needs to be 

emphasized that the improved survival of diabetic patients, mainly due to substantial progress 

in cardiovascular therapy and better accessibility of renal replacement therapy, further 

contributes to the rapid increase in the prevalence of DN. The average progression rate to DN 

is approximately 2.5% per year, meaning that after 10 years 25% of the diabetic patients 

suffer from DN. Once DN is overt, 75% of the type 1 diabetics and 20% of the type 2 

diabetics develop end stage renal disease (ESRD) with need for dialysis within 20 years. 

Therefore, DN is the most common cause for ESRD and is recognized as an urgent medical 

problem of world wide dimensions (2). The fact that, 50% of the patients on dialysis also have 

diabetes mellitus, further illustrates the severity of the problem. Moreover, mortality among 

dialysis patients with diabetes is 22% higher in the first year following the initiation of 

dialysis and 15% higher at 5 years than that among dialysis patients without diabetes (3). 

Given that health care costs caused by DN are already alarming and will continue to increase, 

there is an unmet demand for diabetes prevention. Currently, clinical practice lacks powerful 

diagnostic and predictive molecular approaches for accurate assessment of the risk for DN in 

individuals diagnosed with diabetes. Apart from that, the available therapies only slow-down 

the rate of progression, but do not arrest or reverse DN (4, 5). 

 

FUNCTIONAL CHANGES IN DIABETIC NEPHROPATHY 

The evolution of DN follows a typical time course and is similar in type 1 and type 2 diabetes. 

After the onset of diabetes, the kidneys start to become hypertrophic, as might be diagnosed 

on ultrasound evaluation, and the glomerular filtration rate initially starts to rise. At this stage 

the patient is still normoalbuminuric, although reversible albuminuria might appear under 

certain circumstances like fever, physical exercise or metabolic blunder. The next 5 to 15 

years, a silent phase without novel clinical signs follows. Functional alteration of the kidney 

might only become apparent using specific tests, yet biopsy specimens already reveal 

structural changes at this stage of the disease. Next, microalbuminuria, defined as 30 to 300 

mg albumin/g creatinine, develops. Although microalbuminuria virtually characterises an 

advanced stage of DN, it is the earliest diagnostic marker available. A frequent latency of 

several years between onset of diabetes and its diagnosis is responsible for the finding that as 

many as 7% of patients with type 2 diabetes already have microalbuminuria at the time they 

are diagnosed with diabetes (6-8). Without treatment, macroalbuminuria (>300 mg albumin/g 

creatinine) develops in 80% of the patients after 10 to 15 years. Approximately half of the 
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macroalbuminuric patients will develop a gradual decline in GFR, become proteinuric and 

end up with endstage renal disease within another 5 years. Interestingly, cerebro- and 

cardiovascular complications develop more frequently in diabetics with DN compared to 

those without, accounting for the excessively elevated morbidity and mortality in these 

patients. Thus, microalbuminuria can be considered as an early marker not only for kidney 

damage but also for damage in the cardiovascular system (9-11).   

 

HISTOPATHOLOGY OF DIABETIC NEPHROPATHY 

The glomerular lesions characteristic for diabetic nephropathy (DN) were first described in 

1936 by the British physician Clifford Wilson and the German-born American physician Paul 

Kimmelstiel (12). Histologically, three major changes occur in the glomeruli, which are 

strongly related with the clinical manifestation of DN: diffuse mesangial expansion, GBM 

thickening and progressive glomerular scarring (Fig. 1).  

 

FIGURE 1 

 

                        

 

Fig. 1. Histopathology of diabetic nephropathy. This picture shows a PAS stained hypertrophic glomerulus 

with mesangial expansion and GBM thickening forming typical PAS positive nodula as first described by 

Kimmelstiel and Wilson. Magnification 200x. From: The Internet Pathology Laboratory for Medical 

Education, Florida State University College of Medicine.  

http://library.med.utah.edu/WebPath/RENAHTML/RENAL028.html 
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In addition, the glomeruli appear hypertrophic with typical hyaline arteriosclerosis of afferent 

and efferent arterioles. As revealed by electron microscopy, podocytes are key targets for 

glomerular injury at the onset of DN (13-16). The so called diabetic podocytopathy is 

characterized by podocyte foot process effacement and a gradual decline of podocytes number 

per glomerulus (14). Podocytes loss from the glomerulus occurs either by apoptosis or by cell 

detachment from the glomerular basement membrane (17). As a result, the denuded GBM 

adheres to Bowman’s capsule, initiating the development of glomerulosclerosis. Loss of 

Podocytes is highly predictive for both progressive glomerular injury and long-term albumin 

excretion in diabetic patients (18). Thus, podocyte pathology seems to precede the 

development of DN and determines at least in part kidney function in diabetic patients. Apart 

from the glomerular lesions, the diabetic kidney is characterised by tubulo-interstitial 

sclerosis, usually represented by interstitial fibrosis and tubular atrophy (IFTA). 

 

BIOCHEMICAL CHANGES IN THE DIABETIC KIDNEY 

The general mechanism by which chronic hyperglycemia causes tissue injury is still elusive. 

Because glucose uptake is not restricted in cells that have non-insulin sensitive glucose 

transporters on their surface, e.g. endothelial cells, mesangial cells and Schwann cells, these 

cells are in particular vulnerable to damage by chronic hyperglycemia (19). The increased 

supply of glucose will consequently lead to an increased glucose metabolism and hence, 

increases in electron donors (NADH and FADH2) are generated. As more electrons are 

donated into the intra mitochondrial electron transport chain, the inner membrane voltage 

gradient increases until electrons start to leak and react with molecular oxygen, resulting in 

the production of so called reactive oxygen species (ROS). Superoxide, one of the important 

ROS species, inhibits a key enzyme of glycolysis, i.e. glyceraldehyde-3 phosphate 

dehydrogenase (GAPDH). Consequently, accumulation of the upstream metabolites occurs, 

disturbing the normal cell metabolism. One of these metabolites, glyceraldehyde-3-

phosphate, is degraded into the advanced glycation end product (AGE) precursor 

methylglyoxal. Subsequently, intracellular AGEs emerge by a non-enzymatic and ROS 

promoted reaction between methylglyoxal and certain proteins. AGEs can directly damage 

the cell by modification of intracellular proteins, such as transcription factors, or indirectly by 

modifications of matrix molecules. Because the extra-cellular matrix is an important 

signalling interface for cells, the latter may severely alter normal cell behaviour. AGEs can 

activate specific cell surface receptors that are linked to inflammation. Through the 

production of cytokines or growth factors this can further perpetuate cell damage in an auto- 
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and paracrine manner.  

Glyceraldehyde-3-phosphate can also be metabolized to diacylglycerol, an intracellular 

signalling molecule that activates protein kinase-C (β, δ, and α), thereby possibly affecting 

gene expression, e.g. transforming growth factor-β (TGF- β) and plasminogen activator 

inhibitor-1 (PAI-1).  

Other metabolites of glycolysis, like fructose-6 phosphate, can also accumulate in the diabetic 

cells. Fructose-6 phosphate increases the flux through the nutrition sensitizing hexosamine 

pathway, in which it is converted to glucosamine-6 phosphate by glutamine fructose-6 

phosphate amidotransferase (GFAT). Glucosamine-6 phosphate is further processed to 

uridine diphosphate N-acetyl glucosamine (UDP-GlcNAc), the major substrate for N- and O-

glycosylation of proteins and for the production of glycosaminoglycans. An increased flux 

through the hexosamine pathway therefore might result in changes in gene expression via 

changes in intra- and extra cellular signalling events (20-23) but also might affect secretion of 

proteins (24).  

Apart from accumulation of these intermediates of glycolysis, glucose it self accumulates 

intracellularly. The polyol pathway reduces excess glucose to the sugar alcohol sorbitol in a 

NADPH consuming reaction. Since NADPH is generally needed to regenerate the 

intracellular antioxidant glutathione, activation of the polyol pathway increases the cell’s 

susceptibility to oxidative stress. In summary, chronic hyperglycemia has a deleterious and 

toxic effect on susceptible cells by five major mechanisms, i.e. ROS production, AGE 

production, stimulation of protein kinases, activation of the hexosamine pathway, and the 

NAPDH consumption by the polyol pathway. 

 

GROWTH FACTOR ALTERATIONS IN DIABETIC NEPHROPATHY 

The aforementioned pathways of hyperglycaemia induced biochemical dysfunction are 

causally linked to the development of DN (25-27). In addition, mechanical stress due to 

osmosis driven hyperfiltration associated with hypertension contribute to the development of 

glomerulosclerosis. These metabolic and mechanic changes either directly damage kidney 

cells or stimulate resident and non-resident cells to produce growth factors and cytokines, 

such as angiotensin II (ANG II), vascular endothelial growth factor (VEGF) and transforming 

growth factor-β (TGF-β). TGF-ß, belonging to the superfamily of multifunctional cytokines 

(28), plays a key role in a cascade of events that ultimately lead to kidney sclerosis and 

hypertrophy (29). All cell types of the glomerulus and the proximal tubular produce TGF-ß 

and are a target of TGF-ß action (30). TGF-ß signal transduction involves three subclasses of 
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Smad proteins, i.e., receptor-activated (R-Smads), common-partner (Co-Smads) and 

inhibitory Smads (I-Smads). In addition, TGF-ß might signal in a Smad independent manner 

involving the TGF-ß-activated kinase 1/MAPK signaling pathway. The common final effect 

of TGF-ß signaling is the regulation of genes involved in matrix deposition and cell growth. 

Activation of the TGF-ß pathway in diabetic kidneys might be causally related to the 

pathological findings of fibrosis, although definite proof for this assumption is lacking. 

Nonetheless its effect to stimulate matrix accumulation and to modulate the expression of 

matrix receptors clearly can contribute to the structural abnormalities found in diabetic 

kidneys.  

 

GENETIC ASSOCIATIONS OF DIABETIC NEPHROPATHY 

Apart from hyperglycemia-induced biochemical damage and deregulation of growth factors, 

genetic susceptibility has been proposed as an important factor for the development and 

progression of diabetic nephropathy. While the prevalence of diabetic retinopathy continues 

to rise with the duration of hyperglycemia, diabetic nephropathy develops in only about one-

third of the patients, irrespective of glycemic control (31). A significant proportion of diabetic 

patients do not develop DN despite long-standing severe hyperglycaemia whereas others 

develop DN even under intensive insulin therapy (4). This indicates that other factors apart 

from chronic hyperglycemia per se may equally determine susceptibility for development of 

DN. Factors like hypertension, poor glycemic and lipid control, and smoking (32) clearly 

increase the risk to develop DN. Therapies aimed to improve blood pressure and lipid control, 

or discontinuation of nicotine abuse delay the onset and slow down the progression of DN. It 

is clear however that control of these risk factors alone is not sufficient to prevent DN. 

Based on a number of observations made in diabetic patients, a genetic predisposition to 

develop DN in type 1 and type 2 diabetic patients has been suggested. Siblings of type 1 

diabetic patients with diabetic nephropathy have a fourfold increased risk for developing DN 

(33). Relatives of type 2 diabetic patients on dialysis who develop end stage renal disease 

(ESRD) have a five times higher risk to develop DN than relatives of type 2 diabetic patients 

without nephropathy (7%) (34). Aggregation of type 2 diabetes was also observed in families 

of Pima Indians. If both parents presented with DN, it was also observed in 46% of the 

offspring. In contrast, only 23% of Pima Indian offspring progressed to diabetic nephropathy 

if only one parent was proteinuric and 14% if neither parent had proteinuria (35). Moreover, 

in type 2 diabetes the frequency of renal complications depends very much on race. Pima, 

Navajo, Winnebago and Omaha Indians show the highest prevalence (35), whereas 
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Caucasians of European origin demonstrate the lowest prevalence (36). In African Americans 

the prevalence of diabetic nephropathy is four times higher than in a population of non-

hispanic whites (37). The high ethnic variance not only points to geographic and dietary 

factors, but likely also reflects genetic heterogeneity.  

Major advances in molecular genetics have enabled the exploration of loci involved in 

diabetic nephropathy in genome-wide association studies. In Pima Indians, four loci on 

chromosomes 3, 7, 9 and 20 were identified (38). Additional DN susceptibility loci were 

found on chromosomes 7q21.3, 10p15.3 and 14q23.1 (39). Vardarli et al. performed a genetic 

linkage analysis in 18 large Turkish families (368 subjects examined) with recurrence of type 

2 diabetes and diabetic nephropathy, and found a highly significant linkage of diabetic 

nephropathy with a locus on chromosome 18 (18q22.3–23, LOD score of 6.1) (40). This locus 

was subsequently tested and confirmed in an analysis of 101 affected sibling Pima Indian 

pairs. Others also found a susceptibility locus on 18q22.3–23 in Afro-Americans (41, 42), 

suggesting that this locus harbours important genes that confers predisposition to DN. An 

association between locus 18q22.3–23 and pathological fasting glucose, independent of body 

weight and most likely related to insulin resistance has also been reported (43). Of note, all of 

the mentioned studies showed that the locus on chromosome 18q22.3–23 contains an 

autosomal-dominant inherited mutation.  

In 2005 Janssen et al. (44) performed a case control study on a cohort of European whites 

from Germany, the Netherlands, Prague and Arabic individuals from Qatar. 135 cases 

(diabetics with DN) and 105 controls (diabetics without DN) were included. Inclusion criteria 

for cases were the presence of macroalbuminuria (>300 mg/24h) and diabetic retinopathy to 

exclude patients with proteinuria of other causes. Moreover, patients with biopsy proven DN 

were included in the study. The inclusion criteria for the controls were duration of diabetes for 

more than 15 years, normoalbuminuria and no intake of ACE-inhibitors, AT1-antagonists or 

NSAID. In his study the susceptibility locus on chromosome 18q22.3–23 could be narrowed 

down to a single gene, i.e. the CNDP1 gene, encoding the serum carnosinase protein (CN-1). 

The association between the CNDP1 gene polymorphism and susceptibility to develop DN 

could also be demonstrated in European Americans (38). Based on the number of CTG 

repeats, 5 different genotypes of CNDP1 can be found that encode for a hydrophobic stretch 

of 4, 5, 6, 7 or 8 leucines (4L–8L alleles) in the NH2-terminal signal peptide sequence of the 

CN-1 precursor. The signal peptide enables the nascent CN-1 protein to be targeted to the 

endoplasmatic reticulum and thereby into the secretory pathway. Thus, signal peptide is of 

utmost importance for CN-1, since CN-1 has to be secreted to become a serum enzyme. 
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Individuals homozygous for CNDP1 containing 5 CTG copies (5L-5L) were at a 2.56-fold 

reduced risk for DN when compared with all other genotypes. Since the first patient found to 

be homozygous for 5L came from Mannheim, this allele was designated as protective 

"Mannheim allele”. As the association to DN was only present when 5L-5L was compared to 

all other genotypes, the 5L allele is assumed to function in a recessive manner.  

 

SERUM CARNOSINASE 

Carnosinases are enzymes belonging to the large family of metalloproteases. Two isoforms of 

carnosinase have been characterized, i.e. a cellular and a secreted carnosinase, that result from 

different gene product and that differ not only in their distribution but also in their enzymatic 

properties. The cytosolic form of carnosinase (CN-2, EC 3.4.13.18) was first isolated from 

porcine kidney by Hanson and Smith (45) in 1949 and subsequently found widely distributed 

in tissues of rodents and higher mammals (46-50). Lenney et al. (51) were the first to isolate 

human CN-2 from kidney tissue. Human CN-2 is an intracellular nonspecific dipeptidase with 

broad substrate specificity (52). In 1968 Perry et al. (53) described for the first time that 

human serum hydrolyses carnosine, suggesting the presence of an extracellular carnosinase. 

Lenney et al (54) isolated the enzyme 14 years later, and it was designated as serum 

carnosinase (CN1, EC 3.4.13.20). CN-1 is an enzyme of a molecular mass of 57 kDa, carries 

a typical signal peptide sequence and three N-glycosylation sites. CN-1 is expressed in the 

adult central nervous system where it is secreted into CSF and in liver, which is responsible 

for its secretion in serum (55). Remarkably, CN-1 activity in CSF is only about 10% of that 

found in serum, although CN-1 expression is 10 times higher in brain than elsewhere (56). In 

contrast to CN-2 which probably has little or no activity for carnosine in vivo because of its 

high pH optimum (9.5) and its high Km value (20 mmol/l carnosine) (56), CN-1 is generally 

characterized by its narrow substrate specificity for carnosine, anserine and homocarnosin. 

CN-1 is absent in nonprimate mammals except in the Syrian golden hamster (56). However, 

rats and mice have a CN-1 orthologue in kidneys lacking a signal peptide and thus being a 

cellular enzyme (55). CN-1 is activated by Cd2+ and citrate ions and seems to be present as a 

homodimer in serum (54). Interestingly, CN-1 activity is not detectable in newborns and is 

higher for females compared to males (46).  

The involvement of CN-1 in some important pathological conditions in the central nervous 

system and in certain muscle disorders has already been demonstrated (53, 57-59). Apart from 

this, CN-1 seems to be involved in the susceptibility to develop DN (44). CN-1 enzyme 

activity in 5L homozygous individuals is significantly lower compared to all other genotypes 
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(Fig 2).  Diabetic patients homozygous for 5L show a reduced risk to develop DN, suggesting 

that CN-1 activity in diabetic patients is implicated in the susceptibility to develop DN.  

 

 FIGURE 2 

 

 

 

Fig. 2. Mean CN-1 activities and SD shown for the different CNDP1 genotypes detected in serum of 45 

healthy individuals. Of note, the lowest CN-1 activity was fund in (CTG)5 allele homozygous individuals. 

From: Janssen et al. Diabetes 2005; 54: 2320-2327 (44). 

 

CARNOSINE 

Carnosine was isolated for the first time from Liebig’s meat extract and was subsequently 

identified as β-alanyl-L-histidine in 1900 (60). Throughout the years, the function of carnosine 

has been studied intensively, but the complete physiologic role of this dipeptide is still 

unknown. 

Carnosine, along with related compounds (e.g. anserine and homocarnosine), is an 

endogenously synthesized peptide that can be found in kidney, stomach, olfactory bulbs, 

cardiac muscle, and in surprising high concentrations up to 20 mM in brain and in skeletal 

muscles (61-63). Carnosine is synthesized from β-alanine and L-histidine by carnosine-
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synthetase (EC 6.3.2.11; (64)), which is also present in muscle (61). Tissue carnosine 

concentrations are influenced by diet, primarily by meat in-take (65). Part of the ingested 

carnosine is however already degraded in the intestine mucosa cells before it is absorbed in 

the jejunum (66-69). In addition, the presence of carnosinase in serum makes it difficult to 

detect carnosine in human serum after oral supplementation (70). Nonetheless, 

supplementation with high concentrations of dietary carnosine increases skeletal carnosine 

concentrations (71), illustrating that tissue distribution of carnosine can be influenced by food 

in-take.  

The skeletal muscle has long been in the focus of carnosine researchers. 1953, Severin et al. 

(72) described that the frog muscle working capacity was restored after addition of carnosine 

in the medium surrounding a fatigued skeletal muscle. This phenomenon, was not 

mechanistically understood for a long time, but pointed out that carnosine specifically 

participates in muscle metabolism. Muscle work is associated with the activation of glycolysis 

and the generation of lactate and H+. It is believed that carnosine acts as a natural 

physicochemical buffer during muscle exercise (72, 73), preventing accumulation of H+ and 

lactate. Moreover, carnosine appears to regulate a variety of enzymes (74, 75), activates 

myosin ATPase (76) and might be a regulator of channel activity for the release of calcium 

from the sarcoplasmic reticulum (77). It has also been suggested that carnosine has an 

activating effect on the aforementioned key enzyme involved in glycolysis, i.e. 

glyceraldehyde-3-phosphate dehdrogenase (78).  

For long time carnosine has been envisaged as anti-aging/rejuvenating drug (79-81). This was 

based on the findings of McFarland et al. (82, 83) who reported that cell division cycles were 

extended and lifespan was prolonged by 20-30% of human fibroblasts when cell culture 

medium was conditioned with carnosine. Similarly, it could be shown that carnosine delays 

aging in senescence-accelerated mice (84). Mice that were supplemented with carnosine in the 

drinking water had an extended mean lifespan by 20%. This was also found in male 

Drosophila flies (85, 86). In humans there is some evidence suggesting that tissues levels of 

carnosine may decline with age (87-89) and that the formation of altered proteins related to 

ageing is suppressed by carnosine (90).  

The protective properties of carnosine seem to involve its biochemical characteristics. 

Carnosine is an antioxidant (91-93) and antiglycating agent that inhibits sugar-mediated 

protein crosslinking (94-96). It also has the propensity to chelate a number of metal ions (97) 

thereby reducing metal ion induced oxidative stress. There is evidence showing that carnosine 

can protect against ischemia induced tissue damage when added either prior to or even after 
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an ischemic insult (98-102). Carnosine reacts with methylglyoxal (103, 104) and it has been 

described as a glyoxalase mimetic (105).The dipeptide can react with a number of deleterious 

aldehyde products of lipid peroxidation and thereby suppressing their toxicity (106-109). 

Carnosine also reacts with glycated proteins and inhibits advanced glycation end product 

formation (110). Moreover, there is evidence from animal studies that carnosine can inhibit 

some of the deleterious effects of a high fructose diet (111). Given these properties of 

carnosine, it is conceivable that a low carnosinase activity would be beneficial for diabetic 

patients to limit diabetic associated complications such as DN. Indeed, a number of studies 

have suggested that carnosine suppresses the progression of the secondary complications of 

diabetes (44, 91, 112, 113). It is also worth mentioning the findings that carnosine can act as 

natural ACE inhibitor (114-116). Since pharmacologic inhibition of the renin-angiotensin-

system is known to decline progression of DN (117), this gives an alternative explanation for 

the beneficial effect of high tissue carnosine concentrations or low carnosinase activity on the 

development of DN. 

 

OUTLINE OF THIS THESIS 

This thesis is based on the recent finding of Janssen et al (44) that a polymorphic CTG repeat 

within CNDP1 gene is associated with susceptibility to develop DN, for which a sound 

biological interpretation still missing. Therefore, we sought to assess the functionality of the 

CNDP1 gene polymorphism and investigated how CN-1 secretion and activity is regulated. In 

addition, we studied the influence of carnosine on hyperglycaemia induced extracellular 

matrix (ECM) accumulation in more detail and tested carnosine in a rat model of diabetes.  

 

Since the CN-1 polymorphism is located in the signal peptide of CN-1, low CN-1 enzyme 

activity in 5L homozygous individuals might result from a poor CN-1 secretion in these 

individuals. In chapter 2 we transfected Cos-7 cells with the different CNDP-1 cDNA variants 

and tested the influence hereof on CN-1 secretion. CN-1 is a heavily glycosylated protein 

with 3 putative N-glycosylation sites at asparagine N322, N382 and N402. In chapter 3, we 

tested the influence of the N-glycosylation sites on CN-1 secretion and activity. Moreover, we 

hypothesized that under hyperglycemic conditions N-glycosylation of CN-1 is affected as a 

consequence of an increased glucose flux through the hexosamine pathway resulting in an 

increased GlcNAc production. This in turn leads to a more efficient N-glycosylation of CN-1 

and thereby affects CN-1 secretion and enzyme activity.   
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CN-1 activity in human serum might also be influenced by factors other than secretion. 

Hence, measurement of CN-1 activity is not necessarily in concordance to CN-1 protein 

concentrations. In chapter 4, we therefore aimed to develop a method to quantitatively 

determine CN-1 in human serum. In chapter 5 we subsequently studied the relevance of 

allosteric CN-1 conformations and homocarnosine concentration on CN-1 activity. CN-1 

activity and CN-1 protein concentrations in serum of diabetic patients in relation to metabolic 

changes in these patients was investigated in chapter 6. 

The importance of carnosine for prevention of typical lesions observed in DN is subject of the 

chapters 7 and 8. In chapter 7, we studied the influence of carnosine on ECM accumulation 

and by what mechanism this was mediated. In chapter 8, we tested the effect of oral carnosine 

administration on early diabetic changes in STZ-induced diabetic rat kidneys, i.e. biochemical 

imbalance, glomerular cell apoptosis and podocyte loss. 
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ABSTRACT  

Recently, we demonstrated that a polymorphism in exon 2 of the serum carnosinase (CNDP1) 

gene is associated with susceptibility to developing diabetic nephropathy. Based on the 

number of CTG repeats in the signal peptide, five different alleles coding for 4, 5, 6, 7 or 8 

leucines (4L–8L) are known. Diabetic patients without nephropathy are homozygous for the 

5L allele more frequently than those with nephropathy. Since serum carnosinase activity 

correlates with CNDP1 genotype, we hypothesized in the present study that secretion of 

serum carnosinase is determined by the CNDP1 genotype. To test this hypothesis, we 

transfected Cos-7 cells with different CNDP1 constructs varying in CTG repeats and assessed 

the expression of CNDP1 protein in cell extracts and supernatants. Our results demonstrate 

that CNDP1 secretion is significantly higher in cells expressing variants with more than five 

leucines in the signal peptide. Hence, our data might explain why individuals homozygous for 

the 5L allele have low serum carnosinase activity. Because carnosine, the natural substrate for 

carnosinase, exerts anti-oxidative effect and inhibits ACE activity and advanced glycation end 

product formation, our results support the finding that diabetic patients homozygous for 

CNDP1 5L are protected against diabetic nephropathy.  
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INTRODUCTION  

Diabetic nephropathy is the most frequent cause for end stage renal disease in the Western 

world (2) .The incidence of diabetic nephropathy is ~ 40% in type 1 and type 2 diabetic 

patients (118). Although major risk factors for development and progression of diabetic 

nephropathy (e.g. poor glycemic control and hypertension) have been identified, diabetic 

nephropathy can still develop in diabetic patients with well controlled blood glucose 

concentrations (119). Also, in hypertensive diabetic patients the speed of renal function 

deterioration can be reduced by appropriate treatment, but treatment as such does not 

eliminate the susceptibility to develop diabetic nephropathy (120). 

A number of epidemiologic studies have suggested that susceptibility to developing diabetic 

nephropathy is genetically determined (33, 121). In a linkage analysis performed on 18 

Turkish families with type 2 diabetes and nephropathy, we have previously identified a 

susceptibility locus for diabetic nephropathy on chromosome 18q22.3-q23. Association 

between diabetic nephropathy and this locus was subsequently confirmed in Pima Indians 

(40) and African Americans (41). Recently, we have narrowed down this locus and found that 

susceptibility to develop diabetic nephropathy was related to the presence of a polymorphism 

in a single gene, the CNDP1 gene (44), encoding for the serum carnosinase protein. 

Serum carnosinase, a dipeptidase belonging to the M20 metalloprotease family, is the rate 

limiting enzyme for the hydrolysis of carnosine and homocarnosine into β-alanine and 

histidine. Carnosine is an antioxidant (122), inhibits nonenzymatic glycosylation (110), 

prevents high glucose-induced extracellular matrix accumulation (44) and prevents 

crosslinking of proteins caused by reactive aldehydes (110). In light of these biochemical 

properties, it becomes clear that carnosine might be a modulator of hyperglycemia induced 

damage. Moreover, since carnosine is also a natural ACE inhibitor (114) and since 

pharmacologic inhibition of the renin-angiotensin-system is known to decline progression of 

diabetic nephropathy (117, 123), carnosine can be considered a protective factor for diabetic 

nephropathy. It must be stressed, however, that the findings related to carnosine as an ACE 

inhibitor must be interpreted with some precaution, as the concentration of carnosine to 

inhibit ACE is ~ 5.26 mmol/l and thus not in a physiological range (114). Furthermore, 

although serum carnosine concentrations rapidly increase after ingestion of meat, serum 

carnosine concentrations are in general very low and decrease after meat ingestion within 5 h 

to almost undetectable levels (68). 
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Similar to all secreted proteins, CNDP1 is synthesized as a precursor containing an NH2-

terminal signal peptide sequence. This enables the nascent protein to be targeted to the 

endoplasmatic reticulum. In general, signal peptides contain a hydrophobic stretch flanked by 

polar NH2- and COOH-terminal domains (124). The hydrophobic domain is of utmost 

importance for the function of the signal peptide (125), i.e. for targeting the protein into the 

secretory pathway. There is a (CTG)n polymorphism (D18S880) located within the signal 

peptide of the human serum carnosinase. This results in a signal peptide containing a 

hydrophobic stretch of 4, 5, 6, 7, or 8 leucines (4L–8L alleles). Since diabetic patients 

homozygous for the 5L allele of CNDP1 are protected from diabetic nephropathy and since 

serum carnosinase activity is low in these patients, we tested whether carnosinase secretion is 

determined by the CNDP1 genotype. Another polymorphism within the CNDP1 signal 

peptide is the arginine to glycine transition in codon 6 (R6G; c.16G>A; rs11151964). The 

secretion efficiency of this variant, which has not been mentioned in relation to diabetic 

nephropathy before, was investigated in the present study as well. 
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RESEARCH DESIGN AND METHODS 

Construction of the CNDP1 gene variants 

A cDNA clone of the CNDP1 gene (entry no. BX094414, Deutsches Ressourcenzentrum für 

Genomforschung Library 983) containing six CTG-repeats was kindly provided by Dr. M. 

Moeller (Department of Nephrology, Rheinisch-Westfälische Technische Hochschule, 

Aachen, Germany) and used as a template. In three sequential PCR steps, CNDP1 variants 

containing 4, 5, 6, 7 or 8 CTG-repeats were constructed. PCRs were performed according to 

standard methods; sequences of the primers used in each step are depicted in Table 1. The 6L 

variant was constructed with either adenine (A) or guanine (G) at position +16. All CNDP1 

constructs were cloned into the pCS2 II + MT vector to generate a myc-tagged carnosinase 

protein. Transformation was performed in competent Escherichia coli (TOP10F’; Invitrogen, 

Karlsruhe, Germany) using blue-white screening (Sigma, Steinheim, Germany).  

 

TABLE 1   

 

Signal sequence of the CNDP1 cDNA clone: 

5’ATGGATCCCAAACTCAGGAGAARGGCTGCGTCCCTGCTGGCTGTGCTGCTGCTGCTGCTGCTGGAG

CGCGGCATGTTCTCC 3’ 

 

 

 

 

 
 

Table 1. Reverse primer for all steps:  

5’AGCTTTAAATCGATGGAGCTGGGCCATCTCTAA3’. (I), length of leucine repeat: 4L, 

CTGCTGCTGCTG; for 5L, add CTG; for 6L, add CTGCTG; for 7L, add CTGCTGCTG; and for 8L, add 

CTGCTGCTGCTG. (II), A/G variant: for the arginine polymorphism, add A at this position; add G for the 

glycine polymorphism. 
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Cell culture and transfection  

Cos-7 cells (Invitrogen) were transiently transfected using Nanofectin (PAA Laboratories, 

Pasching, Austria) as recommended by the manufacturer. Cell supernatants were collected, 

and cell lysates were prepared 48 h after transfection. 

 

Western blot analysis  

Samples were denatured, separated by an 8% SDS-PAGE, and transferred to a polyvinylidine 

fluoride membrane (Roche, Mannheim, Germany) by means of semidry blotting. Three 

different antibodies were used for the detection of carnosinase: anti-carnosinase K18K 

polyclonal antibody (kindly supplied by M. Teufel, Sanofi Synthelabo, Recherche, 

Strasbourg), anti-carnosinase polyclonal (R&D Systems,  Wiesbaden  Nordenstadt, Ger-

many), or anti-myc (Abcam, Cambridge, U.K.). After incubation with appropriate secondary 

antibodies coupled to horseradish peroxidase (Santa Cruz Biotechnology, Heidelberg, 

Germany), antibody binding was visualized by chemiluminescence (PerkinElmer, Boston, 

MA). Intensity of the bands was measured by densitometry using ImageJ 1.36b software. In 

some experiments, aliquots of the protein samples were deglycosylated with peptide N-

glycosidase (PNGase) F (New England Biolabs, Frankfurt, Germany) before SDS-PAGE. 

 

Statistical analysis 

Statistical analysis was performed with SAS software (version 8.02; SAS Institute, Cary, NC). 

To investigate the influence of leucine adjusted for time on the percentage of carnosinase, a 

two-way ANOVA has been used. The difference of secretion efficiency of ≤ 5L to ≥ 6L was 

shown by planned linear contrasts using the SAS GLM procedure together with contrast 

statements. Test results with P < 0.05 were considered to be significant. 
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RESULTS  

To test the hypothesis that the length of the hydrophobic leucine stretch in the signal peptide 

of serum carnosinase influences the efficiency of carnosinase secretion, we constructed myc-

tagged CNDP1 gene variants differing in the number of CTG repeats in the signal sequence. 

Constructs encoding 4, 5, 6, 7 or 8 leucines, representing all thus far known alleles for 

CNDP1, were cloned into Cos-7 cells. In cell extracts of CNDP1 transfected cells, immune-

reactive bands were detected in Western blot analysis with apparent molecular weights of 86 

and 88 kDa respectively. In supernatants of the transfected cells, a single dominant band of ~ 

92 kDa was present. Similar data were obtained when monoclonal anti-myc or polyclonal 

anti-carnosinase antibodies were applied to the Western blot. In cells transfected with the 

empty vector, no immune-reactive bands were detected (Fig 1). After PNGase treatment of 

supernatant and cell extracts, a single band of ~ 86 kDa was found (Fig 2), suggesting 

differences in N-glycosylation between both samples. 

 

FIGURE 1 

 
 

Fig. 1. Western blot analysis of cell protein (C) and supernatant (S) of Cos-7 cells, transfected either with 6L 

(a) or empty vector (b). Immunostaining with anti-CNPD1 antibody (K18K) and anti-myc antibody is shown. 

Immunostaining with anti-CNDP1 of R&D showed similar results (blot not shown). 

 

FIGURE 2 
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Fig. 2. Analysis of N-glycosylation of carnosinase expressed in cell extracts and supernatants. Aliquots of cell 

extract and supernatant of transfected cells (6L) were either (+) or not (-) treated with PNGase to remove N-

glycosyl residues. Note that after PGNase treatment the molecular weight of carnosinase in supernatants and 

cell extracts were equal, while this was not found in untreated samples. 

 

The proportion of carnosinase secreted in the supernatants of all transfectants was assessed by 

Western blot and densitometry. In Cos-7 cells expressing CNDP1 containing a 4L or 5L 

stretch, more carnosinase was found in the cell extracts than in the corresponding 

supernatants. In contrast, Cos-7 cells expressing gene variants of CNDP1 with more CTG 

repeats clearly secreted carnosinase much better (Fig.3A). With increasing length of the CTG 

repeat the percentage of secreted carnosinase increased (≤5L vs. ≥6L: P<0.0001; Fig. 3B). In 

cells transfected with a CNDP1 construct lacking the complete signal peptide, no carnosinase 

could be detected in supernatants (data not shown). 

 

FIGURE 3 

A      B 

 

 
Fig. 3. A: Representative Western blot analysis of supernatant (S) and cell protein (C) obtained from Cos-7 

cells transfected with CNDP1 variants containing 4L–8L repeats. B: Analysis of secretion efficiency. The 

expression of carnosinase in supernatant and cell extracts was measured by densitometry. The results are 

expressed as mean percentage secretion ± SD. The numbers of transfections used in this analysis for each of 

the CNDP1 variants were n = 7, 8, 8, 7, and 3 for 4L, 5L, 6L, 7L, and 8L, respectively. 

 

To test if the A to G polymorphism at position +16 (R6G) was also relevant for carnosinase 

secretion, CNDP1 6L constructs were generated with either adenine or guanine at position 

+16. No difference in secretion efficiency of carnosinase was found for these variants (6A = 

47.4 ± 6.0 and 6G = 46.1 ± 5.2%, P = 0.2707; data not shown). 
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DISCUSSION  

Recently, we have demonstrated that a polymorphism situated in the signal peptide of CNDP1 

is associated with susceptibility to developing diabetic nephropathy (44). Association of this 

polymorphism with diabetic nephropathy has recently been confirmed in European Americans 

(42). Five different variants of the signal peptide, which all differ in the length of the 

hydrophobic leucine stretch, were identified in population screenings. A null allele with an 

insertion of five nucleotides within the leucine repeat was also detected, but because of a 

frame shift this allele does not code for a proper carnosinase protein (126). 

The importance of the (CTG)n repeat located in the hydrophobic core of the signal peptide is 

that it influences the efficiency of carnosinase secretion, as demonstrated in the present study. 

While carnosinase encoded by CNDP1 containing the (CTG)4 and (CTG)5 repeat is poorly 

secreted, a more efficient secretion occurs when the CNDP1 variants contain more than six 

CTG repeats. Our results are in line with theoretical calculations based on the G. von Heijne 

scores. Moreover, our data provide experimental evidence, explaining the association of the 

CNDP1 genotype and serum carnosinase activity (44).   

In the signal peptide of CNDP1 there is an additional single nucleotide polymorphism (SNP) 

present, resulting in either adenine or guanine at position +16 (R6G).  Because the A/G SNP 

and (CTG)n repeat are not in disequilibrium, all possible allelic combinations of A/G and 

(CTG)n do occur. We now also show that the A/G SNP does not influence carnosinase 

secretion efficiency. 

Post- translational modification of serum carnosinase has previously been demonstrated and 

includes both N- and O-glycosylation (55). Three putative N-glycosylation sites are found in 

the carnosinase sequence. Secreted and non-secreted carnosinase differ in the extent of N-

glycosylation as could be demonstrated by PNGase treatment. This therefore explains the 

difference in apparent molecular weight between both. We are aware that N-glycosylation can 

influence protein secretion (127). However, secreted carnosinase from all different CNDP1 

variants was to a similar extent N-glycosylated, as no difference in molecular weight was 

detected between the variants. The importance of N-glycosylation for secretion efficiency of 

carnosinase per se was not tested in this study because genetic evidence for the association of 

serum carnosinase activity and N-glycosylation of carnosinase is lacking. Serum carnosinase 

deficiency is associated with mental retardation and sensory peripheral neuropathy (128, 129). 

Also, alcoholics with abnormal muscle biopsy findings have low serum carnosinase activity 

(130); however, it is unclear whether the (CTG)n polymorphism also plays a role in serum 
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carnosinase activity in this group of individuals. In conclusion, we show that the (CTG)n 

polymorphism in the signal peptide of the CNDP1 gene is functional, determining secretion 

efficiency of serum carnosinase. Our data also explain why serum carnosinase activity in 

individuals homozygous for CNDP1 5L is low, resulting in relatively high levels of the 

renoprotective dipeptide carnosine. 
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ABSTRACT 

OBJECTIVES: The (CTG)n polymorphism in the serum carnosinase (CN-1) gene affects CN-

1 secretion. Since CN-1 is heavily glycosylated and glycosylation might influence protein 

secretion as well, we tested the role of N-glycosylation for CN-1 secretion and enzyme 

activity. We also tested if CN-1 secretion is changed under hyperglycemic conditions.  

METHODS: N-glycosylation was either inhibited by Tunicamycin in pCSII-CN-1 transfected 

Cos-7 cells or by stepwise deletion of its 3 putative N-glycosylation sites of CN-1. CN-1 

protein expression, N-glycosylation and enzyme activity were assessed in cell extracts and 

supernatants. The influence of hyperglycemia on CN-1 enzyme activity in human serum was 

tested in homozygous5 diabetic patients and healthy controls.  

RESULTS: Tunicamycin completely inhibited CN-1 secretion. Deletion of all N-

glycosylation sites was required to reduce CN-1 secretion efficiency. Enzyme activity was 

already diminished when 2 sites were deleted. In pCSII-CN-1 transfected Cos-7 cells cultured 

in medium containing 25mM D-glucose, the immature 61 kDa CN-1 immune reactive band 

was not detected. This was paralleled by an increased GlcNAc expression in cell lysates and 

CN-1 expression in the supernatants. Homozygous (CTG)5 diabetic patients had significantly 

higher serum CN-1 activity compared to genotype matched healthy controls.  

CONCLUSIONS: We conclude that apart from the (CTG)n polymorphism in the signal 

peptide of CN-1, N-glycosylation is essential for appropriate secretion and enzyme activity. 

Since hyperglycemia enhances CN-1 secretion and enzyme activity, our data suggest that 

poor blood glucose control in diabetic patients might result in an increased CN-1 secretion 

even in the presence of the (CTG)5 allele. 
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INTRODUCTION 

Diabetic nephropathy (DN) is the foremost cause for dialysis in the western world (131). 

Prime risk factors for developing DN are poor glycemic control and high blood pressure; yet, 

appropriate treatment of individual patients to minimize these risk factors can only delay the 

onset, but do not eliminate susceptibility to develop DN (119, 132). We have recently 

demonstrated that susceptibility to DN is strongly associated with a polymorphism in the 

CNDP1 gene (44). This gene encodes the serum carnosinase (CN-1) protein, which degrades 

carnosine into ß-alanine and histidine. We have also demonstrated that the CNDP1 

polymorphism affects carnosinase secretion, i.e. a low CN-1 secretion is observed when 

(CTG)5 is present in the signal peptide of CN-1 (133). This is in line with the finding that CN-

1 activity is low in (CTG)5 homozygous individuals (44). Over-expression of CNDP1 in the 

Db/Db model results in early onset of diabetes, while in Db/Db mice that were fed with 

carnosine the onset of diabetes was delayed and glucose metabolism was improved (113). 

This unambiguously shows the relevance of the carnosine carnosinase system for diabetic 

complications, and can also explain why low serum CN-1 activity is protective. Several 

mechanisms for the protective role of carnosine have been postulated (44, 134-137), yet, 

definite proof for its beneficial effect on DN remains to be assessed.   

Although CNDP1 has been confirmed as a susceptibility locus (41, 42), more recently this 

association was questioned by Wanic et al (138). The negative findings of Wanic et al may be 

explained by the fact that baseline renal function, proteinuria and mortality was not included 

in their Cox proportional hazards regression analyses (139). Alternatively, their data might 

indicate that apart from the (CTG)n polymorphism, CN-1 secretion is influenced by other 

factors.  

N-glycosylation is initiated in the endoplasmatic reticulum (ER) by the transfer of 

preassembled glucose3-mannose9-N-acetylglucosamine2 (Glc)3(Man)9(GlcNAc)2 core 

oligosaccharides from the dolichylpyrophosphate carrier to asparagine residues in nascent 

proteins. Three different nucleotide-activated sugar donors are required as substrates for the 

assembly of Dolichol linked core oligosaccharides: UDP-N-acetylglucosamine (UDP-

GlcNAc), GDP-mannose and UDP-Glucose. N-glycosidic bonds anchor the core 

oligosaccharides to side chains of asparagines located within a consensus sequence of Asn-X-

Thr/Ser. Not all consensus sequences within a given protein get occupied. This results in 

generation of differentially N-glycosylated proteins. Moreover, both the supply of 

oligosaccharide substrates as well as the activity of the oligosaccharide transferring enzyme 

determines N-glycosylation efficiency. N-glycosylation improves protein stability and 
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solubility and act as specific molecular recognition site for the recruitment of chaperones 

(140). Many proteins need proper N-glycosylation to be correctly folded. Inaccurately N-

glycosylated proteins may therefore not be secreted and those that are still secreted may have 

altered substrate binding properties and modified enzyme activity.  

The Hexosamine biosynthesis pathway is responsible for both O- and N-glycosylation, 

utilizing substrates (e.g. fructose-6P) that are key metabolites in carbon, nitrogen and energy 

homeostasis (141). Hence, the extent of GlcNAc branching is dependent on enzyme kinetics 

and metabolic flux through the hexosamine pathway to generate UDP-GlcNAc. Lau et al 

(142) have shown that the-N-glycan branching pathway cooperates with the number of N-

glycans on glycoproteins to differentially regulate their surface level in response to 

hexosamine flux. Similarly, Sasai et al (143) demonstrate that the level of UDP-GlcNAc is a 

critical factor in the production of ß1,6 branched N-glycans. If high glucose concentrations 

lead to a higher flux through the hexosamine (19) pathway, it is conceivable that this might 

have potential consequences for N-glycans such as CNDP1. In fact, Bar-On et al have shown 

in experimental diabetes that a dolichol-mediated increase in protein N-glycosylation occurs 

(24). They suggest that the dolichol-N-glycosylation pathway may represent another 

detrimental aspect of hyperglycaemia and may operate by dolichol mass action rather than 

through glycosylating enzyme activity. 

CN-1 is a heavily glycosylated protein with 3 putative N-glycosylation sites at asparagine 

N322, N382 and N402 (144).  In the present study therefore we investigated, whether N-

glycosylation affects CN-1 protein secretion and enzyme activity of CN-1. Because an 

increased glucose flux through the hexosamine pathway increases GlcNAc concentrations 

(19), we hypothesized that N-glycosylation of CN-1 is affected by hyperglycemia resulting in 

an increased CN-1 secretion and enzyme activity.   
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MATERIAL AND METHODS  

Construction of CNDP1 mutants 

A cDNA clone of the CNDP1 gene containing 6 CTG-repeats (RZPD Library 983, entry No 

BX094414), kindly provided by Dr. M. Moeller (Dept. of Nephrology, RWTH, Aachen, 

Germany), was used as template to construct different CNDP1 variants by PCR. 

Glycosylation sites of CN-1 were step wise deleted using the QuikChange® II Site directed 

mutagenesis kit (Stratagene Europe, Amsterdam, Netherlands). In brief, single amino acid 

exchanges, i.e. asparagine for glycine, were induced in the wild type CNDP1 cDNA by 

mutagenic primers. The sequence of the primers that were used is depicted in Table 1. PCR 

reactions were performed according to standard procedures. For mutants lacking one 

glycosylation site either one of the asparagines residues at N322, N382 or N402 were 

exchanged. For mutants lacking two glycosylation sites combinations of residues N322 and 

N382, N322 and N402 or N382 and N402 were mutated. Finally mutants that lack all three N-

glycosylation sites at position N322, N382 and N402 were constructed. All CNDP1 constructs 

and mutants were cloned into pCSII + mt vector. For the N-glycosylation lacking mutants, 

stopcodons were removed to generate a myc-tagged CN-1 protein.  

 

TABLE 1  Primers used for site directed mutagenesis. 

 
Table 1 N-Glycosylation sites were step-wise deleted using mutagenic primers. Mismatched base pairs 

containing the mutations are underlined. 

 

Cell culture and transfection  

Cos-7 cells (Invitrogen, Karlsruhe, Germany) were cultured in Dulbeccos Modified Eagle 

Medium (DMEM, PAA The Cell Culture Company, Pasching, Austria) enriched with 10% 

FCS and 1% Penicillin/ Streptomycin at 37°C and 5% CO2. The cells were co-transfected 

with the various CNDP1 constructs and pCruz-GFPTM (Santa Cruz, Heidelberg, Germany) by 

Nanofectin according to the manufacturer’s instructions (PAA The Cell Culture Company, 

Pasching, Austria). Four hours later, medium was replaced by DMEM medium containing 1% 

Penicillin/ Streptomycin. To inhibit N-glycosylation 10µg/ml of Tunicamycin (Sigma-Aldrich 

Chemie, Steinheim, Germany) was added to the medium. Cells and supernatants were 

harvested 48 hours later. For high glucose experiments Cos-7 cells were transfected with the 
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CNDP1 (CTG)5 variant and cultured for 72 hours in DMEM containing 25mM D-(+)-Glucose 

(Sigma-Aldrich Chemie, Steinheim, Germany) and 1% Penicillin/ Streptomycin. To decrease 

GlcNAc production, hexosamine biosynthesis pathway was inhibited by supplementing 20 

µM azaserine (Santa Cruz, Heidelberg, German) to the glucose conditioned DMEM medium 

during the incubation period. No cell toxicity was observed using this concentration as 

determined by trypan blue exclusion. Transfected cells cultured for the same time period in 

standard medium (DMEM, 5mM D-(+)-Glucose, 1% Penicillin/ Streptomycin) were used as 

control. Hereafter supernatants were harvested and transfection efficiency was assessed on an 

aliquot of the cell suspension by FACS analysis using green fluorescent protein (GFP) as 

read-out. In general, transfection efficiency was above 70%.  In all experiments supernatants 

were concentrated using a Centricon Centrifugal Filter device 30.000MW (Millipore, 

Schwalbach, Germany). Cells were lysed on ice by addition of 1% Triton X 100 containing 

lysis buffer, supplemented with 1mM 1,4-Dithiol-DL-threitol (Fluka Chemie GmbH, Buchs, 

Germany), Phosphatase-Inhibitor (Sigma, Steinheim, Germany) and Protease-Inhibitor 

(Roche, Mannheim, Germany). Cell lysates were centrifuged for 10 minutes (14.000g at 4°C) 

to remove insoluble debris.  

 

Western blot analysis  

For detection of carnosinase in cell lysates and supernatants, gel electrophoreses and 

subsequent western blotting was performed. In some experiments samples were 

deglycosylated by PNGase F (New England Biolabs, Frankfurt, Germany) treatment 

according to the manufacturer’s recommendations. All samples were boiled for 10 minutes in 

Laemmli sample buffer (Bio-Rad, München, Germany) prior to loading on an 8% SDS-

PAGE. Proteins were transferred electrophoretically to a PVDF membrane (Roche, 

Mannheim, Germany) by semi-dry blotting. Hereafter the membranes were blocked for 1 hour 

at room temperature in TBS-Tween 20 (0.3%, Sigma, Steinheim, Germany) containing 10% 

milk powder. Anti-myc antibody (Abcam plc, Cambridge, United Kingdom) was used for the 

detection of CN-1 produced by transfected cells. For detection of CN-1 in human serum 

samples, mouse monoclonal anti-CN-1 antibody (Clone RYSK-173, raised against human 

recombinant CN-1) was utilized. To assess the amount of GlcNAc modified proteins, the 

membranes were incubated over night with anti-N-acetylglucosamine antibody (Abcam plc, 

Cambridge, United Kingdom). After incubation with appropriate horseradish peroxidase 

conjugated secondary antibodies (Santa Cruz Biotechnology, Heidelberg, Germany) antibody 
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binding was visualized by enhanced chemiluminescence (PerkinElmer, Boston, USA). 

Intensity of the bands was measured by densitometry using the ImageJ 1.36b software.  

 

Measurement of carnosinase activity:  

Serum carnosinase activity (CN1) was assayed according to a method described by Teufel et 

al (144). Shortly, the reaction was initiated by addition of carnosine and/or homocarnosine 

and was stopped by adding 1% trichloracetic acid. Liberated histidine was derivatized by 

adding o-phtaldialdehyd (OPA) and fluorescence was read using a MicroTek plate reader 

(λExc: 360 nm; λEm: 460 nm). The recombinant human CN1 was obtained from R&D Systems, 

Minneapolis, USA. CN-1 activity in cell supernatants was normalized to transfection 

efficiency. 

 

Patients: 

Diabetic patients and healthy controls were recruited from our clinic. Blood samples were 

collected for measuring CN1 activity as described above and for CN-1 genotyping as 

described previously (44). Eleven (CTG)5 homozygous diabetic patients were identified (6 

female, 5 male, mean age 62 years (range 36 to 84 years)). There were 3 type 1 and 8 type 2 

diabetic patients included. Healthy controls consisted of 15 individuals (7 male, 8 female, 

mean 41 years (range 36 to 84)). Demographic characteristics of patients and controls are 

shown in Table 2.  All participants gave informed consent. Ethical approval was given by the 

2nd ethics committee of the Heidelberg University (amendment no. 2 and 3 to ethical 

approval no. 0193/2001). 

 

TABLE 2 Demographic characteristics of patients and control subjects 

 
Table 2 All data are expressed as mean. Values in parentheses represent the range; DM = diabetes mellitus; 

DR = diabetic retinopathy; HbA1C = Glycated haemoglobin; n = number of patients; nd = not done; RR = 

hypertension (defined as repeatedly elevated blood pressure >140/90 mmHg). 

 

Statistical analysis: 

Quantitative data are given as mean ± SD. Student t-test was calculated to compare groups. 

Values of p< 0.05 were considered as statistically significant. 
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RESULTS 

N-Glycosylation modulates secretion and enzyme activity of CN-1 

Three CN-1 immunoreactive bands, ranging from 61 to 65 kDa, were found by western 

blotting in cell lysates of pCSII- CNDP1 transfected Cos-7 cells. While the 65 kDa band was 

always weakly expressed in cell lysates, in supernatants it was the most prominent band. After 

PNGase F treatment only the 61 kDa band was found, suggesting that the lower CN-1 band 

represents the immature CN-1 protein devoid of N-glycosylation (Fig 1). In human serum 

only one CN-1 reactive band was detected corresponding to a molecular weight of 65 kDa. 

PNGase F treatment of serum reduced its molecular weight to 61 kDa (Fig 1).  

 

FIGURE 1 

 

 
 

Fig. 1. CN-1 expression in CNDP1 transfected Cos-7 cells and human serum. After transfection cell extracts 

(C) and supernatants (S) were harvested as described. The samples were treated with PNGase (+) or were left 

untreated (-). Similarly, aliquots of human serum (Hu) were subjected to PNGase treatment. Note that in cell 

extracts two major immunoreactive bands for CN-1 were detected by western blot analysis with apparent 

molecular weight of 61 kDa and 63 kDa respectively. The 65 kDa band was prominent in serum and 

supernatants of transfected cells, while the expression hereof was weak in cell extracts. After PNGase 

treatment, the molecular weight of CN-1 in serum, supernatants and cell extracts shifted to 61 kDa.  

 

To study the role of N-glycosylation for CN-1 protein secretion we first used Tunicamycin to 

inhibit N-glycosylation. Tunicamycin is an antibiotic that blocks the reaction of UDP-GlcNAc 

and dolicholphosphate, as a consequence the synthesis of all N-linked glycoproteins is 

inhibited. Tunicamycin completely prevented secretion of CN-1 in pCSII- CNDP1 transfected 

cells as demonstrated by western blotting. CN-1 expression in cell extracts was quantitatively 

and qualitatively changed by Tunicamycin. Only the immature 61 kDa CN-1 band was 

detected in significantly lower amounts (Fig 2A).  



CHAPTER 3 

  45 

Because Tunicamycin may also affect protein secretion independent of its inhibitory effect on 

N-glycosylation, we constructed myc-tagged CN-1 variants that lack 1, 2 or all 3 putative N-

glycosylation sites. To this end, asparagine residues at N322, N382 and N402 were exchanged 

for glycine. Similar to Tunicamycin treatment, the amount of total CN-1 produced by variants 

that were completely devoid of N-glycosylation sites was strongly decreased compared to 

wild type CNDP1 (Fig 2B). The low CN-1 expression in these variants was not due to a low 

transfection efficiency since the percentage of green fluorescent protein (GFP) expressing 

cells was not significantly different compared to wild type CNDP1 transfected cells (wild 

type 68%, CNDP1 -3 73%).  In the supernatants of all CNDP1 variants that lack either 1, 2 or 

3 N-glycosylation sites, CN-1 expression was lower compared to the wild type CNDP1 

variant (Fig 2B). 

CN-1 secretion efficiency, expressed as the proportion of CN-1 in supernatants to total CN-1 

(cell extract + supernatant) was measured by densitometry. In comparison to wild type 

CNDP1, CN-1 secretion efficiency was not affected for CN-1 variants lacking one or two N-

glycosylation sites. In contrast, secretion efficiency was severely impaired for variants that 

lack all 3 N-glycosylation sites (Fig 2C). In line with the western blot, CN-1 enzyme activity 

in the supernatants was decreasing when the number of deleted N-glycosylation sites 

increased. Enzyme activity of CN-1 variants lacking only one N-glycosylation site was not 

significantly different to that of wild type CN-1. However, enzyme activity of CN-1 variants 

lacking two N-glycosylation sites was significantly decreased (Fig 2D). The combination of 

N-glycosylation sites that were deleted was not important in this regard (data not shown). As 

expected, CN-1 activity was not detected in supernatants of CN-1 variants that were devoid of 

N-glycosylation sites.  

 

FIGURE 2 
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Fig. 2. Influence of N-glycosylation on CN-1 secretion. A: CNDP1 transfected cells were treated with 

tunicamycin (10 µg/ml) (+) for 48 h or were left untreated (-). Hereafter cell extracts (C) and supernatant (S) 

were subjected to Western blot analysis. Note that in the presence of Tunicamycin qualitative and quantitative 

differences for CN-1 expression in cell extracts were observed, whereas in supernatants of these cells no CN-1 

expression was found. B: N-glycosylation sites of wild type (wt) CNDP1 were deleted by site directed 

mutagenesis. Numbers below the blot represent the deletion of any one of three (-1), any two of three (-2) or 

all three (-3) glycosylation sites. The CNDP1 variants were transfected in Cos-7 cells and expressed as myc-

tagged fusion protein as described. Cell extracts (C) and supernatants (S) were subjected to western blot 

analysis using anti-myc antibody. In A and B the results of a representative blot is depicted. A total of six 

different experiments were performed and with all essentially the same result. C: CN-1 secretion efficiency 

was measured by densitometry of the blots. Secretion efficiency was defined as the ratio of CN-1 in 

supernatant divided by the total amount of CN-1 (cell extracts + supernatant). The results are expressed as 

mean ratio ± SD of six individual experiments. D: CN-1 activity in supernatants of wild-type CNDP1-

transfected cells and cells expressing CNDP1 variants lacking either one (-1), two (-2), or all three (-3) 

glycosylation sites. The results are expressed as mean CN-1 activity (µmol/ml/hr) ± SD. Again, the 

supernatants of six individual experiments were included. 

 

Hyperglycemia influences CN-1 secretion and enzyme activity 

Because hyperglycemia results in an increased glucose flux through the hexosamine pathway 

and thereby increases GlcNAc concentrations, we speculated that hyperglycemia might 

increase N-glycosylation and subsequently affect CN-1 secretion and activity. Since amongst 

the different genetic CNDP1 (CTG)n variants CN-1 secretion is the lowest for the (CTG)5, we 

chose this variant in the hyperglycemia experiments. CNDP1 (CTG)5 transfected cells were 

cultured for three days in high glucose medium (25 mM D-glucose) (HG) or kept in normal 

medium containing 5 mM of D-glucose (NG). We first tested if substrate supply for N-

glycosylation, i.e. GlcNAc, was increased in cells that were cultured in HG medium. As 

demonstrated in Fig 3A, the expression of GlcNAc modified proteins was significantly 

increased under hyperglycemic conditions. We subsequently tested if HG conditions would 
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affect N-glycosylation of CN-1 and to what extent this influenced CN-1 secretion and enzyme 

activity.  

Similar as demonstrated in figure 1, in cell extracts obtained from cells that were cultured in 

NG medium the immature not N-glycosylated 61 kDa band was detected in western blot 

analysis. However, in cells that were cultured in HG medium, the 61 kDa band was not 

detected suggesting a relative increase in N-glycosylation under HG conditions. This was 

paralleled by a slight increase in CN-1 expression in the supernatants of these cells (Fig 3B). 

Densitometric quantification of immunoblots revealed, that N-glycosylation efficiency in cell 

extracts, expressed as the proportion of N-glycosylated CN-1 (upper band) to total CN-1 

(upper band + lower band) was significantly increased in cells cultured in 25 mM D-glucose 

containing medium (Fig. 3C, NG vs. HG p<0.05). In addition, this analysis revealed that CN-

1 secretion efficiency, expressed as the proportion of CN-1 in cell extract to total CN-1 (cell 

extract + supernatant) was significantly increased under hyperglycemic conditions (Fig. 3D, 

NG vs. HG p<0.05). To analyze whether limitation of oligosaccharide substrate supply would 

influence N-glycosylation and secretion efficiency under HG, we used azaserine an inhibitor 

of hexosamine biosynthesis pathway to impede auxiliary UDP-GlcNAc formation. Azaserine, 

as a glutamine analogue, inhibits amongst others the glutamine:fructose-6-phosphate 

amidotransferase (GFAT) enzyme. Restriction of UDP-GlcNAc caused a remarkable decrease 

in CN-1 expression in the supernatants. Nevertheless, increased N-glycosylation efficiency in 

cell extracts was not affected by azaserine conditioning (Fig. 3E). 

 

FIGURE  3 
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Fig. 3. Influence of high glucose medium on GlcNAc expression, N-glycosylation of CN-1, and CN-1 

secretion and impact of hexosamine synthesis pathway on CN-1 secretion. CNDP1 transfected Cos-7 cells 

were cultured for 72 hrs in the presence of 25 mmol/l (HG) ± 20 µmol/l azaserine or 5 mmol/l (NG) D-

glucose. Hereafter cell extracts were prepared and supernatants were harvested. . A: Western blot analysis of 

GlcNAc modified proteins in cell extracts. B: Western blot analysis of CN-1 expression in supernatants (S) 

and cell extracts (C). Note that the immature 61 kDa band is not present in cells that were cultured under HG 

conditions. In A and B the results of a representative experiment is depicted. Four different experiments were 

performed and all showed similar results. C: CN-1 glycosylation efficiency in cells extracts was measured by 

densitometry and defined as ratio of N-glycosylated CN-1 (upper band) to total CN-1 (upper band + lower 

band). D: CN-1 secretion efficiency was measured as described in Fig. 2. Four experiments were included. E: 

Result of a representative Western blot analysis of CN-1 expression in supernatants (S) and cell extracts (C) 

of cells cultured in the presence of HG with (+) or without (-) azaserine. Although the secretion of CN-1 is 

decreased by the limitation of GlcNAc, azaserine does not influence the relative increase in N-glycosylation in 

cell extracts under HG conditions. A total of four different experiments were performed and all showed 

similar results.  

 

To test if our in vitro observations also have an in vivo relevance, we next addressed if serum 

CN-1 activity is different in homozygous (CTG)5 diabetic patients and genotype matched 
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healthy controls.  Compatible with the in vitro findings, serum CN-1 activity was significantly 

higher in diabetic patients (control vs. diabetic patients p<0.05) (Fig 4). 

FIGURE 4 

 

            
 

Fig. 4. CN-1 activity was measured in 5L homozygous healthy controls (Co, n=15) as well as in 5L 

homozygous diabetic patients (DM, n=11). Results are expressed for each individual patient and control. The 

line represents the mean of each group.  
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DISCUSSION 

Secretion of the serum carnosinase is influenced by the length of the (CTG)n repeat, located in 

the signal peptide of this enzyme (10). Because CN-1 is N-glycosylated and glycosylation 

might influence protein secretion, stability and enzyme activity, it is conceivable that in 

hyperglycemic patients CN-1 secretion or activity is not completely determined by the 

(CTG)n genotype. In the present study we therefore assessed the relevance of N-glycosylation 

for CN-1 protein secretion and enzyme activity and addressed if hyperglycemia can influence 

serum CN-1 secretion and activity. The main findings of this study are the following. First, 

only deletion of all three N-glycosylation sites impairs CN-1 secretion efficiency, while CN-1 

activity is already diminished when two sites are deleted. Second, hyperglycemia increases N-

glycosylation efficiency and increases CN-1 secretion. This might be caused by an increased 

GlcNAc supply. Third, homozygous (CTG)5 diabetic patients have higher serum CN-1 

activity compared to genotype matched healthy controls.  

 

The human CN-1 glycoprotein contains three potential N-glycosylation sites at asparagine 

number N322, N382 and N402 (144). In pCSII- CNDP1 transfected Cos-7 cells three CN-1 

immune reactive bands can be detected. The 61 and 63 kDa bands dominate in cell lysates 

while the 65 kDa band is almost not detectable in cell extracts. In contrast, the 65 kDa band is 

strongly expressed in supernatants of transfected cells. The different CN-1 bands detected in 

western blotting are likely due to differences in N-glycosylation since after PNGase F 

treatment only the 61 kDa band was detected. Hence, this band represents the immature not 

N-glycosylated CN-1 protein. Macroheterogeneity occurs for a number of glycosylated 

proteins and describes the differential use of glycosylation sites within a given protein (145-

147). Neither in serum nor in supernatants of transfected cells the 61 or 63 kDa band was 

found. Although this might suggest that CN-1 secretion only occurs after complete N-

glycosylation, our findings that CNDP-1 variants lacking 1 or 2 glycosylation sites also 

secrete CN-1 argues against this assumption. It is therefore more likely that secretion of the 

completely N-glycosylated CN-1 protein is favored, but that complete N-glycosylation is not 

a pre-requisite for CN-1 secretion. Nevertheless, when N-glycosylation is completely 

prevented, either by deletion of all three N-glycosylation sites or by Tunicamycin treatment, 

CN-1 secretion is severely impaired. N-glycosylation occurs co-translationally in the lumen of 

the endoplasmatic reticulum (ER) and facilitates the protein folding process by recruiting 

members of the calnexin chaperone system (148). Acquisition of the protein’s native structure 

may therefore fail or progress slowly when N-glycosylation is prevented. Folding-defective or 
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terminally misfolded proteins are disposed from the ER through cytosolic transport and 

subsequent proteasomal degradation (149). This might explain why CN-1 is significantly less 

expressed in cells transfected with CNDP1 variants that are completely devoid of N-

glycosylation sites as opposed to cells expressing wild type CNDP1. The importance of N-

glycosylation of CN-1 for protein secretion is not unique to CN-1, as it has also been reported 

for other proteins (147, 150, 151).  

 

Our data also indicate that CN-1 enzyme activity was dependent on proper N-glycosylation 

since deletion of two N-glycosylation sites significantly decreased CN-1 activity. Enzyme 

activity as a function of N-glycosylation has also been reported by other groups (152, 153). 

Why CN-1 activity severely drops after deletion of two glycosylation sites remains to be 

elucidated. Because CN-1 was poorly secreted by CNDP1 variants that were devoid of N-

glycosylation sites, no CN-1 activity was detected in supernatants of these cells as expected.    

 

In diabetic patients the role of non-enzymatic advanced glycation end products for cell 

activation and/or damage has been well studied (154, 155). In contrast, the influence of 

enzymatic glycosylation and its possible pathogenic role in diabetic complications remains to 

be addressed. A few studies however, have reported that hyperglycemia increases N-

glycosylation in rats (24, 156, 157). Our own data are in line with this assumption, as we 

could show that the immature not N-glycosylated CN-1 protein was not present in CNDP1 

transfected cells that were grown under high glucose conditions. Yet, a possible increase in 

glycosylation was not reflected by a difference in molecular weight of the mature secreted 

CN-1 protein. Although under hyperglycemic conditions activation of the hexosamine 

pathway leads to synthesis of UDP-GlcNAc (19), an increase of substrates alone might not be 

sufficient to enhance N-glycosylation (158). These conclusions are in accordance with our 

observations, since in cells cultured under HG N-glycosylation efficiency was not disturbed 

by inhibition of hexosamine synthesis pathway. Nevertheless, restriction of UDP-GlcNAc led 

to decreased CN-1 expression in the cell supernatants. The assembly of the N-glycosylation 

core oligosaccharide is dependent on two UDP-GlcNAc molecules. Therefore, it is 

conceivable that the N-glycosylation and secretion process is slowed down under azaserine 

treatment. As expected, Azaserine did not completely block N-glycosylation of CN-1, 

because the oligosaccharide substrates can either be synthesized from glucose or be salvaged 

from glycoconjugates degraded within cells. The expression or activity of enzymes that attach 

sugars to growing proteins might equally have contributed to the increased N-glycosylation 
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efficiency under hyperglycemic conditions; these enzymes were not measured in this study. 

Hence, it must be emphasized that the increased CN-1 secretion observed under 

hyperglycemic conditions may be related to changes in the N-glycosylation machinery and 

substrate increment.  

If hyperglycemia influences CN-1 secretion it is expected that diabetic patients would have 

more CN-1 activity compared to genotype matched healthy controls. Because healthy 

individuals homozygous for CNDP1 (CTG)5  have low CN-1 activity (44), we stratified for 

this genotype and compared CN-1 activity of diabetic patients with that of healthy controls. 

Indeed our data show that diabetic patients have a significantly higher CN-1 activity. We are 

aware that this study only included a relative small group of diabetic patients (n=11), and 

significant differences in the mean age between both groups were present. Because CN-1 

activity increases with age until adulthood but not thereafter (54), it is unlikely, but not 

excluded, that age differences are a confounding factor in our analysis. Therefore these data 

should be confirmed in a larger cohort of age, sex and genotype matched patients, before firm 

conclusion can be drawn.    

 

Recently, we have shown that CNDP1 activity towards carnosine is inhibited by 

homocarnosine (159). If carnosine is considered to be protective in terms of diabetic 

complications, than clearly other factors than CNDP1 genotype that also affect carnosine 

metabolism, e.g. serum homocarnosine concentrations, blood glucose control, should be taken 

into account for risk assessment to develop diabetic complications in this group of patients. 

Diabetic patients that do not have the protective CNDP1 genotype might be protected because 

of good glycemic control or by having sufficient homocarnosine levels. Vice versa, diabetic 

patients with the protective genotype may still develop diabetic nephropathy when glycemic 

control is poor or when low serum concentrations of homocarnosine is present. 

 

Inasmuch as our study demonstrates that hyperglycemia increases CN-1 secretion, it was not 

our intention to investigate if a low CN-1 activity is associated with a diminished oxidative 

stress or AGE formation. CN-1 is only one of the parameters that influence the amount of 

serum carnosine. Activity of carnosine synthase and dietary carnosine intake are two 

additional factors. For future studies it would thus also be worthwhile to study if in diabetic 

patients CN-1 activity correlates with carnosine concentrations and to elucidate if this in turn 

correlates with parameters of oxidative stress and or AGE formation.  
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We conclude that apart from the (CTG)n polymorphism in the signal peptide of CN-1, N- 

glycosylation is essential for appropriate secretion and enzyme activity. Since hyperglycemia 

enhances CN-1 secretion and enzyme activity, our data suggest that poor blood glucose 

control in diabetic patients might result in an increased CN-1 secretion even in the presence of 

the (CTG)5 allele.    
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ABSTRACT  

Serum carnosinase (CN-1) measurements are at present mainly performed by assessing 

enzyme activity. This method is time consuming, not well suited for large series of samples 

and can be discordant to measurements of CN-1 protein concentrations. To overcome these 

limitations we developed sandwich ELISA assays using different anti-CN-1 antibodies, i.e. 

ATLAS (polyclonal IgG) and RYSK173 (monoclonal IgG1). With the ATLAS-based assay, 

similar amounts of CN-1 were detected in serum and both EDTA and heparin plasma. The 

RYSKS173-based assay detected CN-1 in serum in all individuals at significant lower 

concentrations compared to the ATLAS-based assay (range: 0.1- 1.8 vs. 1 – 50 µg/ml, RYSK- 

vs. ATLAS-based, P<0.01). CN-1 detection with the RYSK-based assay was increased in 

EDTA plasma, albeit at significantly lower concentrations compared to ATLAS. In heparin 

plasma CN-1 was also poorly detected with the RYSK-based assay. Addition of DTT to 

serum increased the detection of CN-1 in the RYSK-based assay almost to the levels found in 

the ATLAS-based assay. Both ELISA assays were highly reproducible (R: 0.99, P<0.01 and 

R: 0.93, P<0.01, for the RYSK- and ATLAS-based assays, respectively). Results of the 

ATLAS-based assay showed a positive correlation with CN-1 activity (R: 0.59, P<0.01), 

while this was not the case for the RYSK-based assay. However, there was a negative 

correlation between CN-1 activity and the proportion of CN-1 detected in the RYSK-based 

assay, i.e. CN-1 detected with the RYSK-based assay / CN-1 detected with the ATLAS-based 

assay x 100% (R: -0.51, P<0.01), suggesting that the RYSK-based assay most likely detects a 

CN-1 conformation with low CN-1 activity. RYSK173, and ATLAS antibodies reacted 

similar in western blot, irrespective of PNGase treatment. Binding of RYSK173 in serum was 

not due to differential N-glycosylation as demonstrated by mutant CN-1 cDNA constructs. In 

conclusion our study demonstrates a good correlation between enzyme activity and CN-1 

protein concentration in ELISA and suggests the presence of different CN-1 conformations in 

serum. The relevance of these different conformations is still elusive and needs to be 

addressed in further studies.          
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INTRODUCTION  

Carnosine-like peptides, i.e. L-carnosine (β-alanyl-l-histidine), homocarnosine (γ-

aminobutyryl-l-histidine) and anserine (β-alanyl-l-1-methylhistidine), are a family of histidine 

derivatives that are present in a wide variety of vertebrate tissues, e.g. skeletal muscles and 

brain (62). Elevated carnosine concentrations in human skeletal muscle lead to improved 

muscle performance in high-intensity exercise in both untrained and trained individuals (160, 

161). This suggests an important role of the dipeptide in the homeostasis of contracting 

muscle cells during anaerobic energy delivery, most likely by acting as physiological pH 

buffer (162, 163). Apart from muscle performance improving properties (160-163), L-

carnosine seems to be implicated in neuroprotection (164) and seems to play a role in the 

development of the olfactory system and organization of hypothalamic neuronal networks 

(165).  

Plasma carnosine concentrations vary significantly over a 24 hrs period, depending on 

intestinal absorption of intact carnosine (68, 70), muscle exercise (166) and activity of the 

carnosine synthetase (167). In addition, carnosine concentrations in plasma and tissue depend 

on the activities of intra- and extracellular dipeptidases known as carnosinases. 

Carnosinases, first isolated from the porcine kidney (45), are widely distributed in tissues of 

rodents and higher mammals (45, 48, 50, 167). Two types of carnosinases have been 

identified in humans encoded by the CNDP1 and CNDP2 genes (55).  The gene products are 

also known as serum carnosinase (CN-1) and non-specific carnosine dipeptidase (CN-2), 

respectively. While CN-1 was identified as a dipeptidase that specifically hydrolyzes 

carnosine and homocarnosine, CN-2 has a broader specificity than CN-1 and is not able to 

hydrolyze homocarnosine and sensitive to inhibition by bestatin (55).  

We have recently demonstrated that susceptibility to diabetic nephropathy (DN) is strongly 

associated with a (CTG)n polymorphism in the CNDP1 gene (44), affecting serum 

carnosinase secretion (168). Diabetic patients homozygous for (CTG)5 have a lower risk to 

develop diabetic nephropathy and have a lower plasma CN-1 activity (44). Interestingly, over-

expression of CNDP1 in the Db/Db model results in early onset of diabetes, while in Db/Db 

mice fed with carnosine the onset of diabetes is retarded (113).  

Currently, carnosinase measurements are mostly performed by measuring enzyme activity 

(44, 54, 55, 59). Yet, CN-1 activity can be modulated by the presence of homocarnosine 

(169), binding of metal ions in the active centre (54) and by N-glycosylation of CN-1 (170). 

Hence serum CN-1 activities can be discordant to CN-1 protein concentrations. In order to 

assess whether a low serum CN-1 activity is due to a low CN-1 concentration, estimation of 
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the amount of CN-1 in serum is required. Although, this could be performed by western 

blotting in a semi-quantitative fashion, this method is time consuming and therefore is not 

well suited for routine testing of numerous samples. The present study was therefore 

conducted to set-up ELISA assays that would allow the measurement of CN-1 in large series 

of individuals.  

.  
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RESEARCH DESIGN AND METHODS   

Cell culture and transfection  

Cos-7 cells (Invitrogen, Karlsruhe, Germany) were cultured in Dulbeccos Modified Eagle 

Medium (DMEM, PAA The Cell Culture Company, Pasching, Austria) enriched with 10% 

FCS and 1% Penicillin/ Streptomycin at 37°C and 5% CO2. The cells were co-transfected 

with the various CNDP1 constructs and pCruz-GFPTM (Santa Cruz, Heidelberg, Germany) 

by Nanofectin according to the manufacturer’s instructions (PAA The Cell Culture Company, 

Pasching, Austria). Four hours later, medium was replaced by DMEM medium containing 1% 

Penicillin/ Streptomycin. Cells and supernatants were analyzed 48 hours later. Transfection 

efficiency was assessed on an aliquot of the cell suspension by FACS analysis using green 

fluorescent protein (GFP) as read-out. In general transfection efficiency was above 70%.  In 

all experiments supernatants were concentrated using a Centricon Centrifugal Filter device 

30.000 MW (Millipore, Schwalbach, Germany). Cells were lysed on ice by addition of 1% 

Triton X 100 containing lysis buffer, supplemented with 1mM 1,4-Dithiol-DL-threitol (Fluka 

Chemie GmbH, Buchs, Germany), Phosphatase-Inhibitor (Sigma, Steinheim, Germany) and 

Protease-Inhibitor (Roche, Mannheim, Germany). Cell lysates were centrifuged for 10 

minutes (14.000g at 4°C) to remove insoluble debris.  

 

Generation of RYSK173 CN-1 monoclonal antibody 

Recombinant human CN-1 was produced by using a cell-free rapid translation system (Roche, 

Mannheim, Germany) according to the manufacture’s recommendations. Purified adjuvans-

free recombinant human CN-1 was injected intraperitoneally into Balb/c mice to generate the 

RYSK173 monoclonal antibody. The mice were boosted 2 and 4 weeks after immunisation. 

Serum was collected 3 days after the last boost to assess CN-1 antibody titre by indirect 

immune fluorescence (IIF) on CN-1 transfected Cos-7 cells. Mice were sacrificed and 

splenocytes were fused with SP2/0 myeloma cells according to standard procedures. After 

fusion the cells were plated at a density of 1 x 103 cells/well. Wells containing proliferating 

cells were tested for the presence of anti-carnosinase antibody by IIF. Positive cultures were 

subsequently seeded at a density of 70-80 cells/96 well plate and retested by IIF. Clone 

RYSK173 (IgG1) was selected for further analysis.  

 

CN-1 ELISA 

A human CN-1 ELISA was developed by coating high absorbent microtitre plates (Greiner, 

Labortechnik, Frickenhausen, Germany) overnight with 100 µl of goat polyclonal anti-human 
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CN-1 (10 µg/ml) (R&D, Wiesbaden Germany). The Pates were extensively washed and 

incubated with 0.05 % W/V of dry milk powder to avoid unspecific binding. For each sample 

and standard serial dilution were carried out. The pates were placed on a shaker for 1 hr and 

subsequently extensively washed with PBS/Tween. Hereafter purified anti-human carnosinase 

monoclonal IgG (clone RYSK173) or rabbit polyclonal IgG (ATLAS, Abcam plc, 

Cambridge, United Kingdom) were added for 1 hr followed by extensively washing.  

Biotinylated goat anti-mouse - or goat anti-rabbit IgG was added for 1 hr, extensively washed 

followed by addition avidin-HRP. Deep-Blue peroxidase (POD) (Roche diagnostics, 

Mannheim, Germany) was used for color development, which was generally stopped after 15 

minutes by addition of 50 µl of 1 M H2SO4. The plates were directly read at 450 nm. 

Recombinant human CN-1 (R&D Systems, Minneapolis, USA) was used as standard. CN-1 

protein concentrations were assessed in the linear part of the dilution curve. Sensitivity of the 

ELISA assays was approximately 20 ng/ml.  

 

Construction of CNDP1 mutants 

A cDNA clone of the CNDP1 gene containing 6 CTG-repeats (RZPD Library 983, entry No 

BX094414), kindly provided by Dr. M. Moeller (Dept. of Nephrology, RWTH, Aachen, 

Germany), was used as template to construct different CNDP1 variants by PCR. 

Glycosylation sites of CN-1 were step wise deleted using the QuikChange® II Site directed 

mutagenesis kit (Stratagene Europe, Amsterdam, Netherlands). In brief, single amino acid 

exchanges, i.e. asparagine for glycine, were induced in the wild type CNDP1 cDNA by 

mutagenic primers to delete N322, N382 or N402 as described by Riedl et al. (171). PCR 

reactions were performed according to standard procedures. All CNDP1 constructs and 

mutants were cloned into pCSII + mt vector. For the N-glycosylation lacking mutants, 

stopcodons were removed to generate a myc-tagged CN-1 protein.  

 

Western blot analysis 

For detection of carnosinase in cell lysates or serum, gel electrophoreses and subsequent 

western blotting was performed. In some experiments samples were deglycosylated by 

PNGase F (New England Biolabs, Frankfurt, Germany) treatment according to the 

manufacturer’s recommendations. All samples were boiled for 10 minutes in Laemmli sample 

buffer (Bio-Rad, München, Germany) prior to loading on an 8% SDS-PAGE. Proteins were 

transferred electrophoretically to a PVDF membrane (Roche, Mannheim, Germany) by semi-

dry blotting. Hereafter the membranes were blocked for 1 hour at room temperature in TBS-
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Tween 20 (0.3%, Sigma, Steinheim, Germany) containing 10% milk powder. For detection of 

CN-1 in transfected cells or in human serum samples, mouse monoclonal anti-CN-1 antibody 

(Clone RYSK-173) was utilized. After incubation with appropriate horseradish peroxidase 

conjugated secondary antibodies (Santa Cruz Biotechnology, Heidelberg, Germany) antibody 

binding was visualized by enhanced chemiluminescence (PerkinElmer, Boston, USA).  

 

Isoelectric focusing 

Isoelectric focusing (IEF) was performed on precast 18 cm IPG strips with linear pH ranges 

using an IPGphor unit (Amersham Pharmacia, Freiburg, Germany). The strips were placed in 

ceramic strip holders and rehydrated in 350 µL rehydration buffer (8 M urea, 2% CHAPS, 

0.5% IPG buffer pH 3–10) containing 10 µg of serum proteins or 0,1 µg of recombinant CN-

1, protease inhibitors and a few grains of bromophenol blue. The strips were covered with 2 

mL dry strip cover fluid (Amersham Pharmacia, Freiburg, Germany) and rehydrated over 

night by applying 30 V at constant temperature (20 °C) on the IPGphor unit. The following 

IEF protocol was used: 30 min gradient up to 500 V, 30 min 500 V, 30 min gradient up to 

2000 V, 30 min 2000 V, 1 h gradient up to 8000 V, 4 h 8000 V. After focusing the strips were 

washed with water and immediately used for the second dimension. Before loading on SDS-

polyacrylamide gels (PAGE), the strips were equilibrated for 20 min in equilibration buffer 

containing iodoacetamide. Hereafter the strips were carefully washed with water and 

transferred to the SDS-PAGE. The gels were sealed on top with agarose sealing solution 

(0.5% low melting agarose in 25 mM Tris, 192 mM glycine and 0.1% SDS). Electrophoresis 

was carried out over night in 25 mM Tris, 192 mM glycine and 0.1% SDS at 15 °C, applying 

a constant voltage of 100 V. 

 

Measurement of carnosinase activity:  

Serum carnosinase activity (CN-1) was assayed according to a method described by Teufel et 

al. (55). Shortly, the reaction was initiated by addition of carnosine and/or homocarnosine and 

was stopped by adding 1% trichloracetic acid. Liberated histidine was derivatized by adding 

o-phtaldialdehyd (OPA) and fluorescence was read using a MicroTek plate reader (λExc: 360 

nm; λEm: 460 nm).  

 

CNDP1 genotyping 

Genomic DNA and CNDP1 genotyping was performed as described previously [16].   
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Statistical analysis 

Quantitative data are given as mean ± SD. Student t-test was calculated to compare groups. 

Values of p< 0.05 were considered as statistically significant. 
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RESULTS  

Mouse splenocytes were fused with SP2/0 myeloma cells and plated at a density of 1 x 103 

cells/well. A total of 740 supernatants obtained from the cells 2 to 3 weeks after fusion were 

screened for CN-1 binding by means of indirect immune-fluorescence (IIF) on cytospins 

made from CN-1 transfected Cos-7 cells. Out of the initial screen 12 supernatants were found 

to be moderate positive in the IIF. These cells were further expanded and sub-cloned by 

limiting dilution at a concentration of 70-80 cells/96 well plate cells/well. Based on the strong 

positive staining in the IIF, one clone (RYSK173) was selected after sub-cloning for further 

analysis (Fig 1).   

 

FIGURE 1 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Expression of CN-1 in transfected Cos-7 cells. Three days after transfection cover slips of CN-1 

transfected Cos-7 cells were incubated with hybridoma supernatants. Shown is the detection of CN-1 by 

RYSK173. 

 

In addition to RYSK173, a rabbit polyclonal IgG (ATLAS) was used to set-up ELISA assays 

for detection of CN-1 in serum and EDTA or heparin plasma. CN-1 detection by RYSK173 

clearly differed, both qualitatively and quantitatively, from CN-1 detection by ATLAS. In the 

latter no differences were found for CN-1 detection in serum and EDTA or heparin plasma, 

while in the former detection of CN-1 was low in serum or heparin plasma but was 

significantly increased when EDTA plasma was used (Fig 2A). Although addition of EDTA 

to serum dose-dependently increased the detection of CN-1 with the RYSK-based assay (Fig 

2B), it was quantitatively significant lower compared with the ATLAS-based assay 

(RYSK173 vs. ATLAS, 2.43 ± 0.52 vs. 22.5 ± 3.8 µg/ml; P<0.01).  

10x 40x 
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FIGURE 2 
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Fig. 2. Performance of CN-1 ELISA assays in serum and plasma samples. A: Serum, EDTA - and heparin 

plasma obtained from the same individual were tested in ELISA for CN-1 using ATLAS or RYSK173 as 

detecting antibody. The results of a representative experiment is shown and expressed as mean OD450 value 

± SD. B: Different concentrations of EDTA were added to a serum sample and CN-1 was subsequently 

assessed in ELISA by RYSK173. In each assay a standard curve with recombinant C 

N-1 was included to assess the concentration of CN-1 in the samples. The results are obtained from one 

individual and expressed as mean concentration (µg/ml) ± SD of triplicate measurements. A total of 4 

different individuals were tested, with essentially similar results. 

 

Apart from the addition of EDTA, detection of CN-1 with the RYSK-based assay could also 

be increased by protein denaturation. This was done either by incubating serum for 30 

minutes at 60°C or by addition of the reducing agent DTT (Fig. 3). Detection of CN-1 with 

the RYSK-based assay dramatically increased when serum was incubated at 60°C, and 
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remained high when the heated serum was placed at 4°C for an additional 20 minutes (Fig 

3A). Similarly, addition of DTT dose-dependently increased the detection of CN-1 with the 

RYSK-based assay to the level as observed for the ATLAS-based assay (Fig. 3B).  

 

FIGURE 3 
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Fig. 3. CN-1 detection by RYSK173 is increased upon denaturation of serum. A: Serum was either incubated 

at 4°C or 60°C for 30 minutes. In addition, a serum sample was first incubated at 60°C for 30 minutes and 

subsequently put on ice for 20 minutes before assessment of CN-1. In all samples CN-1 was detected by 

ELISA using ATLAS or RYK173 as detecting antibody. B: Different concentrations of DTT were added to 

serum. Hereafter CN-1 was detected by ELISA using ATLAS or RYK173 as detecting antibody. In A and B 

the results of a representative experiment are depicted and expressed as mean concentration (µg/ml) ± SD of 

triplicate measurements. A total of 4 different individuals were tested, with essentially similar results. 
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Reproducibility of both ELISA assays was assessed by consecutive measurements of 40 

serum samples on different days. As indicated in figure 4 both ELISA’s were highly 

reproducible with a correlation coefficient (R) of 0.93 (P<0.01) and 0.99 (P<0.01) for the 

ATLAS- and RYSK-based assays respectively (Fig 4A and B).  

When the relative contribution of CN-1 detected with the RYSK-based assay to total CN-1 

detected with the ATLAS-based assay was calculated, there was also a good reproducibility 

observed. CN-1 detected by the RYSK-based assay was in most samples below 5 % of total 

CN-1. However in 7 out of 40 samples this was clearly higher (Fig 4C).   
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C 
 

  
Fig. 4. Reproducibility of CN-1 detection in the ATLAS-based (A) and the RYSK-based (B) assay. A total of 

40 serum samples were measured on two different days. C: the relative contribution of CN-1 detected by the 

RYSK-based assay to total CN-1 was calculated as follows: (CN-1 measured with the RYSK-based assay/ CN-

1 measured with the ATLAS-based assay) x 100 % 

 

To investigate whether RYSK173 was detecting a different molecular weight variant of CN-1, 

we performed western blot analyses of serum samples with all anti-CN-1 antibodies that were 

used in ELISA, including the catching goat anti-human CN-1 polyclonal IgG. As depicted in 

figure 5A, all anti-CN-1 antibodies recognized a 65 kDa band under reducing and non 

reducing conditions. While ATLAS, and to a lesser extent RYSK173, also reacted with a high 

molecular weight band of approximately 150 kDa, this was not observed with the goat-anti-

human CN-1 polyclonal IgG from R&D. To assess whether the upper band was a 

differentially N-glycosylated CN-1 isoform, aliquots of the samples were treated with 

PNGase. PNGase treatment resulted in a shift of both bands as shown in figure 5B. Isoelectric 

focusing of human serum and recombinant CN-1 followed by PAGE and western blotting 

with RYSK173 showed that RYSK173 was recognizing a major protein with the expected pI 

of 4.4 for serum carnosinase (Fig 5C). Because not all putative N-glycosylation sites within 

CN-1 are necessarily used for glycosylation, we also tested if RYSK173 was recognizing 

differentially N-glycosylated CN-1 forms. To this end, we transfected Cos-7 cells with myc-

tagged CN-1 variants that lack 1, 2 or all 3 putative N-glycosylation sites by exchanging 

asparagine residues at N322, N382 and N402 for glycine. Although the expression of the 

differentially glycosylated variants largely differ, all variants were recognized by RYSK173 

and ATLAS to a similar extent (Fig 5D).   
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D 

 
 

Fig. 5. Detection of CN-1 in serum by western blot analysis. A: Serum was subjected to PAGE under reducing 

(+) or non-reducing (-) conditions. Reducing conditions were achieved by the addition of ß-mercaptoethanol 

(ßME) to the sample buffer. Western blotting was performed using ATLAS (rabbit polyclonal anti-CN-1 IgG), 

Goat polyclonal IgG and RYSK173 (mouse monoclonal anti-CN-1 IgG1). B: To assess if the different bands 

at 150 and 65 kDa respectively were different N-glycosylated CN-1 variants serum samples were treated with 

PNGase (+) or not (-). Similar as in A, PAGE was performed under reducing or non-reducing conditions by 

adding ßME (+) or not (-). C: Serum and recombinant CN-1 were subjected to 2D-gel electrophoresis as 

described in materials and methods. After the second dimension the gel was blotted and incubated with 

RYSK173 for detection of CN-1. D: Cos-7 cells were transfected with different CN-1 cDNAs lacking 1, 2 or all 

3 N-glycosylation sites. Mutations in N-glycosylation sites at position 1 (N322), position 2 (N382) and position 

3 (N402) or combinations hereof are depicted by (–) followed by the position number. Cell extracts of 

transfected cells were subjected to PAGE and western blotting using RYSK173. Hereafter the blot was 

stripped and re-probed with ATLAS.   

 

We next assessed in a total of 33 serum and corresponding EDTA samples CN-1 

concentrations using both ELISA assays and addressed whether enzyme activity correlated 

with serum CN-1 concentrations. As already shown in figure 2, the amount of CN-1 detected 

with the ATLAS-based assay did not significantly differ between serum and EDTA plasma 

(for serum: mean ± SD 24.8 ± 8.9 [range 11.7 – 40.8] µg/ml, for plasma 17.6 ± 5.3 [range 9.3 

– 27.2]). While in most sera the concentration of CN-1 detected with the RYSK-based assay 

was low (mean ± SD 0.2 ± 0.8 [range 0 – 4,8] µg/ml), for all individuals CN-1 concentrations 

were significantly higher in EDTA plasma when tested in the RYSK-based assay. These 

concentrations where however significantly lower when compared to ATLAS-based assay 

(mean ± SD 2 ± 2.1 [range 0.4 -11.6] µg/ml, P<0.01).  CN-1 concentrations assessed by the 

latter assay correlated with CN-1 activity (R: 0.59, P<0.01, Fig 6A), but this was not found 

for the RYSK-based assay (data not shown). However, there was a negative correlation 

between CN-1 activity and the proportion of CN-1 detected with the RYSK-based assay, 

suggesting that the RYSK-based assay most likely detects a CN-1 conformation with low 

activity (R: -0.51, P<0.01, Fig 6B). Similar as reported previously for CN-1 activity, it was 
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found that in (CTG)5 homozygous individuals CN-1 concentrations were significant lower 

compared to other (CTG)n genotypes (Fig 6C).   
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Fig. 6. Detection of CN-1 in a cohort of different individuals. A: Correlation between CN-1 protein 

concentrations and CN-1 activity in serum. CN-1 protein concentrations were assessed by ELISA using 

ATLAS. B: Correlation between CN-1 activity and the proportion of CN-1 detected in the RYSK-based assay. 

The proportion of CN-1 detected by the RYSK-based assay (RYSK+ CN-1) to total CN-1 was calculated as 

follows: (CN-1 measured with the RYSK-based assay/ CN-1 measured with the ATLAS-based assay) x 100 %. 

C: CN-1 protein concentrations in serum of homozygous (CTG)5  individuals (5-5) and in individuals 

carrying a different genotype (others) 
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DISCUSSION  

To date, most available methods for measuring carnosinase in serum are based on measuring 

enzyme activity (54, 59, 172). CN-1 activity is, however, modulated by binding of metal ions 

(54), the presence of homocarnosine (169), and by N-glycosylation of the enzyme (170). 

Hence, carnosinase activity might be discordant to carnosinase protein concentrations. To 

assess whether low carnosinase activity is due to low enzyme concentrations it is therefore 

crucial to estimate the concentration of CN-1. In the present study we describe ELISA assays 

for assessment of CN-1 in serum or plasma samples. The main findings of this study are the 

following. Firstly, CN-1 concentrations can be assessed by ELISA in a highly reproducible 

manner. While the ATLAS-based assay correlates with CN-1 activity, this was not found for 

the RYSK-based assay. Secondly, CN-1 seems to be present in different conformations as 

only a fraction of CN-1 detected with the ATLAS-based assay is also detected with the 

RYSK-based assay. Thirdly, detection of CN-1 with the RYSK-based assay is increased by 

addition of EDTA to serum or by denaturation of serum proteins.     

 

Because ATLAS and RYSK173 showed marked differences in ELISA it could be argued that 

these antibodies recognize structurally different CN-1 variants. This is however unlikely since 

in western blot analysis similar bands were recognized by both antibodies. Moreover, in 2D-

PAGE and subsequent western blotting RYSK173 recognized one major spot with 

comparable pI of 4.4 as reported for CN-1 (55). CN-1 was recognized by RYSK173 both in 

its N-glycosylated and deglycosylated form as demonstrated by PNGase treatment. 

Preferential recognition of a differentially N-glycosylated form of CN-1 by RYSK173 is also 

unlikely since both RYSK173 and ATLAS gave comparable results when all possible 

combinations of N-glycosylation CN-1 mutants were tested in western blotting.  

It is more likely that recognition of CN-1 by RYSK173 in ELSA is dependent on the CN-1 

conformation. Recently, a study by Vistoli et al (173) has postulated that citrate ions can alter 

the conformation and activity of CN-1. Given the fact that in the active centre of CN-1 

different metal ions may be bound, it is conceivable that this might result in different CN-1 

conformations. Qualitative differences in - or the lack of - metal ion binding might explain 

why CN-1 concentration detected with the RYSK-based assay are generally low and why this 

varies between individuals that do have comparable amounts of CN-1 detected with the 

ATLAS-based assay. This notion is supported by the fact that addition of EDTA increased 

detection of CN-1, albeit that the amount of CN-1 that was detected was still significantly 

lower to that detected by ATLAS. Based on a differential affinity of metal ions for EDTA, it 
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is conceivable that not all metal ions within CN-1 can be chelated by EDTA. Consequently, 

only metal ions with a high affinity for EDTA will be chelated. If metal ion binding is 

masking the RYSK173 epitope, this explains why only a proportion of CN-1 can be detected 

when EDTA is added to serum samples. Since RYSK173 is also recognizing CN-1 under 

denaturating conditions, our data strongly suggest that RYSK173 is not recognizing a 

conformational epitope but more likely a linear epitope that is masked in a varying number of 

CN-1 molecules. We can not exclude however, that detection of CN-1 in serum with the 

RYSK-based assay is caused by damage or denaturation of the native CN-1 protein. 

Previously, we have shown that the polymorphic (CTG)5 repeat in the CNDP1 gene is a 

susceptibility locus for developing DN (44). We have also shown that in individuals 

homozygous for the (CTG)5 allele, CN-1 activity is low (44) and that this might be due to a 

poor secretion of CN-1 in individuals carrying this genotype (168). We now not only show 

that CN-1 activity correlates with CN-1 protein concentrations when assessed by ATLAS, but 

also that indeed (CTG)5 homozygous individuals have significant lower CN-1 concentrations 

compared to individuals with other genotypes. Although CN-1 concentrations assessed with 

the RYSK-based assay did not correlate with CN-1 activity, CN-1 activity inversely 

correlated with the proportion of CN-1 that was recognized by RYSK173.   This therefore 

suggests that RYSK173 might recognize a CN-1 conformation with low enzyme activity. 

Both explanations for detection of CN-1 in serum with the RYSK-based assay, i.e. differential 

metal ion binding (173) or denaturation of CN-1, fit with the assumption that RYSK173 

recognizes a CN-1 conformation with low enzyme activity.   

In conclusion, we have shown that CN-1 concentrations can be detected by ELISA in a highly 

reproducible manner. We have developed two ELISA assays, which can be used for 

quantitative and qualitative CN-1 measurements. While the ATLAS-based assay demonstrates 

a good correlation between enzyme activity and CN-1 protein concentration, the RYSK-based 

assay seems to detect a specific CN-1 conformation. Although we cannot discriminate 

whether this conformation is related to differential metal ion binding or damage of the native 

CN-1 protein, it seems that RYSK173 is recognizing a CN-1 variant with low enzyme 

activity.  The relevance of these different CN-1 conformations is still elusive and needs to be 

addressed in further studies. 
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ABSTRACT  

Activity of carnosinase (CN-1), the only dipeptidase with substrate specificity for carnosine 

or homocarnosine, varies greatly between individuals but increases clearly and significantly 

with age. Surprisingly, the lower CN-1 activity in children is not reflected by differences in 

CN-1 protein concentrations. CN-1 is present in different allosteric conformations in children 

and adults since all sera obtained from children but not from adults were positive in ELISA 

and addition of DTT to the latter sera increased OD450 values. There was no quantitative 

difference in the amount of monomeric CN-1 between children and adults. Further, CN-1 

activity was dose dependently inhibited by homocarnosine. Addition of 80 µM 

homocarnosine lowered Vmax for carnosine from 440 to 356 pmol/min/µg and increased Km 

from 175 to 210 µM. The estimated Ki for homocarnosine was higher (240 µM).  

Homocarnosine inhibits carnosine degradation and high homocarnosine concentrations in 

cerebrospinal fluid (CSF) may explain the lower carnosine degradation in CSF compared to 

serum. Because CN-1 is implicated in the susceptibility for diabetic nephropathy (DN), our 

findings may have clinical implications for the treatment of diabetic patients with a high risk 

to develop DN. Homocarnosine treatment can be expected to reduce CN-1 activity toward 

carnosine, resulting in higher carnosine levels.  
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INTRODUCTION 

Carnosine is a ß-alanyl-L-histidine dipeptide found in high concentrations in the muscle but 

also in the central nervous system (for review see (174)) from where it is released into the 

serum and cerebrospinal fluid. The role of carnosine is not completely understood (61, 63, 

175); it appears to function as an antioxidant and free radical scavenger, can delay senescence 

of cultured fibroblasts (82), may serve as an anti-glycation agent (80) and has a positive effect 

on red blood cell deformability (176). In the central nervous system, carnosine meets many 

criteria for a neurotransmitter (177) modulating synaptic processes but also appears to be 

involved in neuroprotection (164). Treatment with carnosine significantly reduced infarct 

volume and improved neurological function in a mouse model of ischaemic stroke (178). 

Treatment with ß-alanine increased muscle carnosine concentrations (166, 179). Whereas 

there seems to be no positive effect of muscle carnosine loading on muscle strength (179), we 

can conclude from the data reported by Baguet et al. (166) that carnosine is a stable 

compound in human skeletal muscle. A comparison of carnosine content between a group of 

elderly Korean males and young elite Korean swimmers showed no difference in muscle 

carnosine concentration (180) Recently, we reported evidence that carnosine acts as a 

protective factor for the development of nephropathy in diabetes (44).Carnosine is found in a 

low concentration (usually below 100 nM) in blood and cerebrospinal fluid (CSF). 

Homocarnosine (γ-aminobutyric acid-L-histidine) also has a low concentration in blood (< 

100 nM) but the concentration is much higher (up to 4 µM) in brain and CSF where it may act 

as a precursor for the neurotransmitter GABA. Homocarnosine concentration in the brain is 

about 100-fold higher than carnosine concentration (129) and its concentration in children’s 

CSF is higher than in adults (181). 

 

Two dipeptidases are known to cleave carnosine, denoted CN-1 and CN-2 (55) and classified 

as members of the M20 metalloprotease family. CN-2 functions as a cytosolic non-specific 

dipeptidase (EC 3.4.13.18) and is not present in serum or CSF. CN-2 does not degrade 

homocarnosine and hydrolyzes carnosine only at alkaline pH (55). CN-1 represents human 

serum carnosinase (EC 3.4.13.20), the only dipeptidase with substrate specificity for 

carnosine or homocarnosine. The CN-1 gene is expressed in the central nervous system of 

adults and to a lesser extent in liver (55). The concentrations of CN-1, carnosine and 

homocarnosine have been reported to vary greatly between individuals. Both enzyme and 

dipeptides are found only in small amounts in newborns (54). CN-1 activity increases with 

age; it is higher in females than males (46).  
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Reduced carnosinase activity has been reported in patients with certain muscle disorders (130, 

182, 183) as well as in patients with Parkinson disease, multiple sclerosis or cerebrovascular 

accidents. In contrast, normal serum carnosinase activity was reported in patients with 

idiopathic epilepsy and motor neuron disease (59). Recently, Balion et al. showed that 

patients with dementia had significant lower carnosinase activities in serum compared to 

controls (184). It remains unclear whether the reduced activities in some patients are disease-

related or have an independent cause, for example reduced liver function.  

  

Although serum carnosinase activity has been well characterized (55) using carnosine as a 

substrate, homocarnosine metabolism and the differential effects of the two primary substrates 

on CN-1 activity have not been studied in detail. Furthermore, little is known concerning the 

relationship between carnosine and homocarnosine concentrations and CN-1 activity in CSF. 

Here we report that homocarnosine has a strong, competitive inhibitory effect on carnosine 

turnover mediated by CN-1. Our results extend the understanding of brain carnosine and 

homocarnosine metabolism, as well as carnosine regulation in other tissues, and may have 

implications for the treatment of diabetic nephropathy. 
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MATERIALS AND METHODS 

Study cohort 

Blood samples were obtained from healthy controls for measuring CN-1 activity and protein 

concentration as described above. Healthy controls consisted of 108 adults (range 19–62 

years, 36 male and 72 female) and 52 infants and young children (range 6 days–18 years). 

There was no significant age different between male and female individuals. All participants 

or their parents gave informed consent. Further, cerebrospinal fluid was obtained from 

anonymised spare material in 27 children in whom a lumbar puncture was performed in as a 

diagnostic measure but in whom other CSF tests showed normal results. The study was 

approved by the ethical committee (Second Ethics Committee of the Heidelberg University; 

amendment no. 2 and 3 to ethical approval no. 0193/2001). 

 

Dipeptide concentrations and CN-1 activity  

Carnosine and homocarnosine concentrations were measured fluorometically by high-

performance liquid chromatography as previously described by Jansen et al (185) and 

Schönherr (186). CN-1 activity was assayed according to a method described by Teufel et al 

(55). Briefly, the reaction was initiated by addition of carnosine and/or homocarnosine to 

serum or recombinant enzyme. The reaction was stopped after defined periods by adding 1% 

trichloracetic acid. Liberated histidine was derivatized by adding o-pthaldialdehyde (OPA) 

and fluorescence was read using a MicroTek plate reader (λExc: 360 nm; λEm: 460 nm). 

Recombinant human CN-1 was obtained from R&D Systems (Minneapolis, USA). 

 

CN-1 ELISA 

To assess the amount of CN-1 protein we developed a capture ELISA for the detection of 

human CN-1. To this end, we raised monoclonal antibodies against recombinant human CN-

1. Balb/c mice were immunized with the recombinant protein and boosted after 2 and 4 weeks 

respectively. Serum was collected to assess the antibody titre. Hereafter, the mice were 

sacrificed and splenocytes were fused with SP2/0 myeloma cells according to standard 

procedures. After fusion the cells were plated at a density of 1 x 103 cells/well. Wells 

containing proliferating cells were tested for the presence of anti-carnosinase antibody by 

indirect immune fluorescence (IIF). Positive cultures were subsequently seeded at a density of 

70-80 cells/96 well plate and restested by IIF. Two stable anti-carnosinase clones, i.e. RKYS1 

and RYSK173 (both IgG1), were selected for further analysis. The antibodies recognize an 

epitope in, or near, the dimerization domain of the CN-1 protein. 



CN-1 CONFORMATION AND HOMOCARNOSINE  

 84 

A human CN-1 ELISA was developed by coating high absorbant microtitre plates (Greiner 

BioChemia, Flacht, Germany) overnight with  100 µl of goat polyclonal anti-human CN-1 (10  

µg/ml) (R&D, Wiesbaden Germany). The plates were extensively washed and incubated with 

5 % W/V of dry milk powder to avoid nonspecific binding. For each sample and standard 

serial dilutions were carried out. The plates were placed on a shaker for 1 hr and subsequently 

extensively washed with PBS/Tween. Hereafter purified anti-human carnosinase monoclonal 

IgG (clone RKYS1 or RYSK173, both gave identical results) was added for 1 hr followed by 

extensively washing. Biotinylated goat anti-mouse IgG was added for 1 hr followed by 

avidin-HRP. The plates were washed after each incubation. After addition of  deep-blue 

peroxidase (POD) substrate (Roche diagnostics, Mannheim, Germany) the reaction was 

stopped after 15 minutes by addition of 50 µl of 1 M H2SO4 and read in an ELISA reader at 

450 nm. CN-1 protein concentrations were assessed in the linear part of the dilution curve. 

Sensitivity of the ELISA was approximately 20 ng/ml.   

 

Western blot analysis 

Fifteen microliter of human serum was depleted for albumin and immunoglobulin using a 

commercially available kit (Ammersham, Freiburg, Germany). After depletion the sample 

was approximately 40x diluted. Ten microliter of the diluted sample was denatured by boiling 

for 10 minutes in β-mercaptoethanol containing Laemmli sample buffer (Bio-Rad, München, 

Germany) prior to separation by 10% SDS-PAGE. In some experiments N-deglycosylation 

was performed by PNGase F treatment. Thereafter proteins were precipitated from the diluted 

sample by addition of 5 volumes of acetone and subsequently centrifuged for 10 minutes at 

15.000 RPM. The pellet was dissolved in denaturation buffer (5 % SDS, 20 mM Tris, 0.4 M 

DTT) and process as recommended by the manufacturer (New England Biolabs, Frankfurt, 

Germany). After electrophoresis proteins were transferred to a PVDF membrane (Roche, 

Mannheim, Germany) by using semi-dry blotting. Membranes were blocked for 1 h at room 

temperature with 5% non-fat dry milk powder dissolved in Tris-buffered saline (TBS) 

containing 0.1% Tween 20 (Sigma, Steinheim, Germany). The blots were incubated overnight 

at 4°C with a mouse monoclonal anti-CN-1 antibody (Atlas Antibodies, Stockholm, Sweden). 

After washing with TBS/Tween the membranes were incubated with a horseradish 

peroxidase–conjugated secondary antibody (Santa Cruz Biotechnology, Heidelberg, 

Germany) for 1h at room temperature. Immunoreactive bands were visualized using 

chemiluminescence (PerkinElmer, Boston, USA). 
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RESULTS 

Carnosine and homocarnosine degradation in serum and CSF 

CN-1 activity for carnosine as a substrate shows great variability but clearly increases with 

age for both serum (Fig 1) and CSF (data not shown). CN-1 activity was considerably higher 

in serum than in CSF (Table 1), and serum activities were non-significantly higher in females 

(3.4 ± 1,1 µmol/ml/h, n= 62) than in males (2.9 ± 0,8 µmol/ml/h, n= 32).  

Homocarnosinase activity was below the detection limit in young children in both CSF and 

sera. For older controls, activities ranged from 0.12 to 0.14 µmol/ml/h in serum and from 0.07 

to 0.11 µmol/ml/h in CSF. The increase of CN-1 activity with age was much less pronounced 

for homocarnosine than for carnosine (Fig 1), and activity for homocarnosine was not 

significantly different in serum and CSF (Table 1). Furthermore the gender difference was 

less pronounced for homocarnosine than for carnosine (females= 0.113 ± 0.05; males= 0.109 

± 0.06). Carnosine turnover increased significantly with increasing carnosine concentrations, 

while increasing homocarnosine concentrations did not lead to a significant increase in 

homocarnosine turnover, suggesting that enzyme saturation is already achieved at 

homocarnosine concentrations of 40 µmol/l.  

 

Because CN-1 activity for carnosine as substrate increased in an age-dependent fashion, we 

next assessed if the amount of CN-1 protein was different in children and adults. In adults 

CN-1 protein was almost undetectable in serum, while in EDTA-plasma significant amounts 

were detected. In contrast, CN-1 protein was easily detected in both serum and EDTA plasma 

from children (Fig 2). Although CN-1 activity was significantly lower in children than in 

adults, similar amounts of CN-1 protein were detected in EDTA plasma. 

 

Since CN-1 protein was always detected in plasma but, with the exception of one individual, 

not in serum of adults, our data suggest that serum CN-1 is present in different conformations. 

Accordingly, we added DTT to sera of adults to potentially stabilize CN-1 and assessed if 

detection of CN-1 by ELISA occurred under this condition. DTT dose-dependently increased 

OD450 values, suggesting that detection of CN-1 in serum by ELISA depends on the 

conformation the protein (Fig 3).  
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FIGURE 1 

 
Fig. 1. CN-1 activity in serum comparing both substrates (carnosine and homocarnosine) in healthy controls. 

CN-1 activity varies between individuals and increases with carnosine as substrate (triangle) as a function of 

age, whereas CN-1 activity with homocarnosine as substrate (square) is generally lower and remains stable 

with increasing age 

 

TABLE 1 

                       
Table 1 CN-1 activity in serum and CSF for carnosine and homocarnosine as substrate 
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FIGURE 2                                                         

                  
Fig.  2. CN-1 was measured by ELISA in serial dilutions of serum (open circles) or EDTA plasma (closed 

circles) obtained from children (n= 11) and adults (n= 10) as described in materials and methods. CN-1 

concentrations were determined in the linear part of the dilution curve. The results of all individual samples 

are depicted; the mean of each group is depicted as a line. Statistical significance was determined by 

Student’s t test, a P value<0.05 was considered as significant 

 

FIGURE 3 

                
Fig. 3. Influence of DTT on the detection of CN-1 protein in serum of adults. Undiluted serum was added in 

the presence of different concentration of DTT to the ELISA plates. Thereafter, the ELISA was performed as 
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described. The result of a representative serum obtained from an adult is depicted. At least three different sera 

were tested; they gave essentially the same results 

 

Inasmuch as the amount of CN-1 protein in serum was significantly higher in children 

compared to adults and addition of DTT increased the detection of CN-1 in ELISA, we used 

Western blot analysis to determine whether monomeric CN-1 was more prevalent in children 

than adults. Under non-reducing conditions two immune-reactive bands with apparent 

molecular weight of approximately 150 kDa and 65 kDa were observed. The molecular 

weight of the latter band is in concordance with that of monomeric CN-1. There was no 

consistent difference in the amount of monomeric CN-1 in serum of adults and that of 

children. In two out of three children a prominent 61 kDa band was also detected, which was 

markedly less abundant in serum of adults (Fig 4A). Under reducing conditions the upper 

band was shifted to approximately 130 kDa while the 65 kDa band did not change in 

molecular weight. Although addition of DTT clearly changed the conformation of CN-1, as 

revealed by the change in mobility during electrophoreses, CN-1 was not completely reduced 

by DTT to the monomeric form. To assess if the 150 kDa band was a differentially N-

glycosylated CN-1 isoform, the samples were treated with PNGase. The 150 kDa band was 

partially resistant to PNGase as revealed by the appearance of a 120 kDa and 130 kDa band. 

The latter was likely due to the presence of DTT in the denaturation buffer which was 

required for PNGase treatment. The 65 kDa band was shifted to 61 kDa after PNGase 

treatment, suggesting that the 61 kDa band present in serum of children is most likely a 

monomeric CN-1 isoform completely or partially devoid of N-glycosylation (Fig 4B). 

 

We next assessed in a different cohort of children if there was a difference in the amount of 

CN-1 protein in serum, EDTA plasma and CSF within the same individual. We also assessed 

serum CN-1 activity with carnosine as substrate in this cohort. In children below 1 year of age 

CN-1 activity was not detectable. Consistent with this finding, CN-1 protein was either not 

detectable by ELISA or was present in very small amounts when EDTA plasma was used. In 

general, the amount of CN-1 protein was higher in EDTA plasma compared to serum. In CSF 

CN-1 protein concentrations were lower than in serum. There was no clear correlation 

between CN-1 activity and the amount of CN-1, either when measured in EDTA plasma or 

when measured in serum (Table 2). 
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FIGURE 4                

            

Fig. 4. Expression of CN-1 in serum of adults and children. Albumin and IgG depleted serum was subjected 

to SDS–PAGE and western blotting. A: The samples were either treated with DTT (reducing conditions) or 

were left untreated. Under reducing conditions two bands with apparent molecular weight of 130 and 65 kDa 

respectively were detected. The latter band is in concordance to the molecular weight of monomeric CN-1. 

Under non-reducing conditions immunoreactive band of approximately 150 and 65 kDa were detected. Note 

the presence of an additional 61 kDa band in serum of children. This was observed in two out of three 

children, while in adults (n= 3) this band was either not detected or weakly expressed. B: Serum of a child 

was either treated with PNGase to remove N-glycosylation, or left untreated. SDS–PAGE was performed 

under non-reducing conditions for the untreated sample. Since DTT was present in denaturation buffer for 

PNGase, SDS–PAGE for the treated sample was performed under reducing conditions. The 150 kDa band 

was partly resistant to PNGase as demonstrated by the appearance of a 120 kDa band. The 130 kDa band 

occurred due to the presence of DTT in the denaturation buffer. The 65 kDa band was shifted to 61 kDa, 

corresponding to the lower band in the untreated serum. The lower band in the treated sample may represent 

a completely N-deglycosylated CN-1 monomer or degradation product. The result of a representative blot (n= 

3) is depicted in a, b 

 

TABLE 2 

               
Table 2 Serum CN-1 activity and protein concentration in serum, EDTA plasma and CSF of children. a Age is 

provided in years as otherwise stated in months or days. b CN-1 activity was measured three times and is 

expressed in µmol/ml/h. c CN-1 concentrations are expressed as ng/ml 
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Competition experiment with both substrates in serum 

To assess the ability of CN-1 to utilize carnosine or homocarnosine, we measured CN-1 

activity with different combinations of carnosine and homocarnosine in serum samples 

obtained from healthy adults. The addition of increasing amounts of homocarnosine reduced 

CN-1 activity with carnosine significantly in both serum (fig. 5) and CSF (data not shown) 

compared to carnosine as sole substrate. The addition of 80 µmol/l homocarnosine decreased 

the carnosinase activity for carnosine from 2.6 ± 0.15 to 1.8 ± 0.1 µmol/ml/h significantly (n= 

5; P<0.01; Student’s t test) and 800 µmol/l homocarnosine decreased the activity to 0.6 ± 0.09 

µmol/ml/h (n= 5; P<0.01; Student’s t test)  In contrast, another dipeptide (Leu-His) which is 

not degraded by carnosinase did not show any effect on CN-1 activity (Fig 5). Inhibition was 

immediate but reversible and enzyme activity recovered within 5 - 10 minutes. Hence, our 

results indicate that CN-1 activity towards carnosine is inhibited by homocarnosine. Inhibition 

was dependent upon the amounts and ratio of both dipeptides in serum (Table 3). For all 

samples, carnosine turnover at a substrate concentration of 160 µM carnosine was between 

1.3 and 1.8 µmol/ml/h and addition of homocarnosine lowered the degradation significantly 

(P<0.01, Student’s t test). Activity decreased to 0.8 – 1.2 µlmol/ml/h when homocarnosine 

concentration was added (320 µM), and to 0.4 – 0.8 µmol/ml/h with homocarnosine 

concentrations of 800 µM. Similar results were obtained for lower carnosine concentrations 

(data not shown).   

 

FIGURE 5 

 
 

Fig. 5. CN-1 activity with carnosine and an additional dipeptide. Carnosine degradation in serum can be 

lowered by the addition of homocarnosine (striped) whereas the addition of another dipeptide Leu–His (gray) 
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has no effect on carnosine degradation (n= 5). With increasing amount of homocarnosine, CN-1 activity for 

carnosine degradation decreases. 

 

TABLE 3 

 
Table 3 CN-1 activity in serum with a substrate combination of carnosine and homocarnosine. 

 

We analyzed homocarnosine and carnosine degradation and histidine formation in samples 

with either carnosine as sole substrate or with both homocarnosine and carnosine together. 

When both substrates were available, both were degraded simultaneously (Fig 6), but 

carnosine degradation and histidine formation were reduced in the presence of 

homocarnosine. We tested this effect for carnosine concentrations of 40, 80, 160, 320 and 960 

µM in combination with homocarnosine concentrations of 160, 80 and 0 µM. Independent of 

the ratio of carnosine to homocarnosine, we observed significantly lower CN-1 activities 

(P<0.01; Student’s t test.) in the presence of homocarnosine (data not shown), even when 

carnosine concentration was 12-fold higher than homocarnosine concentration. 

 

FIGURE 6                 
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Fig. 6. Carnosine degradation (triangle) and histidine formation (square) with and without the addition of 

homocarnosine (open square). Carnosine degradation is slower in the addition of homocarnosine compared 

to carnosine as the only substrate 

 

Activity of recombinant human CN-1  

To confirm that carnosine and homocarnosine turnover in serum reflected CN-1 activity and 

that no other serum component influenced the enzymatic reaction, we repeated the results 

with the recombinant human CN-1. Without homocarnosine the apparent Km for the 

conversion of carnosine to ß-alanine and L-histidine was 175 µM carnosine and Vmax about 

440 pmol/min/µg. The addition of 80 µM homocarnosine lowered Vmax to 356 pmol/min/µg 

and increased Km to a concentration of 210 µM carnosine. Enzyme activity in the presence of 

160 µM carnosine and 80 µM homocarnosine was 264 pmol/min/µg (± 22,4; n= 5) whilst 

increasing homocarnosine to 160 µM lowered the maximal activity significantly (P<0.01; 

Student’s t test) to 122 pmol/min/µg (± 16,2; n= 5). An activity of 40 pmol/min/µg (± 5.3; 

n=5) was observed when homocarnosine was present in a concentration of 480 µM. The 

estimated Ki for homocarnosine was 240 µM which shows a reduced affinity of CN-1 towards 

carnosine in the presence of homocarnosine. 

 

Carnosine turnover and homocarnosine concentrations in vivo  

The correlation between carnosine turnover and homocarnosine concentrations in serum of 

control individuals is depicted in Figure 7. Higher homocarnosine concentrations were 

associated with lower CN-1 activity, in line with an inhibitory effect of homocarnosine on 

CN-1 activity. 
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FIGURE 7 

                       
Fig. 7. CN-1 activity with carnosine as substrate in serum and homocarnosine concentration in plasma was 

measured in healthy adults. Carnosinase degradation is correlated with homocarnosine concentration 
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DISCUSSION 

In the present study we provide further data on CN-1 activity and protein concentrations in 

serum and cerebrospinal fluid (CSF) of children and adults. The main findings of this study 

are the following. Firstly, in children CN-1 activity in serum is lower than adults but this is 

not reflected by differences in CN-1 protein concentrations. Second, CN-1 is present in 

different allosteric conformations in children and adults. This is suggested by the observation 

that the ELISA always detected CN-1 in sera of children, while 90% of the adults were 

negative. In contrast, both children and adults were positive in CN-1 ELISA when EDTA-

plasma was used. Third, in all sera homocarnosine dose-dependently inhibited CN-1 activity 

toward carnosine. The amount of homocarnosine in serum and CSF correlated inversely with 

CN-1 activity.  

 

Whereas CN-1 activity for carnosine as substrate is well characterized (55), little is known 

about its role in homocarnosine metabolism. CN-1 is the only known enzyme with relevant 

activity towards both dipeptides, but the biological basis of the divergent concentrations of 

carnosine and homocarnosine in blood (low amounts of both dipeptides) and CNS (low 

amounts of carnosine but higher amounts of homocarnosine) has not been well characterized. 

Enzyme analyses carried out in the present study showed that homocarnosine turnover in 

blood is much lower than carnosine. CN-1 activity in serum and CSF differ for carnosine and 

homocarnosine. In all age groups CN-1 activity for carnosine is four to six times higher in 

serum than in CSF, while this effect is not observed for homocarnosine as substrate. Although 

ELISA demonstrated higher amounts of CN-1 protein in serum than in CSF, this does not 

sufficiently explain the biochemical patterns observed in vivo.  

 

Importantly, our study demonstrates that CN-1 seems to be present in a different allosteric 

conformation in children as compared to adults. Several arguments are in favor of this 

assumption. Firstly, CN-1 activity was significantly lower in children compared to adults, yet 

CN-1 protein was seldomly detected in serum of the latter, while in all sera obtained from 

children CN-1 protein was measured by ELISA. Because EDTA plasma of adults was always 

positive for CN-1, we propose that in sera of adults the CN-1 protein is either masked or not 

in the appropriate conformation for detection by ELISA. Secondly, addition of DTT to the 

sera significantly increased the OD450 values, suggesting that conformational changes of CN-

1 render the sera to become positive in ELISA.  
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It might be argued that addition of DTT confers CN-1 dimers into monomers, and that the 

CN-1 ELISA is preferentially measuring monomeric CN-1. Differences between children and 

adults in the serum CN-1 ELISA therefore could be due to differences in mono- versus 

dimeric CN-1. Western blot analysis, however, demonstrated that there was no consistent 

difference in monomeric CN-1 between sera from children and adults. We did, however, 

observe the presence of a monomeric CN-1 isoform that is devoid of N-glycosylation. This 

isoform was abundantly present in two out of three sera from children but was weakly present 

or absent in sera from adults. It should also be emphasized that if the CN-1 ELISA is only 

recognizing monomeric CN-1, a positive ELISA in EDTA plasma would not be expected 

 

To our knowledge, this is the first report suggesting that in vivo CN-1 is present in different 

allosteric conformations. Although our study does not provide a structural explanation for the 

different allosteric conformations, recently a study by Vistoli et al. has postulated that citrate 

ions can alter the conformation and activity of CN-1 (173). Given the fact that in the active 

centre of CN-1 different metal ions may be bound, it is conceivable that this might result in 

different allosteric conformations. Qualitative differences in - or the lack of - metal ion 

binding might explain a different CN-1 conformation and low activity in children. The 

influence of metal ion binding, e.g. Magnesium or Cadmium, on CN-1 activity has already 

been demonstrated (54).   

 

The results of the present study also indicate that dipeptide and dipeptidase patterns observed 

in blood and CSF are partially explained by a competitive inhibitory effect of homocarnosine 

on CN-1.  In control subjects there was a negative correlation between carnosine turnover and 

homocarnosine concentrations. Competition experiments in serum and with recombinant 

human CN-1 showed that the presence of homocarnosine reduced CN-1 activity for carnosine 

even at low homocarnosine concentrations whereas CN-1 activity was unaffected by the 

addition of histidine or Leucine–Histidine (Leu–His) dipeptide. Hence, the correlation 

observed in controls was not explained by a cofactor or confounding variables. Rather, 

reduced carnosine degradation in the presence of homocarnosine is most likely due to 

competition of both substrates binding at the same active site of the CN-1 enzyme. Since the 

turnover of homocarnosine is lower and carnosine cannot enter the active site while 

homocarnosine binds, the degradation of carnosine is also lowered. Even a 12-fold higher 

carnosine concentration compared to homocarnosine did not outcompete homocarnosine in 

binding to the enzyme. The inhibitory effect is reversible since after cleavage or removal of 
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homocarnosine, carnosine metabolism is comparable to those samples in the absence of 

homocarnosine. Decreased carnosinase activity was not found for the dipeptide Leu-His 

showing that the inhibition is due only to homocarnosine. Our findings are consistent with 

those of Margolis and co-workers who demonstrated an inhibitory effect of homocarnosine on 

carnosinase (187). 

 

The physiological role of carnosine is still uncertain. Carnosine is mainly found in skeletal 

muscle and the concentration is closely related to muscle activity. Carnosine presumably 

exerts antioxidative effects and we recently demonstrated that a leucine repeat polymorphism 

in the CN-1 protein, affecting CN-1 secretion across the cell membrane, is associated with 

susceptibility to developing diabetic nephropathy (44). Homocarnosine is thought to be a 

precursor for the neurotransmitter GABA, and this may explain the relatively high 

concentrations of homocarnosine in the brain and consequently the reduced dipeptidase 

activity towards carnosine. 

  

In conclusion, homocarnosine appears to be an effective regulator of CN-1 activity, and 

therefore its concentration might be an important metabolic parameter affecting the carnosine 

pathway. Moreover, a possible therapeutic option of homocarnosine for patients at risk for 

diabetic nephropathy has to be considered with caution. On the one hand, we would expect 

that homocarnosine treatment could reduce the serum degradation of carnosine. On the other 

hand, high concentrations of homocarnosine might lead to high concentrations of its 

degradation products c-aminobutyric acid (GABA) and histidine. Histidine can be easily 

converted into histamine and the impact on autonomic nerve activity would be unpredictable 

and could result in further progression of renal insufficiency, since progressive renal disease 

has been shown to be associated with increased nerve activity. However, the regulatory 

mechanisms of carnosine synthesis and degradation, its physiological role and a possible 

relevance of reduced activity require further investigation. 
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ABSTRACT  

Serum carnosinase (CN-1) is poorly secreted when healthy individuals are homozygous for 

the (CTG)5 allele of the CNDP1 gene. Accordingly, low serum CN-1 activity is found in these 

individuals. We recently demonstrated that secretion of (CTG)5 allele encoded CN-1 is 

increased when CNDP1 transfected Cos-7 cells are cultured in high glucose medium. This 

suggests that apart from the genotype, hyperglycemia might be an additional factor that 

influences CN-1 secretion. We therefore hypothesized in the present study that the correlation 

between the (CTG)n polymorphism and CN-1 in serum is less clear in a diabetic population. 

Moreover, we aimed to investigate the influence of blood glucose and lipid control on the 

amount of CN-1 secreted into the serum of diabetic patients. To this end, 70 type 2 diabetic 

patients and 34 healthy controls were genotyped and CN-1 concentration was determined in 

serum. Blood glucose, HbA1c, triglycerides and cholesterol levels were measured as clinical 

parameters to estimate blood glucose and lipid control of the diabetic patients.  

Similar as previously demonstrated, it was found that serum CN-1 concentrations was 

significantly lower in healthy individuals that are homozygous for the (CTG)5 allele compared 

to that of individuals with other genotypes. The serum CN-1 concentration in all diabetic 

patients was approximately 5 times higher compared to healthy controls and in diabetic 

patients homozygosity for the (CTG)5 allele was not associated with lower serum CN-1 

concentration. In (CTG)5  homozygous diabetic patients, CN-1 concentration correlated 

positively with blood glucose, but not with HbA1c, cholesterol and triglycerides levels. In 

patients that carried an allele longer than (CTG)5 no correlations were found between CN-1 

concentration and the tested factors.  

In conclusion, our data suggest that hyperglycemia is indeed an additional factor that 

influences secretion of (CTG)5 allele encoded CN-1. This might explain why the association 

between homozygosity for the (CTG)5 allele and CN-1 concentration is lost in diabetic 

patients. Poor blood glucose control in these patients might result in high serum CN-1 

expression and consequently low carnosine levels. Hence, even in the presence of a protective 

genotype diabetic patients are at risk to develop DN, if blood glucose control is poor. Our data 

also underscore the importance of consequent glycemic control.  
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INTRODUCTION  

Diabetic nephropathy (DN) is the most common cause for end stage renal disease (ESRD) and 

is recognized as an urgent medical problem of world wide dimensions (2). Approximately one 

third of the diabetic patients develop DN (118). A number of risk factors are associated with 

the development of DN, including prolonged duration of diabetes (188, 189), poor glycemic 

control, raised blood pressure and hypercholesterolemia (4, 5, 190-193). Yet, these risk 

factors alone are not sufficient for the development of DN, but most likely require a specific 

genetic background (33, 121).  

In a linkage analysis performed on 18 Turkish families with type 2 diabetes and nephropathy, 

we have previously identified a susceptibility locus for diabetic nephropathy on chromosome 

18q22.3-q23. Association between DN and this locus was subsequently confirmed in other, 

genetic heterogeneous groups (40, 41), suggesting that this locus harbours important genes 

with a major effect on DN. In 2005 the region was narrowed down to a single gene, i.e. the 

CNDP1 gene, encoding serum carnosinase or CN-1 (44). Based on the number of CTG 

repeats, 5 different genotypes of CNDP1 can be found that encode for a hydrophobic stretch 

of 4, 5, 6, 7 or 8 leucines (4L-8L) in the signal peptide of CN-1. Individuals homozygous for 

the (CTG)5 allele are at a 2.56-fold reduced risk to develop DN compared to individuals with 

other genotypes. In line with the observation that CN-1 activity is low in (CTG)5 homozygous 

healthy individuals (44), we have demonstrated that a low CN-1 secretion is observed when 

(CTG)5 is present in the signal peptide of CN-1 (133). Since diabetic patients homozygous for 

the (CTG)5 develop less frequently DN, a low CN-1 activity seem to be advantageous. 

We have recently shown in CNDP1 transfected Cos-7 cells that secretion of CN-1 is increased 

when the cells are cultured in the presence of 25 mM of D-glucose. Moreover, we could show 

that on average serum CN-1 activity was higher in (CTG)5 homozygous diabetic patients 

compared to genotype matched healthy controls (171). The latter observation was however 

made in a limited number of patients and thus needs to be confirmed in a larger well-

characterized cohort of patients. There is experimental evidence that hyperglycemia increases 

N-glycosylation (24) and, as previously shown, proper N-glycosylation is required for CN-1 

secretion (171). Based on these findings, it is conceivable that in diabetic patient serum CN-1 

activity and concentrations are changed. The present study was conducted to test whether 

serum CN-1 concentrations are increased in diabetic patients and whether the association 

between homozygosity for the (CTG)5 allele and low serum CN-1 is still true in these 

patients. Moreover, we investigated the relationship between blood glucose/lipid control and 

CN-1 concentration in the diabetic patients.  
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RESEARCH DESIGN AND METHODS  

Study cohort  

Patients with type 2 diabetes were recruited at the Isala Clinics (Zwolle, the Netherlands). 

Blood samples (serum and EDTA-plasma) were taken from 70 diabetic patients. For inclusion 

and exclusion criteria see Table 1. Blood samples were also taken from 34 adults that served 

as healthy controls (mean age 40 range 22-66 years, 19 females and 15 males. There was no 

significant age difference between male and female individuals). The healthy controls had no 

known history of diabetes or any kidney disease. All participants gave informed written 

consent. The trial was approved by the medical ethics committee. HbA1c, Blood glucose, 

cholesterol and triglyceride levels were determined by laboratory measurements according to 

standard procedures. 

 

TABLE 1 

Inclusion Criteria Exclusion Criteria 

Age 50-75 years Blood pressure > 160/90 mmHg  

Type 2 diabetes 
Renal impairment due to other 
cause than DN 

Diabetic nephropathy: 
-microalbuminuria 15-300 mg/24h 
-albumin to creatinine ratio 
                     1.25-25 in males 
                     1.75-35 in females 

More severe stages of DN 
(macroalbuminuria, renal 
insufficiency) 

Use of RAAS-system blocking 
agents (ACEi or AII antagonists) 

Use of vitamine B-containing 
supplements during the last 3 
months 

HbA1c<8.5% Use of NSAIDS 

eGFR (MDRD) > 30 ml/min Tumors 

 

Table 1. Inclusion and exclusion criteria used to select the diabetic patients examined in this study.   

 

Genotyping 

The CNDP1 exon 2 trinucleotide repeat polymorphism (D18S880) was genotyped as 

described previously (44). In brief, CNDP1 exon 2 was amplified using intronic primers and 
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subsequently subjected to fragment analysis on an ABI 310 capillary sequencer (Applied 

Biosystems, Darmstadt, Germany) according to standard operating procedures. 

CN1 ELISA 

CN-1 concentrations in EDTA-plasma samples were measured by ELISA A human CN1 

ELISA was developed by coating high absorbent microtitre plates (Greiner, Labortechnik, 

Frickenhausen, Germany) overnight with  100 µl of goat polyclonal anti-human CN1 (1 

µg/ml) (R&D, Wiesbaden Germany). Unspecific binding was blocked with 0.05 % W/V of 

dry milk powder. Plates were incubated with the plasma sample for 1h under constant 

agitation. Rabbit polyclonal IgG (ATLAS, Abcam plc, Cambridge, United Kingdom) was 

added for 1 hr and consecutively HRP conjugated goat anti-rabbit IgG was added for an 

additional hour. In between the different steps, the plate was extensively washed with 

PBS/Tween. Deep-Blue peroxidase (POD) (Roche diagnostics, Mannheim, Germany) was 

used for colour development, which was generally stopped after 15 minutes by addition of 50 

µl of 1 M H2SO4. The plates were directly read at 450 nm. Recombinant human CN1 (R&D 

Systems, Minneapolis, USA) was used as standard. CN1 protein concentrations were assessed 

in the linear part of the dilution curve. Sensitivity of the ELISA assays was approximately 20 

ng/ml.  

 

Statistical analysis 

Variables with are presented as means ± SD. Data were analyzed by ANOVA measurements. 

Results were considered statistically significant with P < 0.05. Pearson correlation 

coefficients were calculated to test the strength of the linear relationship between two 

variables. 
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RESULTS  

In the present study we measured CN-1 activity and concentration in serum of genotyped type 

2 diabetic patients (n=70) and healthy controls (n=34). The CNDP1 genotype in the diabetic 

cohort was similar distributed as previously described (44). The majority of patients carried 

the 5L-5L or 5L-6L genotype (37 % and 36 %, respectively), while the other genotypes were 

less frequently found (6L-6L:16 %, 5L-7L: 9 %, 6L-7L: 0%, 7L-7L= 3 % ) (Fig 1).  

The clinical parameters, i.e. blood glucose, HbA1c, triglycerides and cholesterol, were similar 

between the different genotypes (Tab. 2).  

 

FIGURE 1 

 

                           
 

Fig. 1. Genotype distribution in the type 2 diabetic study cohort. 70 diabetic patients were genotyped for the 

length of the leucine (L) stretch encoded by the CNDP1 gene. 26 patients were homozygous for the 5L allele 

(5L-5L), 25 patients had the 5L allele and the 6L allele (5L-6L), 6 patients had the 5L allele and the 7L allele 

(5L-7L), 11 patients were homozygous for the 6L allele (6L-6L), no patient had the 6L allele and the 7L allele, 

and 2 patients were homozygous for the 7L allele (7L-7L).  

 

 

 

 

 

 



CHAPTER 6 

  105 

TABLE 2  

 

 5L-5L 
(n=26) 

5L-6L 
(n=25) 

5L-7L 
(n=6) 

6L-6L 
(n=11) 

7L-7L 
(n=2) 

Age (years) 65.3 ± 6.5 64.9 ± 4.6 65.7 ± 6.3 61.8 ± 7.4 69.5 ± 0.7 
Gender  
(male/female) 

19/7 17/7 5/1 9/2 1/1 

Duration of 
diabetes (years) 

14.7 ± 8.0 11.8 ± 5.7 13.3 ± 7.4 11.9 ± 6.22 25.5 ± 3.5 

BMI (kg/cm2) 32.3 ± 5.6 31.5 ± 5.5 35.8 ± 4.8 28.0 ± 3.6 32.8 ± 1.6 

Weight (kg) 99.0 ± 21.4 94.5 ± 20.2 113.8 ± 
24.5 88.5 ± 19.3 96.0 ± 

19.8 
HbA1c (%) 7.4 ± 0.9 7.4 ± 1.0 6.7 ± 1.0 7.1 ± 0.8 8.4 ± 0.1 
Blood glucose 
(mmol/l) 

9.8 ± 4.0 9.6 ± 3.0 8.6 ± 2.9 8.4 ± 3.4 8.6 ± 1.2 

Cholesterol  
(mmol/l) 

4.0 ± 1.0 4.3 ± 0.9 3.7 ± 0.5 4.3 ± 0.7 4.2 ± 1.0 

 

 

Table 2. Clinical parameters in the type 2 diabetic study cohort. Patients with different CNDP1 genotypes 

showed no differences in clinical parameters, such as age, gender, diabetes duration, BMI, body weight, blood 

glucose and cholesterol. Data given as mean ± SD. L= leucine.  

 

Similar as previously reported, CN-1 concentration (Fig 2A) in healthy individuals that carry 

the 5L-5L genotype were lower compared to that of individuals with other genotypes (-35%, 

p<0.05, 5L-5L compared to other genotypes). The serum CN-1 concentration in all diabetic 

patients was approximately 5 times higher compared to healthy controls (diabetic patients: 

114257,6 ± 32773,1; healthy controls: 24874,9 ng/ml ± 8909,5; p<0.05) and was 

approximately the same for both groups (Fig 2B).  

 

FIGURE 2 

A                   B 

   
Fig. 2. CN-1 concentration in serum of healthy subjects and diabetic patients. A In the healthy population, 

the 5L homozygous (5L-5L) individuals show significantly lower CN-1 concentration compared to individuals 
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with other genotypes (mean ± SD, p<0.05). B: In diabetic patients, CN-1 concentration did not differ between 

5L homozygous patients (5L-5L) and patients carrying other genotypes (mean ± SD). 

 

We next tested if differences in clinical parameters were associated with CN-1 concentration 

in the serum of diabetic patents. A positive correlation was found between CN-1 

concentration and blood glucose when the patients were 5L homozygous (r= 0.46, p<0.05, 

Fig. 3A). In contrast, no significant correlation was found between CN-1 concentration and 

blood glucose when the patients carried a longer allele of the CNDP1 gene (Fig. 3B). HbA1c 

levels did not correlate with CN-1 concentration for both groups (Fig 3C,D). Similarly, no 

correlation was observed between CN-1 concentrations and the levels of triglycerides (Fig. 

3E,F) and cholesterol levels (Fig. 3G,H). 

 

FIGURE 3 
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Fig. 3. Correlations between CN-1 concentration and parameters of lipid and blood glucose control in 5L-5L 

homozygous diabetic patients (A, C, E, G) and in patients that carry another allele of the CNDP1 gene (B, D, 

F, H). In 5L homozygous diabetic patients, CN-1 concentration significantly correlated with blood glucose 

(p<0.05, r=0.46) (A), whereas no correlation was observed between CN-1 concentration and blood glucose in 

patients that carry another allele (B). CN-1 concentration did not correlate with HbA1c (C;D), triglycerides 

(E,F) and cholesterol (G,H). 
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DISCUSSION  

Diabetic patients homozygous for the (CTG)5 allele of the CNDP1 gene have a 2.56-fold 

reduced risk for developing DN when compared to patients that carry other genotypes (42, 

44). A short CTG repeat in the CNDP1 gene, i.e. (CTG)5 or less, results in poor secretion of 

CN-1 (168). Hence, (CTG)5 homozygous individuals have a low CN-1 activity in serum (44). 

Recently, we have shown that in (CTG)5 CNDP1 transfected cells cultured under high glucose 

conditions, secretion of CN-1 is increased (171). This suggests that in serum of 

hyperglycemic patients homozygous for the (CTG)5 allele, CN-1 concentration might be 

higher compared to genotype matched healthy controls. This assumption was supported in a 

study with a limited number of diabetic patients that demonstrated an elevated CN-1 activity 

in 5L homozygous patients (171). The present study was conducted to test whether serum 

CN-1 concentrations are increased in diabetic patients and whether the association between 

homozygosity for the (CTG)5 allele and low serum CN-1 is still true in these patients. 

Moreover, we investigated the relationship between blood glucose/lipid control and CN-1 

concentration in the diabetic patients. 

Our study indeed suggests that when comparing healthy controls and diabetic patients CN-1 

concentration is significantly higher in diabetics. Besides, a lower CN-1 concentration was 

only found in the (CTG)5 homozygous healthy controls but not in the (CTG)5 homozygous 

diabetics. In addition, it seems that CN-1 concentration is associated with blood glucose in the 

(CTG)5 homozygous diabetic patients.  

 

Our study demonstrates that only in healthy individuals, but not in diabetic patients, 

homozygosity for the (CTG)5 allele is associated with a low serum CN-1 concentration. That 

finding might argue against the relevance of serum CN-1 as a risk factor for developing DN 

as it does not explain why this genotype is protecting diabetic patients for DN. Recently, it 

has been suggested that the association between the CNDP1 gene and diabetic nephropathy is 

sex specific and independent of susceptibility for type 2 diabetes (194). It might therefore be 

that homozygous (CTG)5 males and females are quite distinct with respect to serum CN-1 

concentrations and perhaps behave differently in this regard to hyperglycemia. The 

imbalanced male/female (17/9) ratio in the (CTG)5 homozygous group in our study may have 

influenced our results and needs to be addressed in detail in further studies.  

Similar to our in vitro observations (171), we found that in the seems that in diabetic patients 

more CN-1 is secreted into the serum. Of importance, CN-1 concentration did not correlate 

with HbA1c level as one would expect from the observed association between blood glucose 
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and CN-1 expression in the 5L homozygous patients. HbA1c levels do not represent current 

glycemic status but represents the average plasma glucose concentration of the last 120 days. 

High HbA1c levels are caused by fluctuating high and low blood glucose levels or reflect 

elevated blood glucose levels that do not vary throughout the day. If short term glucose 

elevation is an important stimulus for CN-1 secretion this might explain why the association 

between CN-1 activity or concentration and blood glucose levels were found, despite the fact 

that this association was not found for HbA1c levels. Elevation of blood glucose levels in a 

physiologic range, e.g. postprandial, does not affect CN-1 activity or concentration, as 

recently shown in healthy subjects by Peters et al. (195).  

In conclusion, we have shown that serum CN-1 concentrations are increased in diabetic 

patients. In addition, it seems that the association between homozygosity for the (CTG)5 allele 

and low CN-1 activity or concentration is lost in these patients. These findings challenge the 

hypothesis that diabetic patients homozygous for the (CTG)5 allele have low CN-1 activity 

and hence are protected against DN. Nevertheless, if serum CN-1 is a significant factor for 

developing DN, our results also underscore the relevance of appropriate glycemic control. 

Yet, further studies are warranted to elucidate why the (CTG)n  polymorphism in the CNDP1 

gene is associated with susceptibility to develop DN.  
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ABSTRACT  

BACKGROUND: TGF-β is recognized as a major cytokine in extracellular matrix (ECM) 

pathobiology as occurs in diabetic nephropathy (DN). While experimental studies have 

advanced a protective role of carnosine for diabetic complications, a link between carnosine, 

TGF-β and matrix accumulation remains to be elucidated. In the present study we tested the 

hypothesis that L-carnosine inhibits TGF-β production and signaling, thereby reducing 

hyperglycemia associated ECM accumulation.   

METHODS: Human mesangial cells (MC) were cultured in high glucose (HG, 25 mM D-

glucose) medium alone or in HG medium to which 20 mM L-carnosine was added. Collagen 

VI (Col6) and Fibronectin (FN) deposition and mRNA expression were studied. In addition 

TGF-β production and activation of Smad1/5/8 (ALK1) and Smad2/3 (ALK5) pathways were 

assessed.  

RESULTS: Under HG conditions, deposition of Col6 and FN were increased 1.4- and 1.6-

fold. This was significantly inhibited on protein and mRNA level by L-carnosine. TGF-β 

production increased under HG conditions but was completely normalized by addition of L-

carnosine. Addition of exogenous TGF-β could not overcome the effect of L-carnosine on 

Col6 and FN expression, indicating additionally interference with TGF-β downstream 

signaling. In line, L-carnosine reduced TGF-β mediated Smad2 posphorylation, suggesting an 

inhibitory effect on ALK5 signaling. ALK1 signaling remained unchanged. Under HG 

conditions, pharmacologic inhibition of ALK5 prevented Col6 accumulation, but did not 

change FN deposition. 

CONCLUSION: L-carnosine can modulate matrix accumulation in two ways. Firstly, 

inhibition of TGF-β production might result in an overall inhibition of matrix accumulation 

and secondly L-carn inhibits TGF-β induced matrix accumulation, most likely via inhibition 

of the ALK5 pathway. 
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INTRODUCTION  

Diabetic nephropathy (DN) is a major microvascular complication of diabetes with similar 

typical renal lesions in type 1 and 2 diabetes mellitus patients. Pathophysiologic changes in 

DN include hyperfiltration and microalbuminuria followed by deterioration of renal functions 

(196). Morphologically, DN is characterized by excessive extracellular matrix (ECM) 

formation in the mesangium and thickening of glomerular and tubular basement membranes, 

ultimately progressing to glomerulosclerosis and tubulo-interstitial fibrosis. A key molecule 

in DN pathogenesis is the pro-fibrotic cytokine TGF-β1. Elevated glucose concentrations are 

known to stimulate TGF-β1 production within the glomerulus (197), consequently resulting in 

elevated urinary TGF-β1 levels (198). A number of upstream mediators, e.g. protein kinase C, 

reactive oxygen species, hexoasimenes and transcription factors (AP-1) are involved in this 

process (199). 

Over the past years a number of risk factors for the development of DN have been identified. 

Yet, how these factors influence DN pathogenesis in mechanistic terms is not well defined.  

Recently, we demonstrated that a polymorphism in the serum carnosinase (CNDP-1) gene is 

associated with susceptibility to develop DN (44). Serum carnosinase is the rate-limiting 

enzyme for the hydrolysis of carnosine into β-alanine and histidine, suggesting that carnosine 

might be protective for complications associated with hyperglycemia. Indeed, several studies 

have indicated that carnosine has the propensity to function as a natural ACE-inhibitor, as a 

scavenger for reactive oxygen species (ROS) and as an inhibitor of AGE formation (44). 

Moreover, animal studies have also shown that over-expression of CNDP-1 in db/db mice 

results in an earlier onset of diabetes, while in nontransgenic db/db mice that were 

supplemented with L-carnosine, diabetes manifested significantly later and milder (113). The 

influence of L-carnosine on hyperglycemia induced ECM formation is thus far not well 

studied. In the present study we therefore tested the hypothesis that carnosine inhibits TGF-β 

production and signaling, thereby reducing ECM production under hyperglycemic conditions. 
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RESEARCH DESIGN AND METHODS  

Cell culture: 

Human, SV40 transformed mesangial cells (MC) (200), were grown for 14 days in 

Dulbecco’s modified Eagle’s medium (DMEM) (PAA, Coelbe, Germany) containing 10% 

fetal calf serum (FCS) (Greiner, Frickenhausen, Germany) and 10 U/ml 

penicillin/streptomycin (Sigma, St. Louis, MO, USA) in normal culture flasks (Greiner, 

Frickenhausen, Germany) or on uncoated cover slips. The cells were either cultured in the 

presence of 25 mmol/l D-Glucose (Sigma, St. Louis, MO, USA) or in medium containing 5 

mmol/l D-Glucose.  To each condition 20 mmol/l L-carnosine (Sigma, St. Louis, MO, USA) 

was added for the whole culturing period. Cultures without L-carnosine served as control. In 

some experiments the ALK5-Inhibitor SB431542 (Sigma, St. Louis, MO, USA) was used to 

test ALK5 independent matrix formation. 

For TGF-β measurements and TGF-β signaling MC were serum starved for 48h. In the former 

experiments the cells were cultured serum free for an additional period of 24 hrs under 

normo- or hyperglycemic conditions in the presence or absence of L-carnosine. In the latter 

experiments the cells were stimulated for 1 hr with 1 ng/ml of TGF-β either in the absence or 

presence of L-carnosine. Cells that were not stimulated served as controls.    

 

Matrix staining 

Matrix accumulation was assessed by indirect immune fluorescence (IIF) using antibodies 

directed against fibronectin (Santa Cruz, Heidelberg, Germany) or collagen VI (Acris 

Antibodies, Hiddenhausen, Germany). To this end, MC grown on uncoated cover slips for 14 

days were washed with ice cold PBS and subsequently fixed in methanol. Hereafter the cells 

were incubated overnight with the specific antibodies diluted in PBS/BSA (1% w/v), 

extensively washed followed by incubation with appropriate secondary antibody conjugated 

to FITC or Texas Red (all from Dako, Glostrup, Denmark). Before analysis the cells were 

mounted in mounting medium containing DAPI (Vectashield Mounting Medium, Vector 

Laboratories, Burlingame, CA, USA) to stain cell nuclei was used. At least two slides per 

condition, each with three randomly selected views were photographed for each staining. For 

quantification, fluorescence intensities (FI OD) were measured using ImageJ software (public 

domain, version 1.37v, downloaded from http://rsb.info.nih.gov/ij/). The ratio of FITC or 

Texas Red FI to DAPI FI was calculated and normalized for medium conditions. 
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Quantification of secreted TGF-β 

Quantification of TGF-β was performed as described in (201). In brief, MFB-F11 cells 

cultured in a 96-well were serum starved overnight. Hereafter acid-activated (0.1 mol/L HCI, 

neutralized with Na0H) culture supernatant was added for 48 hrs. Next 25 µL of the culture 

supernatant was transferred to a new 96-well plate and secreted alkaline phosphatase activity 

was measured with the Great EscAPe SEAP Fluorescence Detection Kit at ex/em = 355/460 

nm. Secreted alkaline phosphatase activity was normalized to total protein content of plated 

cells. TGF-β production was expressed as ng/ml/106 cells as at the end of experiment. 

 

Western Blot analysis: 

For detection of pSmad 1/5/8 and pSmad2 in cell lysates gel electrophoreses and subsequent 

western blotting was performed. All samples were boiled for 10 minutes in Laemmli sample 

buffer (Bio-Rad, München, Germany) prior to loading on an 10 % SDS-PAGE. Proteins were 

transferred electrophoretically to a PVDF membrane (Roche, Mannheim, Germany) by semi-

dry blotting. Hereafter the membranes were blocked for 1 hour at room temperature in TBS-

Tween 20 (0.3%, Sigma, Steinheim, Germany) containing 10% milk powder. Subsequently 

the membranes were incubated overnight at 4°C with antibodies directed against pSmad 1/5/8 

and pSmad2 (Santa Cruz Biotechnology, Heidelberg, Germany). After incubation with 

appropriate horseradish peroxidase conjugated secondary antibodies (Santa Cruz 

Biotechnology, Heidelberg, Germany) antibody binding was visualized by enhanced 

chemiluminescence (PerkinElmer, Boston, USA). Intensity of the bands was measured by 

densitometry using the ImageJ 1.36b software. For loading control, membranes were stripped 

and re-probed with antibodies directed against GAPDH. 

 

RT-PCR: 

Total RNA was isolated from cultured MC using Trizol®-Reagent (Invitrogen, Carlsbad, 

CA). Hereafter DNase treatment was carried out, using RNase free  

DNase I (Ambion, Woodward, Austin, TX, USA). RNA concentration and quality were 

assessed by RNA 6000 nano assays on a Bioanalyser 2100 system (Agilent, Waldbronn, 

Germany). A sample of 0.5 µg of RNA was converted into cDNA using T7-(dT) 24 primers 

and the SuperScript Choice system for cDNA synthesis (Life Technologies, Inc., Rockville, 

MD, USA). Specific DNA standards were generated by PCR amplification of cDNA, 

purification of the amplified products, and quantification by spectrophotometry. Quantitative 

PCR of cDNA specimen and DNA standards were conducted in a total volume of 25 µl, 
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containing 2 µl FastStart DNA Master SYBR Green, 10 pMol of forward and reverse primers 

and 2m MgCl2. Primer sequences were as follows: Col6: fwd: GGT CAA GGA GAA CTA 

TCG AGA G, rev: GCA GGT GTA ATC TGG ACA CTT C; FN: fwd: CCT ACA ATG GCA 

GGA CGT TCT A; rev: AAT TCG AAG TTG TGC TGC ACC; Id1: fwd: CGT GCT GCT 

CTA CGA CAT GAA; rev: TGC TGG AGA ATC TCC ACC TTG; PAI-1: fwd: CAT GTT 

CAT TGC TGC CCC TT; rev: GCC TGG TCA TGT TGC CTT TC TIMP-1: fwd: AAT TCC 

GAC CTC GTC ATC A, rev: GAA AGA TGG GAG TGG GAA CA; TIMP-2 : fwd: ATC 

AGG GCC AAA GCG GTC AGT GAG, rev: ATC TTG CAC TCG CAG CCC ATC TGG; 

MMP-2: fwd: TAC TGG ATC TAC TCA GCC AGC A, rev: CTT CAG GTA ATA GGC 

ACC CTT G; MMP-9: fwd: CCG AGC TGA CTC GAC GGT GAT GG, rev: GAG GTG 

CCG GAT GCC ATT CAC GTC. 

The amplification profile consisted of 10 min at 95°C followed by 45 cycles of amplification, 

each cycle consisting of denaturation at 95°C for 10 sec, annealing for 10 sec at 60°C, and 

extension for 9 sec at 72°C. Standard curves were generated in all experiments. PCR 

efficiency was assessed from the slopes of the standard curves and was found to be between 

90% and 100%. Linearity of the assay could be demonstrated by serial dilution of all 

standards and cDNA. All samples were normalized for an equal expression of GAPDH. 

 

Statistical analyses: 

All values are shown as mean ± SD if not indicated otherwise. Data were analyzed by one-

way ANOVA followed Bonferroni post hoc test to assess differences between groups. A p 

value less than 0.05 was considered to be significant. 
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RESULTS  

High glucose induced FN and Col6 accumulation is inhibited by L-carnosine 

MC were cultured for 14 days under normal (M) or high glucose (HG) conditions and the 

influence of L-carnosine (C) on the expression of Collagen VI (Col6) and Fibronectin (FN) 

was studied. Compared to MC cultured in normal medium, the expression of both matrix 

components increased significantly when 25 mmol/L glucose was added to the medium, as 

measured by quantification of immunofluorescence intensities, indicating a 1.4-fold increase 

for Col6 and a 1.6-fold increase for FN. Addition of L-carnosine to these cells (HG+C) 

remarkably inhibited matrix accumulation for both components (p<0.01; Fig 1A and B). 

Changes in matrix accumulation were reflected by mRNA expression for both genes, that is 

Col6 expression increased 1.6-fold and FN expression 1.5-fold under HG conditions, while 

this was completely normalized by L-carnosine (Fig 1C). No change in matrix production was 

observed when L-carnosine was added to normal medium. In addition, β-alanine and histidine 

either alone or in combination, did not inhibit HG induced Col6 or FN accumulation (data not 

shown). 

 

HG induced TGF-β production is inhibited by L-carnosine 

We next tested if TGF-β production was influenced by L-carnosine. TGF-β production 

increased from 0.88±0.10 to 1.52±0.28 ng/ml per 106 MC cultured in HG medium and this 

was significantly inhibited by L-carnosine (0.92±0.24 ng/ml per 106 cells, p<0.01; Fig 2A).  

When MC were cultured for 14 days in the presence of TGF-β, matrix production was 

increased to a similar extent as was observed under HG conditions (1.52-times for Col6 and 

1.54-fold for FN). Interestingly, this was also inhibited by L-carnosine (0.97±0.08 and 

0.87±0.11, Fig 2B), suggesting that L-carnosine not only interferes with HG induced TGF-β 

production but possibly also with TGF-β signaling. 
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FIGURE 1 

A  
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B          C 

 

Fig. 1. HG induced matrix accumulation. MC were cultured for 14 days in normal culture medium (M), in 

culture medium containing 25mM D-glucose (HG) or in culture medium containing 25mM D-glucose + 20 

mM L-carnosine (HG+C). Cells were stained as described in materials and methods. A: representative matrix 

staining for Col6 (panels to the left) and FN (panels to the right). B: relative Col6 and FN expression. 

Fluorescence intensities were normalized for equal cell number by calculating the ratio of FN or Col6 

fluorescence/Dapi Fluorescence. The results are expressed as mean fold increase ± SD relative to FN or Col6 

expression in cells cultured in normal medium. C: Col6 and FN mRNA expression was performed by qPCR. 

Col6 and FN mRNA expression were normalized for equal GAPDH expression. The results are expressed as 

mean fold increase ± SD relative to the mRNA expression in cells cultured in normal medium. A total of three 

independent experiments, with each condition in duplicate, were performed. 

 

FIGURE 2 

A           B 

 
Fig. 2. A: Influence of L-carnosine on HG induced TGF-β production. Serum starved MC were cultured for 

24 hrs in normal medium (M), normal medium containing 25mM D-glucose (HG) or normal medium 

containing 25mM D-glucose + 20 mM L-carnosine (HG+C). Hereafter, supernatants were harvested and 

assessed for TGF-β as described. A total of 4 experiments, with each condition in duplicate were performed. 
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The results are expressed as mean TGF-β production (ng/ml/106 cells) ± SD. B: Influence of L-carnosine on 

TGF-β induced Col6 and FN expression. MC were cultured for 14 days in normal culture medium (M), in 

normal medium containing 10 ng/ml TGF-β (T) or in normal medium containing 10 ng/ml TGF-β + 20 mM 

L-carnosine (T+C). Fluorescence measurements were performed as described in figure 1B. Results are 

expressed as mean fold increase ± SD relative to FN or Col6 expression in cells cultured in normal medium. 

A total of three independent experiments, with each condition in duplicate, were performed. 

 

 

 

Influence of L-carnosine on ALK-signaling 

To address how L-carnosine inhibits TGF-β induced matrix production, we investigated by 

Western Blot the activation of Smad1/5/8 (representing the ALK1 pathway) and Smad2 

(representing the ALK5 pathway). While activation of Smad 1/5/8 was not observed after 

TGF-β stimulation, Smad2 C terminal phosphorylation was two fold increased after 

stimulation when normalized for equal GAPDH expression. When the cells were cultured in 

the presence of L-carnosine, Smad2 activation by TGF-β was slightly but significantly 

decreased (Fig 3).  

To further substantiate that the inhibition of pSmad2 was of functional relevance, Id1 and 

PAI-1 gene expression were analyzed by quantitative PCR. The expression of these genes is 

associated with activation of the ALK1 and the ALK5 pathway respectively. Similar as 

observed for Smad activation, the expression of Id1 was not changed, while the expression of 

PAI-1 increased two fold. In cells that were cultured in the presence of L-carnosine, TGF-β 

induced PAI-1 expression was significantly reduced (Fig 4A). 

We also tested if L-carnosine influenced PAI-1 expression when MC were cultured under 

hyperglycemic conditions.  Whereas no change in Id1 expression was observed under the 

different culture conditions, expression of PAI-1 was significantly increased when MC were 

cultured in HG medium compared to normal medium (1.9-fold HG vs M, p<0.05). Addition 

of L-carnosine to HG medium (HG+C) completely normalized PAI-1 expression (Fig 4B). 
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FIGURE 3 
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Fig. 3. Influence of L-carnosine on ALK signaling. A: representative Western blot of pSmad1/5/8 and 

pSmad2. Serum starved MC were stimulated for 1 hr with 1 ng/ml TGF-ββββ (T) or with TGF-ββββ in the presence 

of 20 mM L-carnosine (T+C). MC kept in normal medium (M) served as control. GAPDH was used to control 

for equal loading of the samples. B: The expression of total Smad proteins was not changed under the 

different conditions. C: Quantification of activation of ALK signaling. Western blots of 4 different 

experiments were analyzed by densitometry. pSmad/GAPDH ratios were assessed in each experiment. The 
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results are expressed as mean fold increase ± SD relative to the pSmad/GAPDH ratio of cells cultured in 

normal medium. 

 

FIGURE 4  

A            B 

 

Fig. 4. Influence of L-carnosine on Id1 and PAI-1 mRNA expression. A: MC were cultured for 24 hrs in 

normal medium (M), normal medium containing 10 ng/ml TGF-ββββ (T) or normal medium containing 10 ng/ml 

TGF-ββββ + 20 mM L-carnosine (T+C). Id1 and PAI-1 mRNA expression were assessed by qPCR and 

normalized for equal GAPDH expression. The results of 5 independent experiments are expressed as mean 

fold increase ± SD relative to the mRNA expression in cells cultured in normal medium.  B: MC were 

cultured for 14 days in normal medium (M), normal medium containing 25mM D-glucose (HG) or normal 

medium containing 25mM D-glucose + 20 mM L-carnosine (HG+C). Id1 and PAI-1 expression were assessed 

as described in A. The results of 4 independent experiments are expressed as mean fold increase ± SD relative 

to the mRNA expression in cells cultured in normal medium. 

 

 

HG induced Col6 but not FN accumulation is ALK5 dependent 

Because L-carnosine inhibits the ALK5 pathway, we next addressed if the specific ALK5 

inhibitor SB431542 would mimic the effect of L-carnosine, when MC are cultured under HG 

conditions. While the expression of Col6 was significantly inhibited by SB431542, expression 

of FN was not influenced. When the cells were cultured in HG medium containing SB431542 

and L-carnosine (HG+C+ALK5-Inh.), no further reduction of Col6 expression was observed 

but the expression of FN was significantly decreased (Fig 5).  
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FIGURE 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Influence of the ALK5 inhibitor SB431542 on HG induced Col6 and FN mRNA expression. MC 

were cultured for 14 days in normal medium (M), normal medium containing 25mM D-glucose (HG) or 

normal medium containing 25mM D-glucose + 2.5 µM SB431542. Under the latter condition, 20 mM L-

carnosine (HG+C) was either present or absent. Col6 and FN mRNA expression was assessed by qPCR 

and normalized for equal GAPDH expression. The results of 3 independent experiments are expressed as 

mean fold increase ± SD relative to Col6 and FN mRNA expression in cells cultured in normal medium.   

 

 

MMP2 and MMP9 expression is not influenced by L-carnosine 

Since inhibition of matrix accumulation by L-carnosine could occur as a consequence of 

increased matrix turnover, expression of matrix metalloprotease 2 (MMP2) and MMP9 were 

studied. In addition, the influence of L-carnosine on the expression of tissue inhibitor of 

matrix protease 1 (TIMP1) and TIMP2 was investigated. The expression of MMP2 did not 

change under the various culture conditions. In contrast, the expression of MMP9 was 

significantly reduced when the cells were cultured in HG medium (M: 1.03±0.23 vs. HG: 

0.55±0.11, p<0.001, Fig 6A). Addition of L-carnosine did not influence the expression of 

MMP9 under this condition. The expression of TIMP1 and TIMP2 showed no differences 

under all tested conditions (Fig 6B). 
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FIGURE 6 

A           B 

 

Fig. 6. Influence of L-carnosine on MMP and TIMP expression. MC were cultured for 14 days in normal 

medium (M), normal medium containing 25mM D-glucose (HG) or normal medium containing 25mM D-

glucose + 20 mM L-carnosine (HG+C). MMP2 and MMP9 (A) or TIMP1 and TIMP2 (B) mRNA expression 

was assessed by qPCR and normalized for equal GAPDH. The results of three independent experiments are 

expressed as mean fold increase ± SD relative to the mRNA expression in cells cultured in normal medium. 
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DISCUSSION  

In the present study we tested the hypothesis that carnosine inhibits TGF-β production and 

signaling, thereby reducing ECM accumulation induced by hyperglycemia. The main findings 

of our study are as follows. Firstly, hyperglycemia increases the expression of the matrix 

components Col6 and FN as well as the production of TGF-β. Both of which are inhibited by 

L-carnosine. Secondly, L-carnosine inhibits TGF-β induced matrix accumulation, most likely 

via inhibition of the ALK5 pathway. Thirdly, hyperglycemia reduces the expression of 

MMP9. This is not influenced by L-carnosine. There was no influence of hyperglycemia on 

the expression of MMP2, TIMP1 or TIMP2. 

 

The activation of matrix-producing cells with consecutive matrix overproduction, is generally 

regarded as a central event in renal fibrogenesis. In this scenario, glomerular mesangial cells, 

interstitial fibroblasts and tubular epithelial cells are the key players that mediate the 

transition of normal tissue into tissue with fibrotic scarring. It is now widely accepted that in 

this process the TGF-β system is of eminent importance (202).  

Most chronic nephropathies share pathogenic mechanisms that contribute to disease 

progression, independent of the original cause or disease. Amongst these, Diabetic 

Nephropathy is the foremost cause for end-stage renal failure in the western world. As a 

consequence of the hyperglycemic environment in diabetic patients, mesangial cells are likely 

to become activated, either directly by high glucose or indirectly by an increased amount of 

advanced glycation-endproducts (AGEs) or reactive oxygen species (ROS) (203). Yet, only 

approximately one third of diabetic patients are susceptible to develop DN, which suggests 

that the consequence of mesangial cell activation, i.e. TGF-β production and ECM 

accumulation, in non-susceptible patients might be counteracted locally, thereby interrupting 

in the sequel that leads to tissue fibrosis. 

Recently, we (44) and others (42) have demonstrated that diabetic patients homozygous for 

the CNDP1 Carnosinase-Mannheim allele are at a lower risk to develop DN compared to 

diabetic patients with other CNDP1 genotypes. These patients have a low CNDP1 activity, 

most likely due to a poor secretion of carnosinase (168). Based on the results presented in this 

study it is conceivable that in such patients local concentrations of carnosine, the natural 

substrate of carnosinase, may slow down or prevent the progression of glomerulosclerosis. It 

seems that carnosine affects the TGF-β system in two ways, i.e. by inhibiting TGF-β 

production and by inhibiting TGF-β signaling. 
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Because TGF-β mediated ECM accumulation is partly Smad independent (204, 205), this 

might explain why the ALK5 inhibitor did not completely parallel the findings obtained with 

L-carnosine. Tsuchida et al have suggested that Smad4 is essential for basal and TGF-beta-

induced Col1A1 expression, and contributes to the early, but not sustained TGF-beta-induced 

PAI-1 expression in mesangial cells. Although we did not study the expression of Col1A1, 

our data for Col6 are compatible with this observation. Similar to our own data, it has also 

reported that TGF-beta-induced FN expression is partly Smad independent (206). 

Recently, Bhattacharyya et al (207) have shown that TGF-β up-regulates the expression of the 

transcription factor early growth response-1 (Egr-1) in a mitogen-activated protein kinase 

kinase 1 (MEK1) specific fashion. Egr-1 can directly transactivate the fibronectin gene as 

demonstrated by Liu et al (208). Hence, inhibition of ALK5 by SB431542 may not be as 

effective as the inhibition of TGF-β production by L-carnosine on ECM accumulation.  

Goumans et al. (209) have reported that in endothelial cells two distinct type 1 

receptors/Smad signaling pathways with opposing effects are present. Activation of the ALK1 

pathway is associated with phosphorylation of Smad 1/5/8, while activation of the ALK5 

pathway results in phosphorylation of Smad2. Signaling via ALK1 induces Id1 expression 

and promotes cell migration and proliferation. In contrast, signaling through ALK5 induces 

PAI-1 expression and inhibits cell migration and proliferation (209). The role of PAI-1 in 

conjunction with TGF-β on tissue fibrosis has clearly been demonstrated (210). An increased 

PAI-1 expression in DN has also been documented by Lee et al. (211). The inhibitory effect 

of L-carnosine in our study might be partially explained by a decrease in TGF-β production 

and by a reduced activation of ALK5 signaling. 

Matrix accumulation can occur as a consequence of an increased the novo matrix synthesis or 

as a consequence of a decreased matrix turnover. MMP2 and MMP9 are the major proteases 

mediating matrix degradation. A number of studies suggested the involvement of aberrant 

MMP expression in progression of DN or renal intersitial fibrosis (212, 213). Decreased 

MMP2 expression has been reported in rodent models of diabetes (214, 215), as well as in 

mesangial cells cultured under HG conditions (216). Yet, in renal tissue of type 1 diabetic 

patients, MMP2 enzyme activity and expression seems to be elevated (217). Systemic 

concentrations and activity levels of MMP-9 are also increased in patients with type 2 

diabetes. This is not concordant to the findings in the streptozotocin-induced diabetes animal 

model and to the findings of mouse MC cultured in HG conditions (213) where a decreased 

MMP9 expression and activity have been observed. The present data are partly in line with 

the latter findings in that the expression of MMP9 is decreased in human MC cultured under 
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HG. However, no difference was found for MMP2 and the inhibitors TIMP1 and 2. Since L-

carnosine neither affects the expression of MMPs nor of TIMP, our data suggest that the 

beneficial effect of L-carnosine on HG induced matrix accumulation does not involve an 

altered matrix turnover. 

In conclusion, we show that L-carnosine can effectively inhibit hyperglycemia induced ECM 

accumulation by inhibiting TGF-β production and signaling. Carnosine supplementation or 

carnosinase inhibition might therefore be of therapeutic relevance in diabetic patients with an 

increased risk for developing DN. 
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ABSTRACT 

BACKGROUND/AIMS: We identified carnosinase-1 (CN-1) as risk-factor for diabetic 

nephropathy (DN). Carnosine, the substrate for CN-1, supposedly is a protective factor 

regarding diabetic complications. In this study, we hypothesized that carnosine administration 

to diabetic rats might protect the kidneys from glomerular apoptosis and podocyte loss.  

METHODS: We examined the effect of oral L-carnosine administration (1g/kg BW per day) 

on apoptosis, podocyte loss, oxidative stress, AGEs and hexosamine pathway in kidneys of 

streptozotocin-induced diabetic Wistar rats after 3 months of diabetes and treatment.  

RESULTS: Hyperglycemia significantly reduced endogenous kidney carnosine levels. In 

parallel, podocyte numbers significantly decreased (-21% compared to non-diabetics, 

p<0.05), apoptotic glomerular cells numbers increased (32%, compared to non-diabetic, 

p<0.05) and protein levels of bax and cytochrome c increased (175% and 117%). Carnosine 

treatment restored carnosine kidney levels, prevented podocytes loss (+23% compared to 

diabetic, p<0.05), restrained glomerular apoptosis (-34% compared to diabetic; p<0.05) and 

reduced expression of bax and cytochrome c (-63% and -54% compared to diabetics, both 

p<0.05). In kidneys of all diabetic animals, levels of ROS, AGEs and GlcNAc-modified 

proteins were increased.  

CONCLUSION: By inhibition of pro-apoptotic signaling and independent of biochemical 

abnormalities, carnosine protects diabetic rat kidneys from apoptosis and podocyte loss.  

 

 

 

 



 CHAPTER 8 

 135 

INTRODUCTION 

Diabetic kidney disease (DKD) is a frequent complication of both diabetes mellitus type 1, 

and type 2. About one third of patients with DKD will progress to overt diabetic nephropathy 

(DN) within 5-15 years.  ROS production, non-enzymatic glycosylation and an increased flux 

through the hexosamine pathway are important biochemical changes in hyperglycaemic 

patients and are causally linked to the development of DN (25-27). Early in the development 

of DN, these biochemical changes cause apoptosis of different glomerular cells (17, 218, 

219), thereby promoting the development of DN (220, 221). Apoptosis of glomerular cells is 

supposed to be causally related to DN, as development of DN can completely be prevented by 

inhibiting apoptosis in the glomerulus (222).  

At the onset of DN, podocytes are key targets for glomerular injury (13-16). Podocytes loss 

occurs either by apoptosis or by detachment from the glomerular basement membrane (17). 

Hence, numbers of podocytes per glomerulus gradually decline in the course of DN (14) and 

this change is highly predictive of both progressive glomerular injury and long-term albumin 

excretion in diabetic patients (18). Thus, podocyte apoptosis seems to precede the 

development of DN and determines at least in part kidney function in diabetic patients.   

In contrast to other diabetic complications, only 20-40% of diabetic patients are susceptible to 

develop DN which seems to be genetically determined (33, 121). We recently identified a 

polymorphism in the signal sequence of the CNDP1 gene, encoding the serum carnosinase 

(CN-1), to be associated with susceptibility to DN. Since DN occurs significantly less 

frequent in diabetic patients that are homozygous for the shortest allelic form, i.e. (CTG)5 (the 

so-called CNDP1 Mannheim allele), the Mannheim-allele appears to be protective in terms of 

susceptibility to DN (44). This can be explained by the fact that the (CTG)5 allele corresponds 

with a low CN-1 secretion efficiency (168) and hence with a low serum CN-1 enzyme activity 

(44, 223). Because carnosine, the natural substrate for CN-1, has potential intrinsic renal 

protective properties (91, 94, 103, 104, 110) a low CN-1 expression or activity is beneficial 

for diabetic patients. Carnosine may prevent apoptosis (224-226) and up-regulates defensive 

mechanisms such as heat shock proteins (227).  

Short-term carnosine administration has been shown to protect against ischemia-reperfusion 

damage (99-101, 228, 229), and chronic oral carnosine administration can retard onset of 

diabetes in db/db mice (113). However, whether carnosine can protect against DN has not 

been investigated yet. In the present study we therefore tested the effect of oral carnosine 
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administration on early diabetic changes in STZ-induced diabetic rat kidneys, i.e. biochemical 

abnormalities, glomerular cell apoptosis and podocyte loss.  
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MATERIAL AND METHODS  

Animals and Diabetes Induction 

The study was performed in accordance with the ARVO statement for the use of animals in 

ophthalmic and vision research and the Regierungspräsidium Karlsruhe approved all animal 

procedures. Male Wistar rats (Harlan Laboratories, Inc.) were housed in a 12h light/dark cycle 

with free access to food and drinking water. Animals were randomly divided into three 

groups: 24 non-diabetic rats, 46 diabetic rats and 32 diabetic rats substituted with carnosine. 

Rats of the diabetic groups were rendered diabetic by intravenous injection of streptozotocin 

(45mg/kg, Roche, Mannheim, Germany) diluted in citrate buffer (pH 4.5). Animals were 

considered diabetic when blood glucose reached stable levels over 250 mg/dl. Insulin was 

occasionally given to individual diabetic rats to prevent critical weight loss. Metabolic data 

(body weight and blood glucose) were measured every week and blood samples for the 

determination of glycated haemoglobin concentration by affinity chromatography 

(MicromatII™; Bio-Rad Laboratories GmbH, Munich, Germany) were collected at the end of 

the study (n= 7-9 per group). All rats were sacrificed after 3 month of diabetes. Kidneys were 

taken out immediately and washed carefully in ice cold PBS. For immunohistochemistry, 

kidneys were subsequently fixed in 4% formalin. For western blot analysis, kidney cortex was 

isolated, washed thoroughly and frozen at -80°C until further processing.  

 

Carnosine Supplementation 

Diabetic Wistar rats were divided into two groups one week after diabetes induction. One 

diabetic control group, receiving pure water and a second diabetic group receiving water 

supplemented with 1 g of carnosine/kg body weight (Flamma S.p.a., Chignolo d’Isola, Italy). 

Carnosine was dissolved in the daily drinking volume. Water consumption and body weights 

of each cage were assessed once a week. L-carnosine–supplemented drinking water and 

lightproof bottles were replaced every day. Carnosine concentration in kidney tissue was 

measured fluorometically by high-performance liquid chromatography as previously 

described by Janssen (44) and Schonherr (186) et al.  

 

Renal histology 

2 micrometer kidney paraffin sections were stained with periodic acid–Schiff (PAS) and 

hematoxylin according to standard staining protocols. An investigator evaluated kidney 

histopathology in a blinded fashion and graded the glomerular damage including mesangial 
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matrix expansion, hyalinosis with focal adhesion, capillary dilation, glomerular tuft occlusion 

and sclerosis.  

Detection of glomerular cell apoptosis 

DNA strand breaks in apoptotic cells were visualized in 4 micrometer kidney paraffin 

sections using terminal transferase dUTP nick-end labelling (TUNEL, In Situ Cell Death 

Detection Kit, POD; Roche, Mannheim, Germany) according to the manufacturer’s 

instructions. In brief, sections were deparaffinised and treated with 2% H2O2 /Methanol to 

block endogenous peroxidase. Thereafter, slides were incubated with the TUNEL reaction 

mixture containing TdT and fluorescein d-UTP. After incubation, incorporated fluorescein 

was detected with an anti-fluorescein antibody conjugated with POD. Finally, the 

immuncomplexed POD was visualized by a substrate reaction using the DAB Peroxidase 

substrate kit (Vector Laboratories/ LINARIS Biologische Produkte GmbH, Wertheim, 

Germany), followed by nuclear counterstaining. TUNEL positive nuclei were counted in 10 

randomly selected kidney glomeruli per animal by two independent persons and their 

numbers were expressed relative to the corresponding glomerular area as assessed by an 

image analyzing system (CUE-2; Olympus Opticals, Hamburg, Germany). .  

 

Quantification of podocyte loss 

Paraffin-embedded, formalin-fixed, 3-µm-thick kidney sections were deparaffinised, treated 

with 2% H2O2 /methanol to block endogenous peroxidase, and microwaved at 500 W and 

270 W for 10 min each in citrate buffer.  The sections were then incubated with a polyclonal 

antibody to Wilms’ tumor 1 protein (Santa Cruz biotechnology Inc., Heidelberg, Germany) 

for 1 h at room temperature. After incubation with an appropriate POD coupled secondary 

antibody, POD was visualized by a substrate reaction using the DAB Peroxidase substrate kit 

(Vector Laboratories/ LINARIS Biologische Produkte GmbH, Wertheim, Germany), 

followed by nuclear counterstaining.  

Podocytes were identified according to cell shape, localization and positivity to wt-1 staining. 

Total numbers of podocytes were counted in kidney sections of randomly selected animals by 

two independent persons in 10 randomly selected kidney glomeruli per animal. The data are 

expressed as podocyte numbers relative to the corresponding glomerular area as assessed by 

an image analyzing system (CUE-2; Olympus Opticals, Hamburg, Germany). 

 

Western Blot   
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In order to isolate proteins from kidney cortex, frozen tissue was homogenized mechanically 

on ice. Proteins were extracted from lysates using a lysis buffer containing 125 mM NaCl, 10 

mM EDTA, 25 mM Hepes, 10 mM Na3VO4, 0.5 % deoxycholic acid, 0.1 % SDS, 1% Triton-

X-100, phosphatase-Inhibitor (Sigma, Steinheim, Germany) and Protease-Inhibitor (Roche, 

Mannheim, Germany). Insoluble debris was removed by centrifugation at 14.000g at 4°C for 

10 minutes. Protein extracts were heated in Laemmli-sample buffer (Bio-Rad Laboratories 

GmbH, Munich, Germany) for 5 min at 100°C prior to separation by SDS-PAGE. Thereafter, 

proteins were electrophoretically transferred to a PDVF membrane. Depending on the primary 

antibody applied, membranes were blocked with either 5 % skimmed milk or 5 % BSA in 

TBS according to the manufacturer’s recommendations. For detection of apoptosis signalling, 

antibodies against cytochrome c and Bax (Cell Signalling Technology, Danvers, USA) were 

utilized. Biochemical changes in the kidney were detected by antibodies directed against 

carboxymethyl-lysine- (CML, (230)), nitrotyrosine- (Alexis Biochemicals, Axxora 

Deutschland GmbH, Germany), methylglyoxal (methylglyoxal-H1, (231)) and N-

Acetylglucosamine-modified proteins (Abcam plc, Cambridge, United Kingdom). All 

antibodies were diluted and incubated as recommended by the manufacture. Immunoblots 

were made visible on Amersham Hyperfilms (Amersham, Buckinghamshire UK) by 

incubating the membranes with appropriate HRP-coupled secondary antibodies (Santa Cruz 

Biotechnology, Heidelberg, Germany) and by using enhanced chemiluminescence 

(PerkinElmer, LAS, USA). For loading control, membranes were stripped and re-probed with 

antibodies directed against GAPDH (GAPDH antibody - Loading Control, Abcam plc, 

Cambridge, United Kingdom). Intensity of the bands was measured by densitometry using the 

ImageJ 1.36b software. 

 

Statistical analysis 

All data are expressed as mean ± SD. Data analysis was performed by using unpaired two-

tailed student T-test and a P value less than 0.05 was considered as statistically significant.  
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RESULTS 

All diabetic rats developed stable hyperglycemia of more than >250 mg/dl two weeks after 

diabetes induction. Average blood glucose levels were significantly elevated in the diabetic 

rats (Fig. 1B; measurement at 3 month: non-diabetic vs. diabetic: 123 ± 36 mg/dl and 585 ± 

26 mg/dl; p<0.05 and non-diabetic vs. diabetic with carnosine: 123 ± 36 mg/dl and 592 ± 14 

mg/dl; p<0.05; diabetic vs. diabetic with carnosine not significant). The increase in body 

weight was significantly impaired after the onset of hyperglycemia resulting in reduced body 

weights at the end of the study (non-diabetic vs. diabetic: 457 ± 35 g and 282 ± 25 g; p<0.05 

and non-diabetic vs. diabetic with carnosine: 457 ± 35 g and 292 ± 38 g; p<0.05; diabetic vs. 

diabetic with carnosine not significant; Fig. 1A). Glycated haemoglobin levels were 2.3 fold 

increased in diabetic rats and 1.9 fold in diabetic rats supplemented with carnosine (non-

diabetic vs. diabetic: 5.9 ± 0.4 % and 13.4 ± 3.4 %; p<0.05 and non-diabetic vs. diabetic with 

carnosine: 5.9 ± 0.4 % and 11.2 ± 2.8; p<0.05; diabetic vs. diabetic with carnosine not 

significant; Fig. 1C). As depicted in Fig. 1D, carnosine levels were significantly decreased in 

diabetic kidneys (-98% compared to non-diabetic; non-diabetic vs. diabetic: 150.0 µg/g ± 3.5 

and 3.3 µg/g ± 0.7; p<0.05) two weeks after diabetes induction. In diabetic rats that were fed 

with carnosine, renal carnosine concentrations increased significantly (diabetic vs. diabetic 

with carnosine: 3.3 µg/g ± 0.7 and 300.0 µg/g ± 102.8; p<0.05) and were higher than in non-

diabetic rats (+89% compared to non-diabetic; non-diabetic vs. diabetic with carnosine, p not 

significant).  

 

FIGURE 1 

 

A      B 
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C        D 

 
Fig. 1. The influence of oral carnosine treatment on STZ-induced hyperglycaemia and renal carnosine levels. 

Body weights (Panel A) and blood glucose levels (Panel B) of non-diabetic (NC, ●), diabetic (DC, □) and 

diabetic rats treated with carnosine (DC+C, ▲) were monitored over 12 weeks. In comparison to non-diabetic 

controls, all diabetic animals developed stable hyperglycemia and showed reduced body weights. Moreover, 

after 3 months levels of HbA1c were elevated in the diabetic animals. This was independent of carnosine 

treatment *=p<0.05 vs NC (Panel C). Measurement of renal carnosine by HPLC (Panel D) revealed that 

endogenous carnosine levels are reduced in diabetic animals and oral carnosine treatment increased renal 

carnosine levels above that of non diabetic controls *=p<0.05 vs NC, #=p<0.05 vs NC.  

 

Kidney histopathology was examined in PAS and hematoxylin stained kidney sections. Mild 

glomerulosclerotic changes, indicating an early and not advanced stage of a diabetic kidney 

damage, were found in the diabetic animals. No significant difference was found between the 

treated and the non treated group (Fig. 2). 

 

FIGURE 2 

 

 

 

Fig. 2: Kidney histopathology. Kidney sections were stained with PAS and hematoxylin to evaluate the grade 

of the glomerular damage. The figure shows representative pictures of kidney section from non-diabetic (NC), 

diabetic (DC), and diabetic rats treated with carnosine (DC+C). In DC and DC+C a slight increase of 
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mesangial matrix and/or hyalinosis was evident. Conformable with an early stage of diabetic kidney damage, 

no further signs of glomerulosclerosis were found in DC and DC+C.  

 

 

To evaluate the effect of carnosine treatment on glomerular apoptosis, DNA strand breaks 

were assessed by in situ TUNEL staining. Three months after the onset of diabetes the 

numbers of TUNEL positive cells were significantly increased in non-treated diabetic rats 

(+32% compared to non-diabetics, non-diabetics: 0.0014 ± 0.0007 TUNEL+ cells/glomerular 

area and diabetics: 0.0019 ± 0.00018 TUNEL+ cells/glomerular area, p<0.05, Fig. 3A, B). In 

carnosine treated diabetic animals, the numbers of TUNEL positive cells were reduced by -

40% compared to diabetic animals (diabetics: 0.0019 ± 0.000018 TUNEL+ cells/glomerular 

area and diabetics with carnosine: 0.0013 ± 0.00007 TUNEL+ cells/glomerular area, p<0.05 

compared to diabetics, diabetics with carnosine vs. non-diabetics not significant, Fig. 3A, B). 

We further investigated the anti-apoptotic potential of carnosine by western blot analysis of 

kidney cortex lysates. Immunoblots stained for pro-apoptotic bax and cytochrome c displayed 

an increased expression of +175%, and +117% respectively in the diabetic kidneys of non-

treated rats (p<0.05 for both, Fig. 3C-F). Carnosine treatment significantly inhibited 

hyperglycemia-induced upregulation of bax (-63% compared to diabetics, p<0.05) and 

cytochrome c (-54% compared to diabetics, p<0.05) in diabetic kidneys (Fig. 3C-F). 

 

 

FIGURE 3 
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Fig. 3: The influence of carnosine treatment on hyperglycemia-induced glomerular apoptosis. Apoptosis was 

tested by TUNEL staining and by western blot analysis using kidneys of non-diabetic (NC), diabetic (DC), and 

diabetic rats treated with carnosine (DC+C). A: Representative pictures of kidney sections stained by TUNEL. 

Arrows indicate cells counted as TUNEL positive. Original magnification 400x. B: Quantification of TUNEL 

positive cells was performed in a blinded fashion on ten randomly selected glomeruli per animal (n=4, for 

each group) by two independent investigators. Results are expressed as mean TUNEL positive 

cells/glomerular area ± SD. Note that there is no significant difference (n.s.) in the proportion of TUNEL 
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positive cells in NC vs. DC+C, but a significant increase in DC. *=p<0.05 compared to non-diabetic controls 

and #=p<0.05 compared to diabetics. C, E: Representative immunoblots stained with antibodies directed 

against bax and cytochrome c, respectively. Antibodies directed against GAPDH were used to control for 

equal loading. D, F: Quantification of bax and cytochrome c protein expression by densitometry 

measurement of immunoreactive bands. A total of 5-6 animals per group were evaluated. Ratios of 

bax/GAPDH or cytochrome c/GAPDH were calculated to avoid loading dissimilarity errors. Results are 

expressed as mean ration ± SD relative to NC. *=p<0.05 compared to non-diabetic controls and #=p<0.05 

compared to diabetics. 

 

 

To investigate whether carnosine treatment can prevent podocyte loss in diabetic rats, we 

determined glomerular podocyte numbers using wt-1 as podocyte marker in histological 

kidney sections. Podocytes numbers were significantly reduced in diabetic kidneys (-21% 

compared to non-diabetics, non-diabetics: 0.0018 ± 0.00023 WT-1+ cells/glomerular area and 

diabetics: 0.0014 ± 0.00018 WT-1+ cells/glomerular area, p<0.05, Fig. 4A, B), while in 

diabetic rats fed with carnosine, podocyte numbers were normalized (+23% compared to 

diabetics, diabetics: 0.0014 ± 0.00018 WT-1+ cells/glomerular area and diabetic with 

carnosine: 0.0017 ± 0.00022 WT-1+ cells/glomerular area, p<0.05 and -4% compared to non-

diabetics, p not significant, Fig. 4A, B).  

 

 

 

FIGURE 4 

 

A 
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B 

 
Fig. 4 The influence of carnosine treatment on diabetic podocyte loss. Podocytes were stained with antibodies 

directed against wt-1 in kidney sections of non-diabetic (NC), diabetic (DC), and carnosine treated diabetic 

(DC+C) rats. A: Representative pictures of kidney sections stained for wt-1. Arrows indicate wt-1 positive 

cells. Original magnification 400x Panel B: Quantification of wt-1 positive cells was performed in a blinded 

fashion on ten randomly selected glomeruli per animal (n=4, for each group) by two independent 

investigators. Results are expressed as mean podocyte numbers relative to the corresponding glomerular area 

± SD. No significant difference (n.s.) in podocyte numbers were found between NC and DC+C, whereas 

podocyte numbers were significantly reduced in DC. *=p<0.05 compared to non-diabetic controls and 

#=p<0.05 compared to diabetics 

 

To examine the influence of carnosine on the biochemical abnormalities induced by diabetes, 

the activity of three cells damaging mechanisms investigated by western blotting. To this end, 

antibodies directed against nitrosylated (NT, Fig. 5A) and carboxymethyl-lysine (CML, Fig. 

5C) -modified proteins as markers of oxidative stress were used. Moreover, immunoblots 

were incubated with antibodies directed against methylglyoxal-  (MG, Fig. 5E) and GlcNAc-

modified proteins (Fig. 5G) in order to assess AGE-production and the activity of the 

hexosamine pathway. In diabetic kidney cortex, the levels of NT- (Fig. 5B) and of CML- 

(Fig. 5D) modified proteins were significantly increased (+ 167% and +88%, respectively, 

p<0.05 for both compared to non-diabetics). Likewise, the levels of MG- and GlcNAc-

modified proteins were increased in diabetic kidney lysates (+250% and +326%, respectively 

compared to non-diabetics, p<0.05, Fig 5F and H). Carnosine treatment of diabetic rats had no 

effect on hyperglycemia-induced increase in NT-, CML-, MG- and N-Acetylglucosamine-

protein levels (diabetic with carnosine vs. non-diabetics: +204% for NT, +122% for CML, 

+333% for MG and +230%, all p<0.05 compared to non-diabetics, diabetics with carnosine 

vs. diabetics not significant).   
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FIGURE 5  
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G      H 

        

Fig. 5. The effect of carnosine treatment on oxidative stress, AGE formation and activity of the hexosamine 

pathway in diabetic kidney cortex. In order to assess the effect of carnosine treatment on hyperglycemia-

induced biochemical changes, kidney cortex lysates from non-diabetic (NC), diabetic (DC), and diabetic rats 

treated with carnosine (DC+C) were probed with antibodies against nitrotyrosine- (NT, Fig. 4A, B) and 

carboxymethyl-lysine- (CML, Fig. 4C, D) modified proteins as markers of oxidative stress, methylglyoxal- 

(MG, Fig. 4E, F) modified proteins as a marker for AGE-production and N-acetyl-D-glucosamine- (GlcNAc, 

Fig. 4G, H) modified proteins as a marker for hexosamine pathway activation. Representative immunoblots 

(Fig. 4A, C, E, G) and corresponding densitometric quantifications (Fig. 4B, D, F, H) show a significant 

increase of all the markers in diabetic kidneys, irrespective of carnosine treatment. Ratios between the 

different biochemical markers and GAPDH were assessed to avoid loading dissimilarity errors. A total of 3 

animals per group were evaluated for each marker. Results are expressed as mean ratio ± SD. *=p<0.05 

compared to non-diabetic. 
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DISCUSSION 

Experimental evidence suggests that the carnosine- carnosinase system might play an 

important role in diabetes associated complications, in particular in DN (44, 113). Diabetic 

patients that are homozygous for the Mannheim allele (CTG)5 are less affected by DN. This 

genotype is associated with a low serum CN-1 activity, most likely because the (CTG)5 repeat 

in the signal peptide of CN-1 influences CN-1 secretion (18). Inasmuch as individuals 

homozygous for the Mannheim allele develop less frequently DN, it is conceivable that the 

protective effect of the Mannheim allele is directly related to the amount of CN-1 found in 

serum.  

A number of studies conducted in recent years have suggested that carnosine, the substrate of 

CN-1, might be beneficial in relation to diabetic complications diabetes (44, 91, 112, 113). 

Hence, a low carnosine turnover in (CTG)5 homozygous patients could be a plausible 

explanation why these patients develop less frequently DN. Yet, definitive proof for the 

salutary effect of carnosine in terms of preventing hyperglycaemia mediated damage in renal 

tissue is still lacking. In the present study, we therefore investigated whether oral carnosine 

treatment can ameliorate early changes in kidneys of streptozotocin-induced diabetic rats. The 

main findings of this study are the following. Carnosine treatment prevents the up-regulation 

of pro-apoptotic molecules in the kidneys of diabetic rats. It also prevented podocyte loss in 

these rats. This is independent of major biochemical abnormalities that occur as a 

consequence of diabetes, since carnosine did not influence NT, CML, methylglyoxal or 

GlcNAc expression in kidneys of diabetic rats.   

 

Microvascular complications in diabetic patients are for a great deal causally related to an 

increased production of ROS, AGEs and GlcNAc-modified proteins, evoked by chronic 

hyperglycemia. Based on the intrinsic biochemical properties of carnosine, i.e. antioxidant 

effects and inhibition of AGE formation (91-96), we expected that carnosine feeding would 

counteract these factors in kidneys of diabetic rats. Yet surprisingly, our results clearly show 

that carnosine feeding of diabetic rats is neither capable of preventing oxidative stress and 

AGE formation, nor could carnosine prevent the activation of the hexosamine pathway in our 

experimental setting, despite of carnosine feeding significantly increased renal carnosine 

concentrations. However, it is wise to take some caution in stating that carnosine has 

antioxidant activity, as most of the data that support this assumption are derived from in vitro 

cell culture studies (232, 233).  Similar to our findings, Aruoma et al (232) have questioned 

the anti-oxidative property of carnosine in vivo and they concluded from their study that it is 
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possible that carnosine could act as physiological antioxidant by scavenging hydroxyl 

radicals, but it does not have a broad spectrum of antioxidant activity, and its ability to inhibit 

lipid peroxidation is not well established. 

Similarly, the ability of carnosine to inhibit AGE formation was mostly demonstrated in in 

vitro experiments. Nonetheless, it has been repeatedly shown that carnosine is protective in 

models of ischemia reperfusion (99-101, 228, 229). In terms of oxidative challenge, these 

models clearly differ from the diabetic model where sustained severe hyperglycemia over a 

period of 3 months may yield a higher oxidative burden compared to a relative short period of 

ischemia. It might well be that the protective biochemical characteristics of carnosine to 

counteract oxidative stress and hyperglycemia-induced protein modification in the diabetic 

kidney are exhausted by severity and duration of experimental diabetes. Besides, it has to be 

admitted that the antioxidant and AGE inhibiting capacity of carnosine can still be sufficient 

to protect the glomerular capillaries the surrounding parenchymal cells. Such a localized 

effect would be bound to go unnoticed in western blot analysis.  

 

Nonetheless, this study does show that carnosine has a cell protective effect in the context of 

diabetes, as apoptosis of glomerular cells and podocyte loss were significantly diminished by 

carnosine. Since carnosine is a multifunctional dipeptide involved in numerous physiological 

processes, e.g. pH buffering (234, 235), enzyme regulation (75), and induction of heat shock 

proteins (227), these properties may equally contribute to the cytoprotective effect of 

carnosine. 

 

Hyperglycaemia causes mitochondrial stress, an eligible condition for the induction of 

apoptosis. Apoptosis is believed to play an important role in a number of glomerular diseases 

including DN (236), and is most likely caused by changing the balance in the expression of 

the anti- and pro-apoptotic molecules Bcl-2 and Bax respectively. While Bcl-2 expression 

may account for maintaining glomerular hypercellularity, Bax expression might be more 

important in cell loss leading to glomerulosclerosis.  Bax forms oligomers thereby increasing 

mitochondrial permeability and facilitating the release of cytochrome c from the 

mitochondrial intermembrane space. Once released from the mitochondria, cytochrome c 

further activates apoptosis. In our model both bax as well as cytochrome c expression were 

increased in the cortex of diabetic rats, pointing out that pro-apoptotic signalling is active in 

the diabetic kidneys. In line with this observation, quantification of TUNEL stained kidney 

sections revealed increased glomerular apoptosis in diabetic rats. This shift towards apoptosis 
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was restrained by carnosine treatment, indicating a cytoprotective effect of carnosine on 

glomerular cells. Recently, Isermann et al. demonstrated that DN can be prevented by 

protecting glomerular endothelial cells and podocytes against apoptosis (222). Interestingly, 

carnosine showed similar effects as reported for activated protein C in the study of Iserman et 

al., in that both molecules down-regulated bax and cytochrome c and reduced TUNEL 

positive cells in diabetic animals.  

 

The increase in glomerular apoptosis, and in parallel podocyte loss, in diabetic kidneys was 

significantly ameliorated by carnosine treatment. Although this study did not address the 

exact identity of the glomerular apoptotic cells, it is likely that part of these cells were of 

podocyte origin, as podocyte loss and glomerular cell apoptosis coincided. In human disease 

and in experimental models podocyte loss has been linked to the development of proteinuria 

and glomerulosclerosis (237) and is predictive for the progression of DN (18, 238-240). In 

keeping with the central role of podocytes in the glomerular architecture and the beneficial 

effect of carnosine treatment on podocyte loss, our results may indicate that carnosine could 

protect from DN. Moreover, the clear pro- and anti-apoptotic effect that we have observed in 

western blot analysis might not represent changes limited to the glomerulus and cells situated 

in areas outside of the glomerulus might also be protected by carnosine. Therefore, carnosine 

could have a broader therapeutic spectrum that goes beyond the salutary effect demonstrated 

in this study.  
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Diabetic nephropathy (DN) is becoming worldwide a leading cause for end stage renal 

disease (ESRD). This is on the one hand due to an increased incidence and prevalence for 

diabetes and on the other to an increased life expectancy of diabetic patients as a consequence 

of improved clinical care. Nonetheless, DN is associated with a high mortality rate, which is 

primarily related to an increased risk for coronary heart disease and stroke (3, 10).  

DN is caused by a complex interplay of metabolic and hemodynamic disturbances that are 

evoked by chronic hyperglycemia. Clinically, the first measurable sign of incipient DN is 

microalbuminuria. At this stage irreversible structural changes have already occurred in the 

kidney. As renal function deteriorates in time, patients develop proteinuria and finally enter 

the stage of overt DN. Histology of DN reveals a massive mesangial matrix expansion, 

thickening of the glomerular basement membrane (GBM) and a concomitant loss of heparan 

sulphate proteoglycan in the mesangial matrix and the GBM.   

Hypertension is one of the main features of DN and is present in most patients. During the last 

decade it has become evident that elevated blood pressure is a major determinant of 

deterioration of renal function. Although the prognosis of DN is greatly improved by adequate 

treatment of hypertension using angiotensin-converting enzyme (ACE) inhibitors or 

angiotensin receptor antagonists, treatment as such does not eliminate the susceptibility to 

develop DN (4, 5). 

There is an unmet clinical demand for a better risk stratification of diabetic patients and for 

novel therapeutic modalities to prevent the onset of diabetic renal disease. Family and 

epidemiologic-based studies have convincingly demonstrated that susceptibility to develop 

DN likely involves the genetic make-up of the individual diabetic patient (33, 34). 

Identification of susceptibility genes and understanding their relation to DN is a key to a 

better risk stratification and holds the promise for novel therapeutic strategies. 

 

Up till now, various studies have looked genome-wide for chromosomal regions that harbour 

susceptibility genes for DN. Such genome scans do not require prior knowledge of the 

biology of the susceptibility gene as they solely describe linkage between disease and a 

particular chromosomal region. Once a chromosomal region of interest (ROI) has been 

identified, most of the researchers are using a hypothesis-driven approach to search for 

candidate genes. This implies that the ROI is screened for genes encoding proteins expected 

to be involved in the pathogenesis of DN. Identified candidate genes are subsequently 

examined for polymorphisms and tested for association in family-based and/or case-control 

studies. Almost 100 different genes have been postulated as candidate genes for DN by now; 
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however, results from different studies were not always consistent and even conflicting for 

some of these genes.  

 

Recently, a genome-wide scan for linkage with overt proteinuria was performed in 18 Turkish 

families. Using parametric linkage analysis, strong evidence for linkage was found on 

chromosome 18q22.3 – q23 (40). The locus was mapped between the markers D18S43 and 

D18S50 and was supported by a highly significant logarithm of odds (LOD) score of 6.1. 

Linkage of diabetic nephropathy to 18q was confirmed by an affected sibpair analysis 

performed on Pima Indians and by a large sibpair analysis of African Americans (40, 41). In 

2005 the region was narrowed down to a single gene, i.e. the CNDP1 gene, encoding serum 

carnosinase or CN-1 (44). Within the signal peptide of CN-1 there is a polymorphic 

hydrophobic stretch containing a variable number of leucine residues (4 to 8 leucines). Since 

DN is less frequently found in diabetic individuals that are homozygous for the CN-1 gene 

variant encoding a hydrophobic stretch of 5 leucine, i.e. (CTG)5, it is believed that the (CTG)5 

allele is a recessive protective gene variant.  In healthy individuals this genotype is associated 

with low CN-1 activity in serum. The association between the CNDP1 gene polymorphism 

and DN has also been demonstrated in European Americans with type 2 diabetes (42). It 

should be underscored that the association between the CNDP1 (CTG)n polymorphism and 

diabetic nephropathy is mainly found in type 2 diabetic patients (44). Other studies in type 1 

diabetic patients could not confirm CNDP1 as susceptibility locus (241), although it might 

predict progression to ESRD in patients with DN (242). It has also been suggested that the 

association between the CNDP1 gene and diabetic nephropathy is sex specific and 

independent of susceptibility for type 2 diabetes (194). Why the CNDP1 polymorphism is 

associated with DN is at present not completely understood. The studies presented in this 

thesis were therefore conducted to seek a biological plausibility for the association by looking 

at the functional role of the (CTG)n repeat, and by studying the beneficial properties of 

carnosine, the natural substrate of CN-1. 

CN-1 is a secreted enzyme produced by the liver and the brain (55). Once secreted into the 

serum, CN-1 rapidly degrades the endogenous dipeptide carnosine, which might explain why 

carnosine concentrations in serum are generally low. Several studies have indicated that 

carnosine can function as a scavenger for reactive oxygen radicals and can inhibit the 

formation of advanced glycosylation endproducts (AGE) (110). For these reasons it has been 

suggested that carnosine might be a protective factor in DN. In chapter 2, we illustrate that the 

length of the (CTG)n repeat influences the efficiency of CN-1 secretion. While CN-1 is poorly 
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secreted when the CN-1 signal peptide contains a 4 or 5 leucine long hydrophobic stretch, i.e. 

the (CTG)4 or (CTG)5 CNDP1 gene variants, a more efficient secretion occurs when the CN-1 

signal peptide contains 6 or more leucine repeats. Although the experiments have been carried 

out in transfected Cos-7 cells, they are in line with earlier findings in healthy human 

individuals where it was found that (CTG)5 homozygous individuals have a lower serum CN-

1 activity. Moreover, as demonstrated in chapter 6 (CTG)5 homozygous individuals have a 

lower CN-1 protein concentration in serum, compared to individuals that carry a different 

genotype. The results of chapter 2 and 6 thus provide experimental evidence for the 

association between CNDP1 genotype and CN-1 activity (44) and suggest a functional role 

for the CNDP1 polymorphism.  

Because signal peptides are of instrumental importance for protein allocation (243), it is 

conceivable that signal peptide polymorphisms can impair proper allocation. This might result 

in an unbalanced distribution of proteins, e.g. an excess or deficiency of critical enzymes, 

within the serum or other specific cellular compartments. The involvement of signal peptide 

polymorphisms and inappropriate protein allocation in the pathology of various diseases, such 

as Alzheimer disease and atherosclerosis, has been suggested (244-247). Hence, susceptibility 

to DN might equally be influenced by an increased secretion of CN-1 into the serum that is 

caused by a signal peptide polymorphism. Akin to mutations found for other trinucleotide 

repeats, the CTG repeat in the CNDP1 signal peptide may have increased by a dynamic gain-

of-function mutation that causes an increased CN-1 secretion. Of note, CN-1 over-expression 

in diabetic db/db mice resulted in lower carnosine serum levels and more severe diabetic 

disease, reflected by worsened glucose metabolism (113).  

Similar to CN-1, most human serum proteins are glycosylated. Changes in enzymatic 

glycosylation of serum proteins are well known to be involved in several diseases, such as 

microbial infections, inflammations, autoimmune diseases and tumors (248, 249). Moreover, 

it has been demonstrated that enzymatic glycosylation is influenced by hyperglycemia (24, 

250). In chapter 3 we were able to show that apart from the (CTG)n polymorphism, N-

glycosylation is essential for appropriate secretion and enzyme activity of CN-1. Deletion of 

all three N-glycosylation sites impairs CN-1 secretion efficiency, while CN-1 activity is 

already diminished when two sites are deleted. We also provide evidence that in CNDP1 

transfected Cos-7 cells cultured in a high glucose milieu, the efficiency for N-glycosylation 

increases resulting in an increased secretion of CN-1.  More importantly, CN-1 secretion was 

increased despite the fact that Cos-7 cells were transfected with the (CTG)5 CNDP1 gene 
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variant, which, compared to other variants, is associated with a lower CN-1 secretion. This 

might indicate that in even in homozygous (CTG)5 diabetic patients serum CN-1 

concentrations could increase as a consequence of hyperglycemia. Indeed, we provide 

evidence in chapter 6 that homozygous (CTG)5 diabetic patients have higher serum CN-1 

protein levels and activity compared to genotype matched healthy controls. In addition, our 

data indicate that CN-1 protein expression in serum of homozygous (CTG)5 diabetic patients 

seems to correlate with blood glucose levels, further supporting the relevance of blood 

glucose control for CN-1 secretion. Accordingly, poor blood glucose control in diabetic 

patients might result in an increased CN-1 secretion, even in the presence of the (CTG)5 

allele.  

Independent of the relevance of CN-1 for diabetic complications, the data generated in 

chapter 3 and 6 propose a relationship between hyperglycemia and N-glycosylation/secretion 

of proteins. This might be a more general mechanism by which hyperglycemia changes 

protein profiles in a qualitative and quantitative fashion. In experimental diabetes, 

hyperglycemia induced changes in enzymatic glycosylation of proteins has already been 

demonstrated (24, 250). More recently, global changes in glycosylation of serum proteins 

have also been reported in type 1 diabetic patients. In fact, by analyzing the serum protein 

glycosylation pattern (251), the authors were able to tell whether the samples were obtained 

from diabetic or non-diabetic individuals. Although, the authors did not study individual 

serum proteins and did not study the impact of these changes with respect to chronic diabetic 

complications, they undoubtedly show that modifications in glycoprotein structures and their 

expression are common in serum of diabetic patients.   

In chapter 4 we describe ELISA assays for the detection of CN-1 in serum samples in a highly 

reproducible manner. While the ATLAS-based assay correlates with CN-1 activity, this was 

not found for the RYSK-based assay. CN-1 seems to be present in different conformations as 

only a fraction of CN-1 detected with the ATLAS-based assay is also detected with the 

RYSK-based assay and detection of CN-1 with the RYSK-based assay is increased by 

addition of EDTA to serum or by denaturation of serum proteins.  In chapter 5 we show that 

although CN-1 activity in serum is lower in children than adults, CN-1 protein concentrations 

are not remarkably different if measured in EDTA plasma with the RYSK173 ELISA. It 

should be emphasized however that there is no good correlation between CN-1 concentration 

and CN-1 activity when serum or plasma samples are measured with the RYSK173 ELISA. 

Nevertheless the RYSK173 ELISA showed qualitative differences between adults and 
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children in that serum of the majority of children were clearly positive. In children there was 

no significant difference in CN-1 concentrations between EDTA plasma and serum when 

measured with RYSK173.   

RYSK173 is most likely not recognizing a conformational CN-1 epitope since addition of 

DTT to serum dramatically increased detection of CN-1 by this antibody. It is more likely that 

RYSK173 recognizes a linear epitope in vicinity of the metal ion binding residues within CN-

1. The RYSK173 epitope might become masked upon binding of certain metal ions. Although 

addition of EDTA to serum increases detection of CN-1 in the RYSK173 ELISA, in adults the 

concentration of CN-1 in EDTA plasma is only approximately 10% of that detected in serum 

to which DTT was added. This might suggest that only a small proportion of metal ions 

within CN-1 can be chelated by EDTA. In RYSK173 positive sera, it might be that part of the 

CN-1 is either not occupied by metal ions, or alternatively, that part of the CN-1 is occupied 

by different metal ions that do not cause masking of the RYSK173 epitope.  Evidence for ion 

dependent conformational changes in the CN-1 protein has been reported by Vistoli et al 

(173), Schoen et al (252) and Lenny et al (51). Their data underline the importance of metal 

ions, e.g. Magnesium or Cadmium, for CN-1 activity (54).   

In general, allosteric modulation of enzymes enhances or inhibits substrate binding and 

thereby represents an important regulatory mechanism. Because CN-1 activity in children is 

low, it might be that CN-1 has an allosteric ligand, which is present in children but not in 

adults. At present it is unclear whether the different CN-1 conformations, albeit not 

completely understood at the structural level, contribute to susceptibility to develop DN or 

whether these conformations are relevant for CN-1 activity. With respect to the latter 

however, it should be emphasized that in RYSK173 positive sera, the amount of CN-1 

detected by RYSK173 is less than 1 % of total CN-1, suggesting that its contribution to total 

CN-1 activity marginal.    

In chapter 5 we present a competitive CN-1 inhibitor that is present in human serum, i.e. 

homocarnosine. Homocarnosine dose-dependently inhibits CN-1 activity towards carnosine 

as substrate. CN-1 activity for carnosine is 4-6 times higher in serum than in CSF, which is 

might be explained by a lower CN-1 expression, or alternatively by a higher homocarnosine 

concentrations in CSF. Homocarnosine may be a good candidate for therapeutic treatment of 

patients at risk for diabetic nephropathy, as it would be expected to reduce degradation of 

carnosine in serum. There is a great body of evidence that homocarnosine has neuroprotective 
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properties (164, 253). Because homocarnosine may serve as a repository for GABA 

production (254), supplementation with homocarnosine may consequently increase GABA 

levels. In fact, an analog of GABA, i.e. Gabapentin, is even used for the treatment of chronic 

pain caused by diabetic neuropathy (255). Treatment of diabetic patients with homocarnosine 

may therefore have a beneficial effect beyond its possible reno-protective properties. Yet, it 

remains to be evaluated whether the peptide or its degradation products exert toxic side effect.  

In keeping with the fact that CN-1 activity might be influence by glycemic control, allosteric 

conformation and homocarnosine concentrations, it is clear that DN might develop even in the 

presence of a protective genotype. Therefore, genetic screening alone is not sufficient to 

identify patients at risk but should be accompanied by direct measurements of serum CN-1 

activity or expression. Measurement of CN-1 activity is a protracted, interference-prone 

method that is difficult to standardize. For that reason, we established an ELISA system in 

chapter 4 to quantitatively determine the amount of CN-1 present in serum. CN1 

concentrations can be assessed by the ATLAS ELISA and correlate with CN1 activity. The 

CN-1 ELISA provides the possibility to run large series and therefore could be the basis for 

risk stratification of diabetic patients. Measurement of serum CN-1 expression, enzyme 

inhibition or substrate supplementation could optimize current therapeutic approaches and 

disease management of diabetic patients.  

To address the potential beneficial effect of carnosine on diabetic complications, we 

performed in vitro and in vivo experiments, described in chapter 7 and 8.  In vitro studies 

demonstrate that carnosine inhibits hyperglycemia-induced collagen 6 (Col6) and fibronectin 

(FN) accumulation in human mesangial cells, both at the protein and mRNA level. Also the 

production of TGF-β was inhibited by carnosine. Interestingly, addition of exogenous TGF-β 

could not overcome the effect of carnosine on Col6 and FN expression, suggesting that 

inhibition of extracellular matrix accumulation was not mediated via inhibition of TGF-β 

production. Because carnosine also inhibits TGF-ß mediated Smad2 posphorylation, it seems 

that carnosine can modulate matrix accumulation in two ways. Firstly, inhibition of TGF-ß 

production might result in an overall inhibition of matrix accumulation and secondly 

carnosine inhibits TGF-β induced matrix accumulation, most likely via inhibition of the 

ALK5 pathway. 

In chapter 8 in vivo experiments are performed to address whether carnosine in-take in STZ 

induced diabetic rats influences biochemical changes and glomerular apoptosis in the kidney 

cortex. Although we did not find an anti-oxidative or anti-glycating function of carnosine in 
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our study, we could show that carnosine treatment inhibits the up-regulation of pro-apoptotic 

molecules in the diabetic kidney and prevents podocyte loss. Even though we cannot provide 

a general mechanism by which carnosine protects the diabetic kidney, carnosine seems to 

have at least cytoprotective and anti-fibrotic properties.  

Overall, the results from chapter 7 and 8 suggest that carnosine might locally counterbalance 

glomerular cell loss and fibrosis, both of which cause progressive glomerular scarring that 

characteristic for diabetic glomerulosclerosis. Scarring is generally microscopically 

characterized by hypocellularity and excessive collagenation. The ability of carnosine to 

accelerate the production of scar tissue has already been described for skin wounds (256, 

257). The apparent interference of carnosine with the TGF-ß ALK-5 signaling on one hand 

and the failure of carnosine to counterbalance the diabetic biochemical dysbalance on the 

other hand, point out that the protective effect of carnosine is rather mediated by a direct than 

indirect mechanism. As indicated in chapter 1, many of the biological functions of carnosine 

have not yet been fully characterized. Although carnosine should be carefully evaluated for 

toxic side effects, the abundance of patents describing medical applications of carnosine 

attests its potential as therapeutic agents (258-262).   

The availability of carnosine, either via ingestion or endogenously synthesized by carnosine 

synthase, is determined by CN-1 activity in serum. Gardener et al. have reported that ingested 

carnosine cannot be detected in human serum because of CN-1 activity, but can be recovered 

in urine. Carnosine recovery varied substantially between subjects and correlated negatively 

with CN-1 activity in plasma (70). At the time of Gardener’s publication, the relation between 

the CN-1 polymorphism and serum CN-1 activity was not known yet. The authors speculated 

that differences in physical activity of the studied subjects caused variation in CN-1 activity. 

It also needs to be discussed why individuals that have a higher CN-1 activity do not have per 

se a noticeable phenotype and why the CN-1 genotype is reno-protective in the setting of 

diabetes, but is not protective in coronary heart disease and is not associated with longevity 

(263). Interestingly, in chapter 8 we could show that carnosine is reduced in the diabetic 

kidney of rats compared to healthy rats. The diabetic environment might therefore reduce the 

amount of carnosine in the kidney and that might explain why carnosine levels subsequently 

become critical in diabetic individuals that have a high CN-1 activity. Nevertheless, unlike 

humans, rodents do not have a CN-1 in serum, but their cellular counterpart might also be up-

regulated by hyperglycemia. Besides carnosine metabolism, carnosine clearance and excretion 

in the urine might be increased in diabetes. Profiling of carnosine in plasma and urine after 
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ingestion of the dipeptide by healthy and diabetic subjects could shed light on that issue and 

should therefore come into the focus of future studies. 

 

It should be noted that a recently performed study did not find an association between the 

CNPD1 genotype and muscle carnosine content (264), but suggested that carnosine tissue 

levels are rather dependent on age, vegetarianism and gender. Because muscle tissue is an 

important side of carnosine synthesis and deposit, it is obvious that muscle tissue is not 

suitable to examine a general effect of CN-1 activity on tissue carnosine levels and does not 

exclude that CN-1 in serum determines carnosine levels in other tissues. It should also be 

emphasized that genotype dependent differences in CN-1 secretion on kidney carnosine levels 

remain to be investigated. Future studies should therefore focus on carnosine levels in the 

kidney and examine inter-individual differences with respect to genetic (CNDP1) and 

environmental (hyperglycemia) factors. Yet, noninvasive measurement of kidney carnosine 

levels is difficult to achieve, and require the development of new robust methods.  

In conclusion, the studies described in this thesis demonstrate that the CNDP1 (CTG)n 

polymorphism is a functional polymorphism which partly determines the expression of CN-1 

in serum. Low serum CN-1 expression implicates that less carnosine is degraded and more 

carnosine is available to protection the diabetic kidney. Carnosine might avoid progressive 

glomerular scarring by inhibiting TGF-ß production and signaling through the ALK-5 

pathway and prevents diabetes induced podocyte loss. It should be noted that carnosine levels 

are determined by three independent variables, i.e. carnosine up-take, carnosine synthesis and 

carnosine degradation. If carnosine is a protective factor in DN, susceptibility to develop DN 

is not entirely determined by the CN-1 genotype, but should also be influenced by diet, 

muscle content and physical activity. Moreover, independent of genotype the also 

environmental factors, e.g. hyperglycemia or homocarnosine concentrations, contributes to 

the susceptibility to develop DN, as they influence CN-1 secretion and activity, respectively. 

Risk stratification of diabetic patients has the potential for an improved clinical care of 

diabetic patients. Although the CNDP1 gene polymorphism and serum CN-1 quantification 

might help to meet this demand, other parameters such glycemic control should be 

implemented in such strategies. Further studies are required to address the importance of the 

carnosinase-carnosine system in DN, to elucidate why the CNDP1 gene polymorphism is not 

associated with DN in type 1 diabetic patients and to understand the partly conflicting studies 

on this association in type 2 diabetic patients (138).  



 

 162 



   

 163 

APPENDICES 

 

 

 



APPENDICES 

 164 

ACKNOWLEDGEMENTS  

This thesis would not have been possible without the guidance and the help of several 

individuals who in one way or another contributed and extended their valuable assistance in 

the preparation and completion of the studies present in this thesis. 

First and foremost, I like to thank my supervisor Professor Benito Antonio Yard whose 

sincerity and encouragement I will never forget. I thank you for opening so many 

opportunities for me that made my work in your lab to a great experience. Benito you have 

shown me that being a scientist is more than just a job but is also an attitude towards life. I 

really enjoyed the, sometimes nightlong, discussions with you and I really benefitted from 

your enthusiasm.  

I would also like to show my gratitude to all of the coworkers in Benito’s lab. Jutta, Sophie, 

Annette, Silke, Katharina, Dagmar, Renate and Kristina, you were all always helpful and had 

an open ear for me. I thank you for the outstanding good working atmosphere in the lab with 

which you have lightened up my PhD work. Paula, I also owe my deepest gratitude to you. 

Without your help and support this thesis would not have been possible. Hannes, I thank you 

for being a friend and for supporting me during my work in Benito’s lab. Verena, it has been a 

pleasure to cooperate with you, I thank you for your support. Last but not least, I like to thank 

all other coworkers and students from Benito’s lab for the good collaborations and the fun we 

had.      

This thesis would also not have been possible without Professor Gerjan Navis. I admire your 

work and it has been an honor for me that you have been my supervisor and promoter. I thank 

you for giving me the opportunity to come to your lab and for supporting my work. Thanks 

and gratitude also goes to Dr. Jaap van den Born and Dr. Stephan Bakker, who made 

available their support in a number of ways. Prof. Navis, Dr. Bakker, Dr. van den Born, 

receiving you critics on my work was inspiring and always a great help. I also like to thank 

the members of the experimental nephrology lab in Groningen for their help and the 

friendliness. Especially I like to Alaa for his efforts. 

I also like to thank Professor Hans Pater Hammes and his lab team Nadine, Valerie, Ulrike, 

Petra, Franziska, Yuxi and Jihong for their help and support. The collaborations with your lab 

were always very nice and I also owe you much.  



  APPENDICES 

 165 

I also would like to show my gratitude to Professor Fokko van der Woude, who unfortunately 

passed away on 4th December 2006. I thank him for making my participation in the 

International Graduate School “Vascular Medicine” (GRK 880) possible. I also like to thank 

his wife Mrs. van der Woude for giving me Dutch lesions.    

I also would like to show my gratitude to my GRK 880 colleagues, especially Tobi, Francis, 

Jenny, Jingjing, Yumei, Natalia and Hui for the great time I had in the GRK. I hope that we 

will be able to keep in touch in the future.  

A special thanks also goes to Mrs. Englert, who was always helpful and organized a lot of 

things for us. 

I am heartily thankful to my family for supporting me in every way. Frederick and Luke, I 

love you and I am looking forward to our future path. 

Last but not least, I like to thank Martha and Edwin for being my paranymphen.



APPENDICES 

 166 

PUBLICATION LIST  

 

Eva Riedl, Hannes Koeppel, Paul Brinkkoetter, Paula Sternik, Herbert Steinbeisser, Sibylle 

Sauerhoefer, Bart Janssen, Fokko J. van der Woude†, Benito A. Yard. A CTG Polymorphism 

in the CNDP-1 gene determines the secretion of serum carnosinase in Cos-7 transfected cells. 

Diabetes 56: 2410–2413, 2007 

 

Eva Riedl, Hannes Koeppel, Frederick Pfister, Verena Peters, Sibylle Sauerhoefer, Paula 

Sternik, Paul Brinkkoetter, Hanswalter Zentgraf, Gerjan Navis, Rob H Henning, Jaap Van 

Den Born, Stephan JL Bakker, Bart Janssen, Fokko J. van der Woude†, and Benito A. Yard. 

N-Glycosylation of Carnosinase influences protein secretion and enzyme activity: 

Implications for hyperglycemia. Diabetes 59: 1984–1990, 2010 

 

Verena Peters, Mustafa Kebbewar, Erwin W. Jansen, Cornelis Jakobs, Eva Riedl, Hannes 

Köppel, Dirk Frey, Katja Adelmann, Kristina Klingbeil, M. Mack, Georg F. Hoffmann, Bart 

Janssen, Johannes Zschocke, Benito A. Yard. Relevance of allosteric confirmations and 

homocarnosine concentration on carnosinase (CN1) activity. Amino Acids 38: 1607-1615, 

2010 

 

Verena Peters, Erwin W. Jansen, Cornelis Jakobs, Eva Riedl, Bart Janssen, Benito A. Yard,  

Johannes Wedel, Georg F. Hoffmann, Johannes Zschocke, Daniel Gotthardt, Christine 

Fischer, Hannes Köppel. Anserine inhibits carnosine degradation but in human serum 

carnosinase (CN1) is not correlated with histidine dipeptide concentration. Clin Chem Acta 

2010 

 

Hannes Koeppel, Eva Riedl, Margarita Braunagel, Sibylle Sauerhoefer, Sabrina Ehnert, 

Patricio Godoy, Paula Sternik, Steven Dooley, Benito A. Yard. L-Carnosine inhibits high 

glucose mediated matrix accumulation in human mesangial cells by interfering with TGF-β 

production and signaling. NDT accepted 2011 

 

Eva Riedl, Frederick Pfister, Margarita Braunagel, Paul Brinkkötter, Paula Sternik, Martina 

Deinzer, Stephan J.L. Bakker, Rob H. Henning, Jacob van den Born, Bernhard K. Krämer, 

Gerjan Navis, Hans-Peter Hammes, Benito Yard, Hannes Koeppel. L-Carnosine Prevents 



  APPENDICES 

 167 

Apoptosis Of Glomerular Cells And Podocyte Loss In STZ Diabetic Rats. Cell Physiol 

Biochem 28:279-288, 2011    

 

Frederick Pfister, Eva Riedl, Qian Wang, Franziska vom Hagen, Martina Deinzer, Martin C. 

Harmsen, Grietje Molema, Benito Yard, Yuxi Feng, Hans-Peter Hammes. Oral carnosine 

supplementation prevents vascular dama[Pfister,  #2418]ge in experimental diabetic 

retinopathy. Cell Physiol Biochem  28:125-136, 2011    

  

 

AWARD 

 

2008 Advancement Award of the German Diabetes Association ”Deutsche Diabetes 

Gesellschaft”: „Etablierung eines ELISA-Systems zur quantitativen Messung des Enzyms 

Serum Carnosinase in humanem Serum.“ 

 

 



APPENDICES 

 168 

CURRICULUM VITAE 

 
 

Personal Data 

 

Born on 21th August 1981 in Erlangen, Germany 

 

Egellstrasse 9 

68168 Mannheim 

 

Tel. 004917624335630 

E-Mail: eva.riedl1@gmx.de 

 

Marital status: unmarried, 1 child 

       

 
  

General and Scientific Education 
 

1992 -2002 Highschool – Gymnasium Fränkische Schweiz Ebermannstadt  

2002 -2004  Medical Studies at the Albert Szent-Györgyi-University in Szeged (Hungary) 

 

2004 -2009 Medical Studies at the Ruprecht-Karls-University in Heidelberg (Germany)  

 

2007 -2010 Graduate Student at the international Graduate School GRK 880 “vascular 

Medicine” of the Universities of Heidelberg and Groningen. Doctoral 

Fellowship of the German Research Foundation (DFG)  

 

10/2009 Medical Broad Certification as a physician (MD) 

 

02/-11/2010 MD/PhD-Program at the Graduate School for Drug Exploration (GUIDE) of 

the University of Groningen in cooperation with the University of Heidelberg. 

Fellowship of the “Nederlandse Organisatie voor Wetenschappelijk 

Onderzoek” (NWO)  



   

 169 



APPENDICES 

 

 170 

REFERENCES 

 

1. Locatelli F, Canaud B, Eckardt KU, Stenvinkel P, et al. The importance of diabetic 
nephropathy in current nephrological practice. Nephrol Dial Transplant 2003; 18: 
1716-1725. 

 
2. Ritz E, Rychlik I, Locatelli F, Halimi S. End-stage renal failure in type 2 diabetes: A 

medical catastrophe of worldwide dimensions. Am J Kidney Dis 1999; 34: 795-808. 
 
3. Remuzzi G, Schieppati A, Ruggenenti P. Nephropathy in Patients with Type 2 

Diabetes. New England Journal of Medicine 2002; 346: 1145-1151. 
 
4. Effect of intensive therapy on the development and progression of diabetic 

nephropathy in the Diabetes Control and Complications Trial. The Diabetes Control 
and Complications (DCCT) Research Group. Kidney Int 1995; 47: 1703-1720. 

 
5. Intensive Diabetes Treatment and Cardiovascular Disease in Patients with Type 1 

Diabetes. New England Journal of Medicine 2005; 353: 2643-2653. 
 
6. Adler AI, Stevens RJ, Manley SE, Bilous RW, et al. Development and progression of 

nephropathy in type 2 diabetes: the United Kingdom Prospective Diabetes Study 
(UKPDS 64). Kidney Int 2003; 63: 225-232. 

 
7. Gross JL, de Azevedo MJ, Silveiro SP, Canani LH, et al. Diabetic nephropathy: 

diagnosis, prevention, and treatment. Diabetes Care 2005; 28: 164-176. 
 
8. Haffner SM, Gonzales C, Valdez RA, Mykkanen L, et al. Is microalbuminuria part of 

the prediabetic state? The Mexico City Diabetes Study. Diabetologia 1993; 36: 1002-
1006. 

 
9. Dinneen SF, Gerstein HC. The association of microalbuminuria and mortality in non-

insulin-dependent diabetes mellitus. A systematic overview of the literature. Arch 
Intern Med 1997; 157: 1413-1418. 

 
10. Foley RN, Murray AM, Li S, Herzog CA, et al. Chronic kidney disease and the risk 

for cardiovascular disease, renal replacement, and death in the United States Medicare 
population, 1998 to 1999. J Am Soc Nephrol 2005; 16: 489-495. 

 
11. Mogensen CE. Microalbuminuria predicts clinical proteinuria and early mortality in 

maturity-onset diabetes. N Engl J Med 1984; 310: 356-360. 
 
12. Kimmelstiel P, Wilson C. Intercapillary Lesions in the Glomeruli of the Kidney. Am J 

Pathol 1936; 12: 83-98 87. 
 
13. Jefferson JA, Shankland SJ, Pichler RH. Proteinuria in diabetic kidney disease: a 

mechanistic viewpoint. Kidney Int 2008; 74: 22-36. 
 
14. Pagtalunan ME, Miller PL, Jumping-Eagle S, Nelson RG, et al. Podocyte loss and 

progressive glomerular injury in type II diabetes. J Clin Invest 1997; 99: 342-348. 
 



  APPENDICES 

 171 

15. Reddy GR, Kotlyarevska K, Ransom RF, Menon RK. The podocyte and diabetes 
mellitus: is the podocyte the key to the origins of diabetic nephropathy? Curr Opin 
Nephrol Hypertens 2008; 17: 32-36. 

 
16. Wolf G, Chen S, Ziyadeh FN. From the periphery of the glomerular capillary wall 

toward the center of disease: podocyte injury comes of age in diabetic nephropathy. 
Diabetes 2005; 54: 1626-1634. 

 
17. Susztak K, Raff AC, Schiffer M, Bottinger EP. Glucose-induced reactive oxygen 

species cause apoptosis of podocytes and podocyte depletion at the onset of diabetic 
nephropathy. Diabetes 2006; 55: 225-233. 

 
18. Meyer TW, Bennett PH, Nelson RG. Podocyte number predicts long-term urinary 

albumin excretion in Pima Indians with Type II diabetes and microalbuminuria. 
Diabetologia 1999; 42: 1341-1344. 

 
19. Brownlee M. The pathobiology of diabetic complications: a unifying mechanism. 

Diabetes 2005; 54: 1615-1625. 
 
20. 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: 154-158. 

 
21. Kolm-Litty V, Sauer U, Nerlich A, Lehmann R, et al. High glucose-induced 

transforming growth factor beta1 production is mediated by the hexosamine pathway 
in porcine glomerular mesangial cells. J Clin Invest 1998; 101: 160-169. 

 
22. Kolm-Litty V, Tippmer S, Haring HU, Schleicher E. Glucosamine induces 

translocation of protein kinase C isoenzymes in mesangial cells. Exp Clin Endocrinol 
Diabetes 1998; 106: 377-383. 

 
23. Sayeski PP, Kudlow JE. Glucose metabolism to glucosamine is necessary for glucose 

stimulation of transforming growth factor-alpha gene transcription. J Biol Chem 1996; 
271: 15237-15243. 

 
24. Bar-On H, Nesher G, Teitelbaum A, Ziv E. Dolichol-mediated enhanced protein N-

glycosylation in experimental diabetes--a possible additional deleterious effect of 
hyperglycemia. J Diabetes Complications 1997; 11: 236-242. 

 
25. Forbes JM, Cooper ME, Oldfield MD, Thomas MC. Role of advanced glycation end 

products in diabetic nephropathy. J Am Soc Nephrol 2003; 14: S254-258. 
 
26. Lee HB, Yu MR, Yang Y, Jiang Z, et al. Reactive oxygen species-regulated signaling 

pathways in diabetic nephropathy. J Am Soc Nephrol 2003; 14: S241-245. 
 
27. Schleicher ED, Weigert C. Role of the hexosamine biosynthetic pathway in diabetic 

nephropathy. Kidney Int Suppl 2000; 77: S13-18. 
 
28. Piek E, Heldin CH, Ten Dijke P. Specificity, diversity, and regulation in TGF-beta 

superfamily signaling. FASEB J 1999; 13: 2105-2124. 
 



APPENDICES 

 

 172 

29. Chen S, Jim B, Ziyadeh FN. Diabetic nephropathy and transforming growth factor-
beta: transforming our view of glomerulosclerosis and fibrosis build-up. Semin 
Nephrol 2003; 23: 532-543. 

 
30. Hill C, Flyvbjerg A, Gronbaek H, Petrik J, et al. The renal expression of transforming 

growth factor-beta isoforms and their receptors in acute and chronic experimental 
diabetes in rats. Endocrinology 2000; 141: 1196-1208. 

 
31. Andersen AR, Christiansen JS, Andersen JK, Kreiner S, et al. Diabetic nephropathy in 

Type 1 (insulin-dependent) diabetes: an epidemiological study. Diabetologia 1983; 
25: 496-501. 

 
32. Parving HH. Diabetic nephropathy: prevention and treatment. Kidney Int 2001; 60: 

2041-2055. 
 
33. 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: 1161-1165. 

 
34. Freedman BI, Spray BJ, Tuttle AB, Buckalew VM, Jr. The familial risk of end-stage 

renal disease in African Americans. Am J Kidney Dis 1993; 21: 387-393. 
 
35. Pettitt DJ, Saad MF, Bennett PH, Nelson RG, et al. Familial predisposition to renal 

disease in two generations of Pima Indians with type 2 (non-insulin-dependent) 
diabetes mellitus. Diabetologia 1990; 33: 438-443. 

 
36. McGill MJ, Donnelly R, Molyneaux L, Yue DK. Ethnic differences in the prevalence 

of hypertension and proteinuria in NIDDM. Diabetes Res Clin Pract 1996; 33: 173-
179. 

 
37. Cowie CC, Port FK, Wolfe RA, Savage PJ, et al. Disparities in incidence of diabetic 

end-stage renal disease according to race and type of diabetes. N Engl J Med 1989; 
321: 1074-1079. 

 
38. Imperatore G, Hanson RL, Pettitt DJ, Kobes S, et al. Sib-pair linkage analysis for 

susceptibility genes for microvascular complications among Pima Indians with type 2 
diabetes. Pima Diabetes Genes Group. Diabetes 1998; 47: 821-830. 

 
39. Iyengar SK, Abboud HE, Goddard KA, Saad MF, et al. Genome-wide scans for 

diabetic nephropathy and albuminuria in multiethnic populations: the family 
investigation of nephropathy and diabetes (FIND). Diabetes 2007; 56: 1577-1585. 

 
40. Vardarli I, Baier LJ, Hanson RL, Akkoyun I, et al. Gene for susceptibility to diabetic 

nephropathy in type 2 diabetes maps to 18q22.3-23. Kidney Int 2002; 62: 2176-2183. 
 
41. Bowden DW, Colicigno CJ, Langefeld CD, Sale MM, et al. A genome scan for 

diabetic nephropathy in African Americans. Kidney Int 2004; 66: 1517-1526. 
 
42. Freedman BI, Hicks PJ, Sale MM, Pierson ED, 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: 1131-1135. 



  APPENDICES 

 173 

 
43. Li WD, Dong C, Li D, Garrigan C, et al. A quantitative trait locus influencing fasting 

plasma glucose in chromosome region 18q22-23. Diabetes 2004; 53: 2487-2491. 
 
44. Janssen B, Hohenadel D, Brinkkoetter P, Peters V, et al. Carnosine as a protective 

factor in diabetic nephropathy: association with a leucine repeat of the carnosinase 
gene CNDP1. Diabetes 2005; 54: 2320-2327. 

 
45. Hanson HT, Smith EL. Carnosinase; an enzyme of swine kidney. J Biol Chem 1949; 

179: 789-801. 
 
46. Bando K, Shimotsuji T, Toyoshima H, Hayashi C, et al. Fluorometric assay of human 

serum carnosinase activity in normal children, adults and patients with myopathy. Ann 
Clin Biochem 1984; 21 ( Pt 6): 510-514. 

 
47. Kunze N, Kleinkauf H, Bauer K. Characterization of two carnosine-degrading 

enzymes from rat brain. Partial purification and characterization of a carnosinase and a 
beta-alanyl-arginine hydrolase. Eur J Biochem 1986; 160: 605-613. 

 
48. Margolis FL, Grillo M, Grannot-Reisfeld N, Farbman AI. Purification, 

characterization and immunocytochemical localization of mouse kidney carnosinase. 
Biochim Biophys Acta 1983; 744: 237-248. 

 
49. Wolos A, Piekarska K, Glogowski J, Konieczka I. Two molecular forms of swine 

kidney carnosinase. Int J Biochem 1978; 9: 57-62. 
 
50. Wood T. Carnosine and carnosinase in rat tissue. Nature 1957; 180: 39-40. 
 
51. Lenney JF, Peppers SC, Kucera-Orallo CM, George RP. Characterization of human 

tissue carnosinase. Biochem J 1985; 228: 653-660. 
 
52. Lenney JF. Human cytosolic carnosinase: evidence of identity with prolinase, a non-

specific dipeptidase. Biol Chem Hoppe Seyler 1990; 371: 167-171. 
 
53. Perry TL, Hansen S, Love DL. Serum-carnosinase deficiency in carnosinaemia. 

Lancet 1968; 1: 1229-1230. 
 
54. Lenney JF, George RP, Weiss AM, Kucera CM, et al. Human serum carnosinase: 

characterization, distinction from cellular carnosinase, and activation by cadmium. 
Clin Chim Acta 1982; 123: 221-231. 

 
55. Teufel M, Saudek V, Ledig JP, Bernhardt A, et al. Sequence identification and 

characterization of human carnosinase and a closely related non-specific dipeptidase. J 
Biol Chem 2003; 278: 6521-6531. 

 
56. Jackson MC, Kucera CM, Lenney JF. Purification and properties of human serum 

carnosinase. Clin Chim Acta 1991; 196: 193-205. 
 
57. McLoughlin DM, Wassif WS, Morton J, Spargo E, et al. Metabolic abnormalities 

associated with skeletal myopathy in severe anorexia nervosa. Nutrition 2000; 16: 
192-196. 



APPENDICES 

 

 174 

 
58. Wassif WS, Preedy VR, Summers B, Duane P, et al. The relationship between muscle 

fibre atrophy factor, plasma carnosinase activities and muscle RNA and protein 
composition in chronic alcoholic myopathy. Alcohol Alcohol 1993; 28: 325-331. 

 
59. Wassif WS, Sherwood RA, Amir A, Idowu B, et al. Serum carnosinase activities in 

central nervous system disorders. Clin Chim Acta 1994; 225: 57-64. 
 
60. Gulewitsch W. Ueber das Carnosin, eine neue organische Base des Fleischextractes.. 

Berichte der deutschen chemischen Gesellschaft, 1900; 33(2) 1902-1903 
 
61. Boldyrev AA, Severin SE. The histidine-containing dipeptides, carnosine and 

anserine: distribution, properties and biological significance. Adv Enzyme Regul 1990; 
30: 175-194. 

 
62. Bonfanti L, Peretto P, De Marchis S, Fasolo A. Carnosine-related dipeptides in the 

mammalian brain. Prog Neurobiol 1999; 59: 333-353. 
 
63. Quinn PJ, Boldyrev AA, Formazuyk VE. Carnosine: its properties, functions and 

potential therapeutic applications. Mol Aspects Med 1992; 13: 379-444. 
 
64. Horinishi H, Grillo M, Margolis FL. Purification and characterization of carnosine 

synthetase from mouse olfactory bulbs. J Neurochem 1978; 31: 909-919. 
 
65. Carnegie PR, Ilic MZ, Etheridge MO, Collins MG. Improved high-performance liquid 

chromatographic method for analysis of histidine dipeptides anserine, carnosine and 
balenine present in fresh meat. J Chromatogr 1983; 261: 153-157. 

 
66. Bauchart C, Savary-Auzeloux I, Patureau Mirand P, Thomas E, et al. Carnosine 

concentration of ingested meat affects carnosine net release into the portal vein of 
minipigs. J Nutr 2007; 137: 589-593. 

 
67. Ferraris RP, Diamond J, Kwan WW. Dietary regulation of intestinal transport of the 

dipeptide carnosine. Am J Physiol 1988; 255: G143-150. 
 
68. Park YJ, Volpe SL, Decker EA. Quantitation of carnosine in humans plasma after 

dietary consumption of beef. J Agric Food Chem 2005; 53: 4736-4739. 
 
69. Tamaki N, Ikeda T, Fujimoto S, Mizutani N. Carnosine as a histidine source: transport 

and hydrolysis of exogeneous carnosine by rat intestine. J Nutr Sci Vitaminol (Tokyo) 
1985; 31: 607-618. 

 
70. Gardner ML, Illingworth KM, Kelleher J, Wood D. Intestinal absorption of the intact 

peptide carnosine in man, and comparison with intestinal permeability to lactulose. J 
Physiol 1991; 439: 411-422. 

 
71. Tamaki N, Funatsuka A, Fujimoto S, Hama T. The utilization of carnosine in rats fed 

on a histidine-free diet and its effect on the levels of tissue histidine and carnosine. J 
Nutr Sci Vitaminol (Tokyo) 1984; 30: 541-551. 

 



  APPENDICES 

 175 

72. Severin SE, Kirzon MV, Kaftanova TM. [Effect of carnosine and anserine on action of 
isolated frog muscles.]. Dokl Akad Nauk SSSR 1953; 91: 691-694. 

 
73. Davey CL. The effects of carnosine and anserine on glycolytic reactions in skeletal 

muscle. Arch Biochem Biophys 1960; 89: 296-302. 
 
74. Ikeda T, Kimura K, Hama T, Tamaki N. Activation of rabbit muscle fructose 1,6-

bisphosphatase by histidine and carnosine. J Biochem 1980; 87: 179-185. 
 
75. Johnson P, Aldstadt J. Effects of carnosine and anserine on muscle and non-muscle 

phosphorylases. Comp Biochem Physiol B 1984; 78: 331-333. 
 
76. Parker CJ, Jr., Ring E. A comparative study of the effect of carnosine on myofibrillar-

ATPase activity of vertebrate and invertebrate muscles. Comp Biochem Physiol 1970; 
37: 413-419. 

 
77. Begum G, Cunliffe A, Leveritt M. Physiological role of carnosine in contracting 

muscle. Int J Sport Nutr Exerc Metab 2005; 15: 493-514. 
 
78. Nagradova NK. [Studies on the properties of 3-phosphoglyceraldehyde dehydrogenase 

and of soluble alpha-glycerophosphate dehydrogenase.]. Biokhimiia 1959; 24: 336-
344. 

 
79. Boldyrev AA, Gallant SC, Sukhich GT. Carnosine, the protective, anti-aging peptide. 

Biosci Rep 1999; 19: 581-587. 
 
80. Hipkiss AR. Carnosine, a protective, anti-ageing peptide? Int J Biochem Cell Biol 

1998; 30: 863-868. 
 
81. Hipkiss AR. On the enigma of carnosine's anti-ageing actions. Exp Gerontol 2009; 44: 

237-242. 
 
82. McFarland GA, Holliday R. Retardation of the senescence of cultured human diploid 

fibroblasts by carnosine. Exp Cell Res 1994; 212: 167-175. 
 
83. McFarland GA, Holliday R. Further evidence for the rejuvenating effects of the 

dipeptide L-carnosine on cultured human diploid fibroblasts. Exp Gerontol 1999; 34: 
35-45. 

 
84. Yuneva MO, Bulygina E.R., Gallant S.C., et al. . Effect of carnosine on age-induced 

changes in senescence-accelerated mice. J Anti Aging Med 1999; 2: 337–342  
 
85. Stvolinsky S, Antipin M, Meguro K, Sato T, et al. Effect of Carnosine and Its Trolox-

Modified Derivatives on Life Span of Drosophila melanogaster. Rejuvenation Res. 
 
86. Yuneva AO, Kramarenko GG, Vetreshchak TV, Gallant S, et al. Effect of carnosine 

on Drosophila melanogaster lifespan. Bull Exp Biol Med 2002; 133: 559-561. 
 
87. Johnson P, Hammer JL. Histidine dipeptide levels in ageing and hypertensive rat 

skeletal and cardiac muscles. Comp Biochem Physiol B 1992; 103: 981-984. 
 



APPENDICES 

 

 176 

88. Stuerenburg HJ, Kunze K. Concentrations of free carnosine (a putative membrane-
protective antioxidant) in human muscle biopsies and rat muscles. Arch Gerontol 
Geriatr 1999; 29: 107-113. 

 
89. Tallon MJ, Harris RC, Maffulli N, Tarnopolsky MA. Carnosine, taurine and enzyme 

activities of human skeletal muscle fibres from elderly subjects with osteoarthritis and 
young moderately active subjects. Biogerontology 2007; 8: 129-137. 

 
90. Hipkiss AR. Would carnosine or a carnivorous diet help suppress aging and associated 

pathologies? Ann N Y Acad Sci 2006; 1067: 369-374. 
 
91. Lee YT, Hsu CC, Lin MH, Liu KS, et al. Histidine and carnosine delay diabetic 

deterioration in mice and protect human low density lipoprotein against oxidation and 
glycation. Eur J Pharmacol 2005; 513: 145-150. 

 
92. Calabrese V, Colombrita C, Guagliano E, Sapienza M, et al. Protective effect of 

carnosine during nitrosative stress in astroglial cell cultures. Neurochem Res 2005; 30: 
797-807. 

 
93. 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: 3175-3179. 

 
94. Hipkiss AR, Michaelis J, Syrris P. Non-enzymatic glycosylation of the dipeptide L-

carnosine, a potential anti-protein-cross-linking agent. FEBS Lett 1995; 371: 81-85. 
 
95. Seidler NW. Carnosine prevents the glycation-induced changes in electrophoretic 

mobility of aspartate aminotransferase. J Biochem Mol Toxicol 2000; 14: 215-220. 
 
96. Yan H, Harding JJ. Carnosine protects against the inactivation of esterase induced by 

glycation and a steroid. Biochim Biophys Acta 2005; 1741: 120-126. 
 
97. Baran EJ. Metal complexes of carnosine. Biochemistry (Mosc) 2000; 65: 789-797. 
 
98. Dobrota D, Fedorova T, Stvolinsky S, Babusikova E, et al. Carnosine protects the 

brain of rats and Mongolian gerbils against ischemic injury: after-stroke-effect. 
Neurochem Res 2005; 30: 1283-1288. 

 
99. Fouad AA, El-Rehany MA, Maghraby HK. The hepatoprotective effect of carnosine 

against ischemia/reperfusion liver injury in rats. Eur J Pharmacol 2007; 572: 61-68. 
 
100. Fujii T, Takaoka M, Muraoka T, Kurata H, et al. Preventive effect of L-carnosine on 

ischemia/reperfusion-induced acute renal failure in rats. Eur J Pharmacol 2003; 474: 
261-267. 

 
101. Fujii T, Takaoka M, Tsuruoka N, Kiso Y, et al. Dietary supplementation of L-

carnosine prevents ischemia/reperfusion-induced renal injury in rats. Biol Pharm Bull 
2005; 28: 361-363. 

 
102. Gallant S, Kukley M, Stvolinsky S, Bulygina E, et al. Effect of carnosine on rats under 

experimental brain ischemia. Tohoku J Exp Med 2000; 191: 85-99. 



  APPENDICES 

 177 

 
103. Brownson C, Hipkiss AR. Carnosine reacts with a glycated protein. Free Radic Biol 

Med 2000; 28: 1564-1570. 
 
104. Hipkiss AR, Chana H. Carnosine protects proteins against methylglyoxal-mediated 

modifications. Biochem Biophys Res Commun 1998; 248: 28-32. 
 
105. Battah S, Ahmed N, Thornalley PJ. Novel anti-glycation therapeutic agents: 

glyoxalase-1-mimetics. Int Congr Ser 2002; 1245. 
 
106. Aldini G, Carini M, Beretta G, Bradamante S, et al. Carnosine is a quencher of 4-

hydroxy-nonenal: through what mechanism of reaction? Biochem Biophys Res 
Commun 2002; 298: 699-706. 

 
107. Aldini G, Facino RM, Beretta G, Carini M. Carnosine and related dipeptides as 

quenchers of reactive carbonyl species: from structural studies to therapeutic 
perspectives. Biofactors 2005; 24: 77-87. 

 
108. Carini M, Aldini G, Beretta G, Arlandini E, et al. Acrolein-sequestering ability of 

endogenous dipeptides: characterization of carnosine and homocarnosine/acrolein 
adducts by electrospray ionization tandem mass spectrometry. J Mass Spectrom 2003; 
38: 996-1006. 

 
109. Hipkiss AR, Preston JE, Himswoth DT, Worthington VC, et al. Protective effects of 

carnosine against malondialdehyde-induced toxicity towards cultured rat brain 
endothelial cells. Neurosci Lett 1997; 238: 135-138. 

 
110. Hipkiss AR, Preston JE, Himsworth DT, Worthington VC, et al. Pluripotent protective 

effects of carnosine, a naturally occurring dipeptide. Ann N Y Acad Sci 1998; 854: 37-
53. 

 
111. Hipkiss AR, Brownson C, Carrier MJ. Carnosine, the anti-ageing, anti-oxidant 

dipeptide, may react with protein carbonyl groups. Mech Ageing Dev 2001; 122: 
1431-1445. 

 
112. 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: 1067-1070. 

 
113. Sauerhofer S, Yuan G, Braun GS, Deinzer M, et al. L-carnosine, a substrate of 

carnosinase-1, influences glucose metabolism. Diabetes 2007; 56: 2425-2432. 
 
114. 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: 1706-1709. 

 
115. Nakagawa K, Ueno A, Nishikawa Y. Interactions between carnosine and captopril on 

free radical scavenging activity and angiotensin-converting enzyme activity in vitro. 
Yakugaku Zasshi 2006; 126: 37-42. 

 



APPENDICES 

 

 178 

116. Taal MW, Brenner BM. Achieving maximal renal protection in nondiabetic chronic 
renal disease. Am J Kidney Dis 2001; 38: 1365-1371. 

 
117. Brenner BM, Cooper ME, de Zeeuw D, Keane WF, et al. Effects of losartan on renal 

and cardiovascular outcomes in patients with type 2 diabetes and nephropathy. N Engl 
J Med 2001; 345: 861-869. 

 
118. Hasslacher C, Ritz E, Wahl P, Michael C. Similar risks of nephropathy in patients 

with type I or type II diabetes mellitus. Nephrol Dial Transplant 1989; 4: 859-863. 
 
119. 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: 
837-853. 

 
120. Parving HH, Andersen AR, Smidt UM, Svendsen PA. Early aggressive 

antihypertensive treatment reduces rate of decline in kidney function in diabetic 
nephropathy. Lancet 1983; 1: 1175-1179. 

 
121. Freedman BI, Bowden DW, Sale MM, Langefeld CD, et al. Genetic susceptibility 

contributes to renal and cardiovascular complications of type 2 diabetes mellitus. 
Hypertension 2006; 48: 8-13. 

 
122. Boldyrev A, Bulygina E, Leinsoo T, Petrushanko I, et al. Protection of neuronal cells 

against reactive oxygen species by carnosine and related compounds. Comp Biochem 
Physiol B Biochem Mol Biol 2004; 137: 81-88. 

 
123. Parving HH, Lehnert H, Brochner-Mortensen J, Gomis R, et al. [Effect of irbesartan 

on the development of diabetic nephropathy in patients with type 2 diabetes]. Ugeskr 
Laeger 2001; 163: 5519-5524. 

 
124. Martoglio B, Dobberstein B. Signal sequences: more than just greasy peptides. Trends 

Cell Biol 1998; 8: 410-415. 
 
125. von Heijne G. Signal sequences. The limits of variation. J Mol Biol 1985; 184: 99-

105. 
 
126. Zschocke J, Nebel A, Wicks K, Peters V, et al. Allelic variation in the CNDP1 gene 

and its lack of association with longevity and coronary heart disease. Mech Ageing 
Dev 2006; 127: 817-820. 

 
127. Hebert DN, Garman SC, Molinari M. The glycan code of the endoplasmic reticulum: 

asparagine-linked carbohydrates as protein maturation and quality-control tags. Trends 
Cell Biol 2005; 15: 364-370. 

 
128. Fleisher LD, Rassin DK, Wisniewski K, Salwen HR. Carnosinase deficiency: a new 

variant with high residual activity. Pediatr Res 1980; 14: 269-271. 
 
129. Gjessing LR, Lunde HA, Morkrid L, Lenney JF, et al. Inborn errors of carnosine and 

homocarnosine metabolism. J Neural Transm Suppl 1990; 29: 91-106. 
 



  APPENDICES 

 179 

130. Duane P, Peters TJ. Serum carnosinase activities in patients with alcoholic chronic 
skeletal muscle myopathy. Clin Sci (Lond) 1988; 75: 185-190. 

 
131. Ritz E, Rychlík I, Locatelli F, Halimi S. End-stage renal failure in type 2 diabetes: A 

medical catastrophe of worldwide dimensions. Am J Kidney Dis 1999; 34: 795-808. 
 
132. Parving HH. Hypertension Optimal Treatment (HOT) trial. Lancet 1998; 352: 574-

575. 
 
133. Riedl E, Koeppel H, Brinkkoetter P, Sternik P, et al. A CTG polymorphism in the 

CNDP1 gene determines the secretion of serum carnosinase in Cos-7 transfected cells. 
Diabetes 2007; 56: 2410-2413. 

 
134. Hipkiss A, Preston J, Himsworth D, Worthington V, et al. Pluripotent protective 

effects of carnosine, a naturally occurring dipeptide. Ann N Y Acad Sci 1998; 854: 37-
53. 

 
135. Fouad A, El-Rehany M, Maghraby H. The hepatoprotective effect of carnosine against 

ischemia/reperfusion liver injury in rats. Eur J Pharmacol 2007; 572: 61-68. 
 
136. Kurata H, Fujii T, Tsutsui H, Katayama T, et al. Renoprotective effects of l-carnosine 

on ischemia/reperfusion-induced renal injury in rats. J Pharmacol Exp Ther 2006; 
319: 640-647. 

 
137. Rajanikant G, Zemke D, Senut M, Frenkel M, et al. Carnosine is neuroprotective 

against permanent focal cerebral ischemia in mice. Stroke 2007; 38: 3023-3031. 
 
138. Wanic K, Placha G, Dunn J, Smiles A, et al. 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: 2547-
2551. 

 
139. Bakker SJ, Alkhalaf A, Tarnow L, Navis G. Re: 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: e16; 
author reply e17. 

 
140. Molinari M. N-glycan structure dictates extension of protein folding or onset of 

disposal. Nat Chem Biol 2007; 3: 313-320. 
 
141. Broschat KO, Gorka C, Page JD, Martin-Berger CL, et al. Kinetic characterization of 

human glutamine-fructose-6-phosphate amidotransferase I: potent feedback inhibition 
by glucosamine 6-phosphate. J Biol Chem 2002; 277: 14764-14770. 

 
142. Lau KS, Partridge EA, Grigorian A, Silvescu CI, et al. Complex N-glycan number and 

degree of branching cooperate to regulate cell proliferation and differentiation. Cell 
2007; 129: 123-134. 

 
143. Sasai K, Ikeda Y, Fujii T, Tsuda T, et al. UDP-GlcNAc concentration is an important 

factor in the biosynthesis of beta1,6-branched oligosaccharides: regulation based on 



APPENDICES 

 

 180 

the kinetic properties of N-acetylglucosaminyltransferase V. Glycobiology 2002; 12: 
119-127. 

 
144. Teufel M, Saudek V, Ledig J, Bernhardt A, et al. Sequence identification and 

characterization of human carnosinase and a closely related non-specific dipeptidase. 
The Journal of biological chemistry 2003; 278: 6521-6531. 

 
145. Antenos M, Stemler M, Boime I, Woodruff TK. N-linked oligosaccharides direct the 

differential assembly and secretion of inhibin alpha- and betaA-subunit dimers. Mol 
Endocrinol 2007; 21: 1670-1684. 

 
146. Li Y, Yang X, Nguyen AH, Brockhausen I. Requirement of N-glycosylation for the 

secretion of recombinant extracellular domain of human Fas in HeLa cells. Int J 
Biochem Cell Biol 2007; 39: 1625-1636. 

 
147. Zhou W, Tsai HM. N-Glycans of ADAMTS13 modulate its secretion and von 

Willebrand factor cleaving activity. Blood 2009; 113: 929-935. 
 
148. Olivari S, Molinari M. Glycoprotein folding and the role of EDEM1, EDEM2 and 

EDEM3 in degradation of folding-defective glycoproteins. FEBS letters 2007; 581: 
3658-3664. 

 
149. Ellgaard L, Molinari M, Helenius A. Setting the standards: quality control in the 

secretory pathway. Science (New York, NY 1999; 286: 1882-1888. 
 
150. Ito K, Seri A, Kimura F, Matsudomi N. Site-specific glycosylation at Asn-292 in 

ovalbumin is essential to efficient secretion in yeast. Journal of biochemistry 2007; 
141: 193-199. 

 
151. Pradere JP, Tarnus E, Gres S, Valet P, et al. Secretion and lysophospholipase D 

activity of autotaxin by adipocytes are controlled by N-glycosylation and signal 
peptidase. Biochimica et biophysica acta 2007; 1771: 93-102. 

 
152. Gladysheva IP, King SM, Houng AK. N-glycosylation modulates the cell-surface 

expression and catalytic activity of corin. Biochemical and biophysical research 
communications 2008; 373: 130-135. 

 
153. Pacheco B, Maccarana M, Goodlett DR, Malmstrom A, et al. Identification of the 

active site of DS-epimerase 1 and requirement of N-glycosylation for enzyme 
function. The Journal of biological chemistry 2009; 284: 1741-1747. 

 
154. Wendt T, Tanji N, Guo J, Hudson B, et al. Glucose, glycation, and RAGE: 

implications for amplification of cellular dysfunction in diabetic nephropathy. J Am 
Soc Nephrol 2003; 14: 1383-1395. 

 
155. Bierhaus A, Hofmann M, Ziegler R, Nawroth P. AGEs and their interaction with 

AGE-receptors in vascular disease and diabetes mellitus. I. The AGE concept. 
Cardiovasc Res 1998; 37: 586-600. 

 
156. Berry E, Ziv E, Bar-On H. Protein and glycoprotein synthesis and secretion by the 

diabetic liver. Diabetologia 1980; 19: 535-540. 



  APPENDICES 

 181 

 
157. Berry E, Ziv E, Bar-On H. Lipoprotein secretion by isolated perfused livers from 

streptozotocin-diabetic rats. Diabetologia 1981; 21: 402-408. 
 
158. Jones J, Krag SS, Betenbaugh MJ. Controlling N-linked glycan site occupancy. 

Biochimica et biophysica acta 2005; 1726: 121-137. 
 
159. Peters V, Kebbewar M, Jansen EW, Jakobs C, et al. Relevance of allosteric 

conformations and homocarnosine concentration on carnosinase activity. Amino acids 
2009. 

 
160. Harris RC, Tallon MJ, Dunnett M, Boobis L, et al. The absorption of orally supplied 

beta-alanine and its effect on muscle carnosine synthesis in human vastus lateralis. 
Amino Acids 2006; 30: 279-289. 

 
161. Hill CA, Harris RC, Kim HJ, Harris BD, et al. Influence of beta-alanine 

supplementation on skeletal muscle carnosine concentrations and high intensity 
cycling capacity. Amino Acids 2007; 32: 225-233. 

 
162. Derave W, Ozdemir MS, Harris RC, Pottier A, et al. beta-Alanine supplementation 

augments muscle carnosine content and attenuates fatigue during repeated isokinetic 
contraction bouts in trained sprinters. J Appl Physiol 2007; 103: 1736-1743. 

 
163. Stout JR, Cramer JT, Zoeller RF, Torok D, et al. Effects of beta-alanine 

supplementation on the onset of neuromuscular fatigue and ventilatory threshold in 
women. Amino Acids 2007; 32: 381-386. 

 
164. Tabakman R, Lazarovici P, Kohen R. Neuroprotective effects of carnosine and 

homocarnosine on pheochromocytoma PC12 cells exposed to ischemia. J Neurosci 
Res 2002; 68: 463-469. 

 
165. De Marchis S, Modena C, Peretto P, Giffard C, et al. Carnosine-like immunoreactivity 

in the central nervous system of rats during postnatal development. J Comp Neurol 
2000; 426: 378-390. 

 
166. Baguet A, Reyngoudt H, Pottier A, Everaert I, et al. Carnosine loading and washout in 

human skeletal muscles. J Appl Physiol 2009; 106: 837-842. 
 
167. Drozak J, Veiga-da-Cunha M, Vertommen D, Stroobant V, et al. Molecular 

identification of carnosine synthase as ATP-grasp domain-containing protein 1 
(ATPGD1). J Biol Chem 285: 9346-9356. 

 
168. Riedl E, Koeppel H, Brinkkoetter P, Sternik P, et al. A CTG polymorphism in the 

CNDP1 gene determines the secretion of serum carnosinase in Cos-7 transfected cells. 
Diabetes 2007; 56: 2410-2413. 

 
169. Peters V, Kebbewar M, Jansen EW, Jakobs C, et al. Relevance of allosteric 

conformations and homocarnosine concentration on carnosinase activity. Amino Acids 
38: 1607-1615. 

 



APPENDICES 

 

 182 

170. Riedl E, Koeppel H, Pfister F, Peters V, et al. N-glycosylation of carnosinase 
influences protein secretion and enzyme activity: implications for hyperglycemia. 
Diabetes 59: 1984-1990. 

 
171. Riedl E, Koeppel H, Pfister F, Peters V, et al. N-Glycosylation of Carnosinase 

influences protein secretion and enzyme activity: Implications for hyperglycemia. 
Diabetes. 

 
172. Murphey WH, Patchen L, Lindmark DG. Carnosinase: A fluorometric assay and 

demonstration of two electrophoretic forms in human tissue extracts. Clinica Chimica 
Acta 1972; 42: 309-314. 

 
173. Vistoli G, Pedretti A, Cattaneo M, Aldini G, et al. Homology modeling of human 

serum carnosinase, a potential medicinal target, and MD simulations of its allosteric 
activation by citrate. J Med Chem 2006; 49: 3269-3277. 

 
174. Crush KG. Carnosine and related substances in animal tissues. Comp Biochem Physiol 

1970; 34: 3-30. 
 
175. Bauer K. Carnosine and homocarnosine, the forgotten, enigmatic peptides of the brain. 

Neurochem Res 2005; 30: 1339-1345. 
 
176. Aydogan S, Yapislar H, Artis S, Aydogan B. Impaired erythrocytes deformability in 

H(2)O(2)-induced oxidative stress: protective effect of L-carnosine. Clin Hemorheol 
Microcirc 2008; 39: 93-98. 

 
177. Baslow MH. A novel key-lock mechanism for inactivating amino acid 

neurotransmitters during transit across extracellular space. Amino Acids 38: 51-55. 
 
178. Min J, Senut MC, Rajanikant K, Greenberg E, et al. Differential neuroprotective 

effects of carnosine, anserine, and N-acetyl carnosine against permanent focal 
ischemia. J Neurosci Res 2008; 86: 2984-2991. 

 
179. Kendrick IP, Harris RC, Kim HJ, Kim CK, et al. The effects of 10 weeks of resistance 

training combined with beta-alanine supplementation on whole body strength, force 
production, muscular endurance and body composition. Amino Acids 2008; 34: 547-
554. 

 
180. Kim HJ. Comparison of the carnosine and taurine contents of vastus lateralis of 

elderly Korean males, with impaired glucose tolerance, and young elite Korean 
swimmers. Amino Acids 2009; 36: 359-363. 

 
181. Perry TL, Hansen S, Stedman D, Love D. Homocarnosine in human cerebrospinal 

fluid: an age-dependent phenomenon. J Neurochem 1968; 15: 1203-1206. 
 
182. Bando K, Ichihara K, Toyoshima H, Shimotuji T, et al. Decreased activity of 

carnosinase in serum of patients with chronic liver disorders. Clin Chem 1986; 32: 
1563-1565. 

 
183. Roesel RA. Carnosinuria and serum carnosinase deficiency in a child with congenital 

myopathy. . Federation proceedings 1981; 40: 461-465. 



  APPENDICES 

 183 

 
184. Balion CM, Benson C, Raina PS, Papaioannou A, et al. Brain type carnosinase in 

dementia: a pilot study. BMC Neurol 2007; 7: 38. 
 
185. Jansen EE, Gibson KM, Shigematsu Y, Jakobs C, et al. A novel, quantitative assay for 

homocarnosine in cerebrospinal fluid using stable-isotope dilution liquid 
chromatography-tandem mass spectrometry. J Chromatogr B Analyt Technol Biomed 
Life Sci 2006; 830: 196-200. 

 
186. Schonherr J. Analysis of products of animal origin in feeds by determination of 

carnosine and related dipeptides by high-performance liquid chromatography. J Agric 
Food Chem 2002; 50: 1945-1950. 

 
187. Margolis FL, Grillo M, Brown CE, Williams TH, et al. Enzymatic and immunological 

evidence for two forms of carnosinase in the mouse. Biochim Biophys Acta 1979; 570: 
311-323. 

 
188. Krolewski AS, Warram JH, Christlieb AR, Busick EJ, et al. The changing natural 

history of nephropathy in type I diabetes. Am J Med 1985; 78: 785-794. 
 
189. Kunzelman CL, Knowler WC, Pettitt DJ, Bennett PH. Incidence of proteinuria in type 

2 diabetes mellitus in the Pima Indians. Kidney Int 1989; 35: 681-687. 
 
190. Nelson RG, Knowler WC, Pettitt DJ, Hanson RL, et al. Incidence and determinants of 

elevated urinary albumin excretion in Pima Indians with NIDDM. Diabetes Care 
1995; 18: 182-187. 

 
191. Schmitz A, Vaeth M, Mogensen CE. Systolic blood pressure relates to the rate of 

progression of albuminuria in NIDDM. Diabetologia 1994; 37: 1251-1258. 
 
192. Ravid M, Brosh D, Ravid-Safran D, Levy Z, et al. Main risk factors for nephropathy 

in type 2 diabetes mellitus are plasma cholesterol levels, mean blood pressure, and 
hyperglycemia. Arch Intern Med 1998; 158: 998-1004. 

 
193. Gall MA, Hougaard P, Borch-Johnsen K, Parving HH. Risk factors for development 

of incipient and overt diabetic nephropathy in patients with non-insulin dependent 
diabetes mellitus: prospective, observational study. BMJ 1997; 314: 783-788. 

 
194. Mooyaart AL, Zutinic A, Bakker SJ, Grootendorst DC, et al. Association between 

CNDP1 genotype and diabetic nephropathy is sex specific. Diabetes 59: 1555-1559. 
 
195. Peters V, Jansen EE, Jakobs C, Riedl E, et al. Anserine inhibits carnosine degradation 

but in human serum carnosinase (CN1) is not correlated with histidine dipeptide 
concentration. Clin Chim Acta. 

 
196. Schena FP, Gesualdo L. Pathogenetic mechanisms of diabetic nephropathy. J Am Soc 

Nephrol 2005; 16 Suppl 1: S30-33. 
 
197. Ziyadeh FN, Sharma K, Ericksen M, Wolf G. Stimulation of collagen gene expression 

and protein synthesis in murine mesangial cells by high glucose is mediated by 



APPENDICES 

 

 184 

autocrine activation of transforming growth factor-beta. J Clin Invest 1994; 93: 536-
542. 

 
198. McGowan TA, Dunn SR, Falkner B, Sharma K. Stimulation of urinary TGF-beta and 

isoprostanes in response to hyperglycemia in humans. Clin J Am Soc Nephrol 2006; 1: 
263-268. 

 
199. Sharma K, McGowan TA. TGF-beta in diabetic kidney disease: role of novel 

signaling pathways. Cytokine Growth Factor Rev 2000; 11: 115-123. 
 
200. Sraer JD, Delarue F, Hagege J, Feunteun J, et al. Stable cell lines of T-SV40 

immortalized human glomerular mesangial cells. Kidney international 1996; 49: 267-
270. 

 
201. Tesseur I, Zou K, Berber E, Zhang H, et al. Highly sensitive and specific bioassay for 

measuring bioactive TGF-beta. BMC cell biology 2006; 7: 15. 
 
202. Leask A, Abraham DJ. TGF-beta signaling and the fibrotic response. Faseb J 2004; 

18: 816-827. 
 
203. Ziyadeh FN. Mediators of diabetic renal disease: the case for tgf-Beta as the major 

mediator. J Am Soc Nephrol 2004; 15 Suppl 1: S55-57. 
 
204. Moustakas A, Heldin CH. Non-Smad TGF-beta signals. J Cell Sci 2005; 118: 3573-

3584. 
 
205. Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in TGF-

beta family signalling. Nature 2003; 425: 577-584. 
 
206. Tsuchida K, Zhu Y, Siva S, Dunn SR, et al. Role of Smad4 on TGF-beta-induced 

extracellular matrix stimulation in mesangial cells. Kidney Int 2003; 63: 2000-2009. 
 
207. Bhattacharyya S, Chen SJ, Wu M, Warner-Blankenship M, et al. Smad-independent 

transforming growth factor-beta regulation of early growth response-1 and sustained 
expression in fibrosis: implications for scleroderma. Am J Pathol 2008; 173: 1085-
1099. 

 
208. Liu C, Yao J, Mercola D, Adamson E. The transcription factor EGR-1 directly 

transactivates the fibronectin gene and enhances attachment of human glioblastoma 
cell line U251. J Biol Chem 2000; 275: 20315-20323. 

 
209. Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, et al. Balancing the activation 

state of the endothelium via two distinct TGF-beta type I receptors. The EMBO 
journal 2002; 21: 1743-1753. 

 
210. Ha H, Oh EY, Lee HB. The role of plasminogen activator inhibitor 1 in renal and 

cardiovascular diseases. Nat Rev Nephrol 2009; 5: 203-211. 
 
211. Lee HB, Ha H. Plasminogen activator inhibitor-1 and diabetic nephropathy. 

Nephrology (Carlton, Vic 2005; 10 Suppl: S11-13. 
 



  APPENDICES 

 185 

212. Catania JM, Chen G, Parrish AR. Role of matrix metalloproteinases in renal 
pathophysiologies. Am J Physiol Renal Physiol 2007; 292: F905-911. 

 
213. Thrailkill KM, Clay Bunn R, Fowlkes JL. Matrix metalloproteinases: their potential 

role in the pathogenesis of diabetic nephropathy. Endocrine 2009; 35: 1-10. 
 
214. Zhang SX, Wang JJ, Lu K, Mott R, et al. Therapeutic potential of angiostatin in 

diabetic nephropathy. J Am Soc Nephrol 2006; 17: 475-486. 
 
215. Inada A, Nagai K, Arai H, Miyazaki J, et al. Establishment of a diabetic mouse model 

with progressive diabetic nephropathy. Am J Pathol 2005; 167: 327-336. 
 
216. Singh R, Song RH, Alavi N, Pegoraro AA, et al. High glucose decreases matrix 

metalloproteinase-2 activity in rat mesangial cells via transforming growth factor-
beta1. Experimental nephrology 2001; 9: 249-257. 

 
217. Romanic AM, Burns-Kurtis CL, Ao Z, Arleth AJ, et al. Upregulated expression of 

human membrane type-5 matrix metalloproteinase in kidneys from diabetic patients. 
Am J Physiol Renal Physiol 2001; 281: F309-317. 

 
218. Kang BP, Frencher S, Reddy V, Kessler A, et al. High glucose promotes mesangial 

cell apoptosis by oxidant-dependent mechanism. Am J Physiol Renal Physiol 2003; 
284: F455-466. 

 
219. Yamagishi S, Inagaki Y, Okamoto T, Amano S, et al. Advanced glycation end 

product-induced apoptosis and overexpression of vascular endothelial growth factor 
and monocyte chemoattractant protein-1 in human-cultured mesangial cells. J Biol 
Chem 2002; 277: 20309-20315. 

 
220. Baba K, Minatoguchi S, Sano H, Kagawa T, et al. Involvement of apoptosis in 

patients with diabetic nephropathy: A study on plasma soluble Fas levels and 
pathological findings. Nephrology (Carlton) 2004; 9: 94-99. 

 
221. Kumar D, Robertson S, Burns KD. Evidence of apoptosis in human diabetic kidney. 

Mol Cell Biochem 2004; 259: 67-70. 
 
222. Isermann B, Vinnikov IA, Madhusudhan T, Herzog S, et al. Activated protein C 

protects against diabetic nephropathy by inhibiting endothelial and podocyte 
apoptosis. Nat Med 2007; 13: 1349-1358. 

 
223. Mooyaart AL, van Valkengoed IG, Shaw PK, Peters V, et al. Lower frequency of the 

5/5 homozygous CNDP1 genotype in South Asian Surinamese. Diabetes Res Clin 
Pract 2009; 85: 272-278. 

 
224. Fuji Y, Matsura T, Kai M, Kawasaki H, et al. Protection by polaprezinc, an anti-ulcer 

drug, against indomethacin-induced apoptosis in rat gastric mucosal cells. Jpn J 
Pharmacol 2000; 84: 63-70. 

 
225. Matsuu-Matsuyama M, Shichijo K, Okaichi K, Nakayama T, et al. Protection by 

polaprezinc against radiation-induced apoptosis in rat jejunal crypt cells. J Radiat Res 
(Tokyo) 2008; 49: 341-347. 



APPENDICES 

 

 186 

 
226. Omatsu T, Naito Y, Handa O, Mizushima K, et al. Reactive oxygen species-

quenching and anti-apoptotic effect of polaprezinc on indomethacin-induced small 
intestinal epithelial cell injury. J Gastroenterol. 

 
227. Odashima M, Otaka M, Jin M, Konishi N, et al. Induction of a 72-kDa heat-shock 

protein in cultured rat gastric mucosal cells and rat gastric mucosa by zinc L-
carnosine. Dig Dis Sci 2002; 47: 2799-2804. 

 
228. Baykara B, Tekmen I, Pekcetin C, Ulukus C, et al. The protective effects of carnosine 

and melatonin in ischemia-reperfusion injury in the rat liver. Acta Histochem 2009; 
111: 42-51. 

 
229. Kurata H, Fujii T, Tsutsui H, Katayama T, et al. Renoprotective effects of l-carnosine 

on ischemia/reperfusion-induced renal injury in rats. J Pharmacol Exp Ther 2006; 
319: 640-647. 

 
230. Hammes HP, Alt A, Niwa T, Clausen JT, et al. Differential accumulation of advanced 

glycation end products in the course of diabetic retinopathy. Diabetologia 1999; 42: 
728-736. 

 
231. Shinohara M, Thornalley PJ, Giardino I, Beisswenger P, et al. Overexpression of 

glyoxalase-I in bovine endothelial cells inhibits intracellular advanced glycation 
endproduct formation and prevents hyperglycemia-induced increases in 
macromolecular endocytosis. J Clin Invest 1998; 101: 1142-1147. 

 
232. Aruoma OI, Laughton MJ, Halliwell B. Carnosine, homocarnosine and anserine: could 

they act as antioxidants in vivo? Biochem J 1989; 264: 863-869. 
 
233. Decker EA, Livisay SA, Zhou S. A re-evaluation of the antioxidant activity of purified 

carnosine. Biochemistry (Mosc) 2000; 65: 766-770. 
 
234. Davey CL. The significance of carnosine and anserine in striated skeletal muscle. Arch 

Biochem Biophys 1960; 89: 303-308. 
 
235. Dunnett M, Harris RC. Influence of oral beta-alanine and L-histidine supplementation 

on the carnosine content of the gluteus medius. Equine Vet J Suppl 1999; 30: 499-504. 
 
236. Yoshimura A, Uda S, Inui K, Nemoto T, et al. Expression of bcl-2 and bax in 

glomerular disease. Nephrol Dial Transplant 1999; 14 Suppl 1: 55-57. 
 
237. Kriz W, Gretz N, Lemley KV. Progression of glomerular diseases: is the podocyte the 

culprit? Kidney Int 1998; 54: 687-697. 
 
238. Mundel P, Shankland SJ. Podocyte biology and response to injury. J Am Soc Nephrol 

2002; 13: 3005-3015. 
 
239. Nakamura T, Ushiyama C, Suzuki S, Hara M, et al. The urinary podocyte as a marker 

for the differential diagnosis of idiopathic focal glomerulosclerosis and minimal-
change nephrotic syndrome. Am J Nephrol 2000; 20: 175-179. 

 



  APPENDICES 

 187 

240. Steffes MW, Schmidt D, McCrery R, Basgen JM. Glomerular cell number in normal 
subjects and in type 1 diabetic patients. Kidney Int 2001; 59: 2104-2113. 

 
241. Wanic K, Placha G, Dunn J, Smiles A, et al. Exclusion of polymorphisms in 

carnosinase genes (CNDP1 & CNDP2) as cause of diabetic nephropathy in type 1 
diabetes mellitus. Results of large case - control and follow - up studies. Diabetes 
2008. 

 
242. Alkhalaf A, Bakker SJ, Bilo HJ, Gans RO, et al. A polymorphism in the gene 

encoding carnosinase (CNDP1) as a predictor of mortality and progression from 
nephropathy to end-stage renal disease in type 1 diabetes mellitus. Diabetologia. 

 
243. Blobel G, Walter P, Chang CN, Goldman BM, et al. Translocation of proteins across 

membranes: the signal hypothesis and beyond. Symp Soc Exp Biol 1979; 33: 9-36. 
 
244. Visvikis S, Chan L, Siest G, Drouin P, et al. An insertion deletion polymorphism in 

the signal peptide of the human apolipoprotein B gene. Hum Genet 1990; 84: 373-375. 
 
245. Nilsson LN, Das S, Potter H. Effect of cytokines, dexamethasone and the A/T-signal 

peptide polymorphism on the expression of alpha(1)-antichymotrypsin in astrocytes: 
significance for Alzheimer's disease. Neurochem Int 2001; 39: 361-370. 

 
246. Jaakkola U, Kakko T, Seppala H, Vainio-Jylha E, et al. The Leu7Pro polymorphism 

of the signal peptide of neuropeptide Y (NPY) gene is associated with increased levels 
of inflammatory markers preceding vascular complications in patients with type 2 
diabetes. Microvasc Res. 

 
247. Rosenblum JS, Gilula NB, Lerner RA. On signal sequence polymorphisms and 

diseases of distribution. Proc Natl Acad Sci U S A 1996; 93: 4471-4473. 
 
248. Hounsell EF, Young M, Davies MJ. Glycoprotein changes in tumours: a renaissance 

in clinical applications. Clin Sci 1997; 93: 287-293. 
 
249. Axford J. The impact of glycobiology on medicine. Trends Immunol 2001; 22: 237-

239. 
 
250. Yao D, Taguchi T, Matsumura T, Pestell R, et al. High glucose increases 

angiopoietin-2 transcription in microvascular endothelial cells through methylglyoxal 
modification of mSin3A. J Biol Chem 2007; 282: 31038-31045. 

 
251. Carlsson J, Gullstrand C, Ludvigsson J, Lundstrom I, et al. Detection of global 

glycosylation changes of serum proteins in type 1 diabetes using a lectin panel and 
multivariate data analysis. Talanta 2008; 76: 333-337. 

 
252. Schoen P, Everts H, de Boer T, van Oeveren W. Serum Carnosinase Activity in 

Plasma and Serum: Validation of a Method and Values in Cardiopulmonary Bypass 
Surgery. Clin Chem 2003; 49: 1930-1932. 

 
253. Tabakman R, Jiang H, Levine RA, Kohen R, et al. Apoptotic characteristics of cell 

death and the neuroprotective effect of homocarnosine on pheochromocytoma PC12 
cells exposed to ischemia. J Neurosci Res 2004; 75: 499-507. 



APPENDICES 

 

 188 

 
254. Jackson MC, Scollard DM, Mack RJ, Lenney JF. Localization of a novel pathway for 

the liberation of GABA in the human CNS. Brain Res Bull 1994; 33: 379-385. 
 
255. Backonja M, Beydoun A, Edwards KR, Schwartz SL, et al. Gabapentin for the 

Symptomatic Treatment of Painful Neuropathy in Patients With Diabetes Mellitus: A 
Randomized Controlled Trial. JAMA 1998; 280: 1831-1836. 

 
256. Fitzpatrick DW, Fisher H. Carnosine, histidine, and wound healing. Surgery 1982; 91: 

56-60. 
 
257. Nagai K, Suda T, Kawasaki K, Mathuura S. Action of carnosine and beta-alanine on 

wound healing. Surgery 1986; 100: 815-821. 
 
258. Bergstrom JS, SE) Method and compositions for the treatment of renal failure. In (vol 

6017942), United States, Baxter International Inc. (Deerfield, IL), 2000 
 
259. Inagaki TS, JP), Tagashira, Eijiro (Saitama, JP), Takaya, Masahiro (Shiga, JP), 

Nishimura, Yasuhiro (Osaka, JP) Preventive and therapeutic agent against liver 
disorder. In (vol 4927817), United States, Zeria Pharmaceutical Co., Ltd. (Tokyo, 
JP),Hamari Chemicals, Ltd. (Osaka, JP), 1990 

 
260. Yamaguchi MS, JP): Osteogenesis promoter. In (vol 5294634), United States, Zeria 

Pharmaceutical Co., Ltd. (Tokyo, JP),Hamari Chemicals Co., Ltd. (Osaka, JP), 1994 
 
261. Grigg GWLC, AU): Compositions And Methods For The Treatment Of Skin Damage. 

In (vol 20070275084), United States, 2007 
 
262. Del Soldato PMM, IT): Drugs for diabetes. In (vol 20040023890), United States, 2004 
 
263. Zschocke J, Nebel A, Wicks K, Peters V, et al. Allelic variation in the CNDP1 gene 

and its lack of association with longevity and coronary heart disease. Mechanisms of 
Ageing and Development 2006; 127: 817-820. 

 
264. Everaert I, Mooyaart A, Baguet A, Zutinic A, et al. Vegetarianism, female gender and 

increasing age, but not &lt;i&gt;CNDP1&lt;/i&gt; genotype, are associated with 
reduced muscle carnosine levels in humans. Amino Acids: 1-9. 

 
 
 

                                                 
i www.who.int  


