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1.1 General introduction  

1.1.1. Diabetes and diabetic nephropathy 

Diabetes, clinically manifested as hyperglycemia, is a chronic syndrome which is 

either caused by insulin deficiency (type 1) or insulin resistance (type 2). The 

incidence of diabetes, particularly for type2 diabetes, is increasing worldwide and is 

becoming a major problem in both developed and developing countries as diabetes 

associated healthcare expenditure is increasing in parallel. Diabetes is associated 

with hyperglycemia-specific microvascular complications; however, it also imparts a 

two- to fourfold risk for cardiovascular disease (CVD) [1]. It is the leading cause of 

end stage renal disease (ESRD) in the world. According to the latest figures from the 

International Diabetes Federation, 382 million people live with diabetes around the 

world (International Diabetes Federation (IDF) Diabetes Atlas. 6th edition, available 

online: http://www.idf.org/diabetesatlas), of which approximately one third will 

eventually develop chronic kidney disease [2]. Current therapies directed at delaying 

the progression of diabetic nephropathy (DN) include intensive glycemic and optimal 

blood pressure control, proteinuria and albuminuria reduction, interruption of the 

renin angiotensin-aldosterone system (RAAS) through the use of angiotensin 

converting enzyme inhibitors (ACEI) and angiotensin type-1 receptor blockers (ARB), 

along with dietary modification [3]. Although intensive glycemic therapy delays the 

onset or progression of DN in its early stages [4], controversy remains as to whether 

intensive therapy slows the progression of established DN [5, 6]. In addition, severe 

hypoglycemia has been associated with intensive glycemic therapy [7, 8], raising 

safety concerns that may be of particular relevance for patients with decreased 

kidney function. Improvement of diabetes management is therefore still warranted.  

It has been suggested that in the course of DN the RAAS becomes dysregulated, 

leading to an increase of glomerular capillary pressure. Because ACEIs and ARBs 
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inhibit the production and the action of angiotensin II respectively, ACEI or ARB 

treatment will decrease the intra-glomerular pressure and thus can minimize 

progression of glomerular disease in the absence of glycemic control [9, 10]. A 

number of experimental animal studies and landmark clinical trials have clearly 

demonstrated the efficacy of the RAAS blockade in terms of reduced 

glomerulosclerosis and albumin creatinine ratio [11-14]. Yet renal protection provided 

by most of the current therapeutic modalities is incomplete, hence new promising 

renoprotective therapies are emerging, e.g. inhibition of the sodium glucose 

transporter 2 (SGLT2) [15, 16]. 

 

1.1.2 Pathophysiology of diabetic nephropathy 

Permselectivity of the glomerular basement membrane (GBM) is based on both 

charge and size selectivity to assure that smaller negatively charged proteins, e.g. 

albumin, cannot pass the filtration barrier. Microalbuminuria (persistent albuminuria at 

levels of 30 - 300 mg/24 hours) or incipient nephropathy is the first clinical 

manifestation of DN. Heparan sulfate proteoglycans (HSPG) are abundantly present 

in the GBM, and may in part be responsible for the negative charge of the GBM. 

Hence, the loss of permselelctivity of the GBM already in the early stage of DN might 

be a consequence of an altered HSPG expression [17-20], yet findings in the 

podocyte specific Ext 1 [21] and in the NDST1 [22] gene knock-outs do not support 

this assumption. In the early stage of DN there is an increase in glomerular filtration 

rate (GFR) also known as hyperfiltration. It is believed that at this stage, auto-

regulation of renal blood flow is impaired. Consequently, systemic pressure is 

transferred to the glomerular capillary loops, resulting in hyperfiltration [23, 24]. This 

may explain the benefit of anti-hypertensive treatment in the treatment of DN [25, 26], 

although also additional renoprotective effects beyond blood pressure control have 
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been discussed [27, 28]. Along with the progression of DN, the GFR declines in a 

linear manner [23] and is accompanied by macroalbuminuria. Depending on the type 

of diabetes, overt nephropathy (i.e. persistent macroalbuminuria at levels of ≥300 

mg/24 hours) may develop after many years. Conversion to macroalbuminuria likely 

will progress to ESRD [29]. 

DN is characterized by mesangial matrix expansion, thickening of the GBM and 

nodular glomerulosclerosis (Kimmelstiel–Wilson nodules). The histo-pathological 

classification of DN is given in table.1 [30]. 

 

Tab. 1 Histological classification of DN (based on data from [30]).  

Class  
 

Description 
 

Inclusion Criteria 
 

I Mild or nonspecific light microscopic 
changes and EM-proven GBM thickening 

Biopsy does not meet any of the criteria 
mentioned below for class II, III, or IV.  
GBM > 395 nm in female and >430 nm in 
male individuals who are 9 years of age 
and older. 

IIa       Mild mesangial expansion Biopsy does not meet criteria for class III 
or IV. 
Mild mesangial expansion in >25% of the 
observed mesangium. 

IIb       Severe mesangial expansion Biopsy does not meet criteria for class III 
or IV. 
Severe mesangial expansion in >25% of 
the observed mesangium. 

III        Nodular sclerosis (Kimmelstiel–Wilson  
           lesion) 

Biopsy does not meet criteria for class IV. 
At least one convincing Kimmelstiel–
Wilson lesion. 

IV Advanced diabetic glomerulosclerosis Global glomerular sclerosis in >50% of 
glomeruli. 
Lesions from classes I through III.  

 

1.1.3 Diabetic nephropathy and risk factors 

The incidence of DN is approximately 40% in type 1 and type 2 diabetic patients [31] 

and is the leading cause of ESRD [32]. Major risk factors for development and 

progression of DN include hyperglycemia, duration of diabetes, obesity, blood 
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pressure, dyslipidemia, life style, age and gender [33]. Even though glycemic control 

and hypertension are the major therapeutic targets for the treatment of diabetic 

patients, it should be emphasized that DN can still develop in patients with well-

controlled blood glucose concentrations and treated with anti-hypertensive 

medications. However, progression of renal function deterioration is significantly 

retarded by latter treatment modality [4, 26].  

Based on numerous epidemiologic studies there is now compelling evidence that the 

susceptibility to develop DN is genetically determined [34, 35]. In addition, several 

genome wide linkage studies have revealed an association between DN and 

susceptibility loci on different chromosome [36-38]. Since the serum carnosinase 

gene (CNDP1) is amongst the susceptibility loci reported in literature and topic of this 

thesis, in the following I will first discuss the physiology of histidine containing 

dipeptides (HCD) with emphasis on carnosine. 

 

1.1.4 Physiology of histidine containing peptide 

The most commonly found HCD in human are carnosine, anserine and 

homocarnosine. Carnosine can be converted into β-analyl-3-methyl- or 5-methyl-

histidine, also known as anserine and ophidine (= balenine) respectively, by 

methylation of the histidine moiety. These methylated analogues of carnosine are 

formed by methyltransferase activity, in which the methyl group of S-adenosyl-

methionine (SAM) acts as methyl donor and catalysis is provided by carnosine N-

methyltransferase [39].  

Under physiological condition, synthesis of carnosine is catalyzed by an ATP 

dependent carnosine synthase enzyme, which is present in skeletal- and heart 

muscles, brain [40] and liver [41]. The rate-limiting precursor for the synthesis of 

carnosine is β-alanine [42], and therefore, the increase of β-alanine concentrations in 
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these tissue can result in increased carnosine levels. Homocarnosine (γ-

aminobutyryl-L-histidine) is mostly present in cerebrospinal fluid and believed to be a 

depot for the neurotransmitter γ-Aminobutyric acid (GABA) [43] (Fig.1). 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Naturally occurring histidine-containing dipe ptides (1–5) and some relevant 

synthetic derivatives (6–9) [44]. 

 

Current knowledge on the physiological relevance of individual HCD is fragmentary, 

yet there are a number of studies that outline the role of carnosine and 

homocarnosine in muscle and brain. 

Because of its pH buffering capacity carnosine is widely used in the field of sports 

nutrition [45]. The majority of research relating to the ergogenic effects of elevated 

muscle carnosine content has been performed by food supplementation either via 

chicken breast extracts, high in HCD content, or via β-alanine [42, 46, 47]. The acid 

dissociation constant (pKa) of carnosine [48, 49] suggests that carnosine may 

attenuate the reduction in blood pH during strenuous exercise, and thus may 

suppress a loss of force in muscle [50]. At the same time, muscle carnosine content 

Carnosine (1) Anserine (2) Balenine (3) 

Homocarnosine (4) Carcinine (5) Histidylhydrazide (6) 

DAP-histidine (7) β3 homotyrosyl-D-His (8) Taurylhistidine (9) 
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positively correlates with high intensity exercise performance [51] and fast-twitch 

muscle fibers [52].  

It is reported that carnosine can readily pass through the blood brain barrier (BBB), 

acts as transmitter precursor of the histaminergic neuron system and effectively 

regulate brain histamine levels [53-55]. Synthesized from histidine by a unique 

enzymatic reaction mediated by L-histidine decarboxylase, histamine mediates 

multiple biological activities through four types of receptors (histamine receptors 

(HRs)): H1R, H2R, H3R, and H4R [56]. Since histamine cannot cross the BBB, brain 

histamine levels are strictly dependent on the conversion of histidine by L-histidine 

decarboxylase. As carnosine can freely cross the BBB, carnosine could serve as a 

reservoir for histamine. Indeed, recent studies by Zhu et al. demonstrated that 

carnosine can activate histamine neurons in a histidine decarboxylase dependent 

fashion [57]. Similarly Li et al [58] showed that orally administered carnosine 

significantly elevated brain histamine levels in restraint-stressed mice. Utilizing a 

model of permanent middle cerebral artery occlusion in mice, Shen et al [59] found 

that carnosine significantly improved neurological function and decreased infarct size 

in both L-histidine decarboxylase knockout and the corresponding wild-type mice to 

the same extent. These findings suggest that the neurological effects of carnosine 

are not solely due to its degradation by carnosinase (CNDP1) and subsequent 

conversion of L-histidine to histamine. Carnosine also decreases glutamate levels 

and preserves the expression of glutamate transporter-1 (GLT-1) in astrocytes 

exposed to ischemia in vivo and in vitro [59].   

Like carnosine, degradation of homocarnosine results in the release of L-histidine. 

However, degradation of homocarnosine also gives rise to GABA. GABA is the most 

abundant inhibitory neurotransmitter in the human brain and is of major interest to the 

clinical neuroscience community [60]. Abnormal GABA levels are postulated to play 
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an important role in various neurological disorders, in particular epilepsy [61] and in 

several psychiatric disorders [62-64].  

 

1.1.5 Carnosine and diabetic nephropathy 

L-carnosine is a major HCD found in skeletal muscle  [65], brain [66] and less 

abundantly in other tissues, e.g. kidney and spleen. The suggestion that L-carnosine 

may affect diabetic complications emerged from the finding that a polymorphism in 

the precursor protein of the carnosine degrading enzyme, CNDP1, is a susceptibility 

locus for developing DN in type 2 diabetic patients [67]. The association between DN 

and CNDP1 has been confirmed in other studies [68-71], and seems to be stronger in 

female [70] than male patients probably due to the fact that CNDP1 activity / 

concentration is lower in male subjects. The most compelling evidence to support the 

beneficial effect of carnosine in diabetes comes from animal studies where in a 

model of type 2 diabetes carnosine feeding retards the on-set of diabetes and its 

complications, while over-expression of CNDP1 significantly increased the 

progression to diabetes [72]. In type 2 diabetic patients and elderly people muscle 

carnosine concentrations are reduced [73]. In concordance to this, CNDP1 activity / 

concentration is increasing with age [74, 75] and is significantly higher in diabetic 

patients compared to age and sex matched healthy controls [76]. Preliminary data 

suggest that CNDP1 activity decreases as a consequence of exercise training 

(unpublished data). However, whether this type of life style change is instrumental to 

the beneficial effect of exercise training on glycemic control in type 2 diabetic patients 

[77] is still elusive. 

Oxidative stress may cause protein modifications, either directly via reactive oxygen 

species (ROS), or indirectly by reactive carbonyl products formed by auto-oxidation 

of carbohydrates, lipids or amino acids. While auto-oxidation of carbohydrates yields 
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precursors of advanced glycation end-products (AGE), e.g. glyoxal, methylglyoxal 

and glycoaldehydes, lipid peroxidation also generates precursors of advanced 

lipoxidation end-product (ALE), e.g. malondialdehyde (MDA) and 4-hydroxynonenal 

(4-HNE) [78, 79]. Hyperglycemia is associated with both glycative and oxidative 

stress as a consequence of an increased availability of carbohydrates in the 

circulation and an increased production of mitochondrial derived ROS [80]. It has 

been proposed that accelerated chemical modification of proteins during 

hyperglycemia contributes to the pathogenesis of diabetic complications. This is 

substantiated by the finding that ALE and AGE modified proteins accumulate in renal 

lesions in patients with DN [81-83]. AGE and ALE can evoke a variety of biological 

responses, e.g. stimulation of extracellular matrix production, induction of 

inflammatory responses and inhibition of proliferation, which perpetuates the 

progression of diabetic lesions [84-86]. Although several compounds have been 

developed as AGE inhibitors and are being tested in animal models of diabetes and 

in clinical trials, the mechanism of action of these inhibitors is poorly understood. In 

general, they are thought to function as nucleophilic traps for reactive carbonyl 

intermediates in the formation of AGE/ALE or alternatively via metal chelation and 

prevention of metal-catalyzed auto-oxidation. In vitro and in vivo models have 

suggested that HCD may have the capacity to quench reactive carbonyl products 

[87-90] and to prevent auto-oxidation via metal chelation [91]. In addition, it has been 

suggested by Hipkiss et al [92] that carbonylated proteins may be converted to 

protein-carbonyl-carnosine adducts (‘‘carnosylated protein’’) at the carbonyl groups, 

which protect them from degradation and/or cross-linking. These properties indeed 

may explain the efficacy of oral carnosine treatment in rodent diabetic models [72, 

93], yet, there is a huge discrepancy between in vivo and vitro carnosine 

concentrations required for their anti-oxidative and anti-glycative properties. 
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Moreover, from a translational point of view, animal models may significantly differ 

with respect to the enzymes involved in carnosine metabolism, e.g. CNDP1 which is 

not present in serum of rodents. Also the properties of carnosine to act as anti-

oxidant in the presence of transition metal ions is controversially discussed [94-97]. 

Apart from the in vivo findings that carnosine treatment in diabetic models is 

associated with reduced HbA1c and AGE levels, it has also been reported that 

carnosine diminishes apoptosis of glomerular cells in STZ rats [93]. In vitro findings 

also suggest that carnosine may function as an ACE inhibitor [98, 99]. Since the IC50 

value for ACE inhibition by carnosine is estimated to be 5.2 mM [98], the 

physiological relevance of this finding is questionable. 

 

1.1.6 Serum carnosinase 

Metallopeptidases of the M20/28 family play diverse functions throughout all 

kingdoms of life, ranging from a general role in the hydrolysis of late products of 

protein degradation to specific biochemical functions in protein maturation, tissue 

repair, and cell-cycle control [100]. For example, Lactobacillus sp. aminopeptidase V 

(PepV) and Salmonella typhimurium peptidase T (PepT) function in amino acid 

utilization, whereas Escherichia coli allantoate amidohydrolase and yeast β-alanine 

synthase are enzymes of the catabolic pathway of nucleotides, respectively.  

Carnosinases, also belonging to the M20 family, are dipeptidases which hydrolyze 

Xaa-His dipeptides including carnosine. In human two carnosinase enzymes are 

found, i.e. serum carnosinase (CN-1; monomeric molecular weight 70KDa; isoelectric 

point: 4.4) [101] and tissue carnosinase (CN-2, monomeric molecular weight 53KDa), 

encoded by the CNDP1 and CNDP2 genes respectively. CN-1 is mainly synthesized 

by hepatocytes from where it is secreted into the circulation as a specific carnosine-

hydrolase. Also in the cerebellar cortex CN-1 is expressed and localized in adjacent 
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neuronal projections of homocarnosine expressing Purkinje cells [102]. The 

hydrolyzing activity of CN-1 is not only restricted to carnosine, but also anserine, 

homocarnosine and probably ophidine are genuine substrates for CN-1 [103]. CN-1 

deficiency has been described in several sib-ships in conjunction with tremor, 

myoclonic seizures, hypotonia, and profound psychomotor retardation [104-108]. CN-

2 is a cytosolic nonspecific dipeptidase with broad substrate specificity and 

hydrolyzes carnosine only under non-physiological conditions (pH optimum: pH=9.5) 

in the presence of Mn2+ [109]. CN-2 mostly distributes in kidney, liver, spleen and 

cerebral cortex [110]. 

Like other members of the M20 family, CN-1 is composed of two structural domains 

of which one adopts an α/β/α sandwich fold that features a dinuclear zinc-binding site 

[111]. The other smaller domain is inserted into the middle of the metal-binding 

domain and, as in most M20 family enzymes, mediates homodimerization of CN-1 

(Fig. 2). 

 

 

 

 

 

 

 

 

 

Fig.2 Crystal structure of CN-1 monomer (adapted based on data in Pubmed, available in 

http://www.ncbi.nlm.nih.gov/Structure/mmdb/mmdbsrv.cgi). CN-1 contains two structural 

domains, i.e. the catalytic domain (domain A) and dimerization domain (domain B).  

Domain A 

Domain B 
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Two active sites per dimer are located at the interface between one metal-binding 

domain and the two associated dimerization domains. Catalysis can occur 

independently in the two active sites. CN-1 may exist in two conformations, i.e. an 

open state and closed state conformation. Closure movement is required for 

catalysis, which occurs as a result of approximately 30° rigid body rotation of the 

catalytic domain relative to the dimerization domain. The closed state conformation is 

stabilized by metal-ion binding. In CN-1 (MEROPS accession number MER015142), 

H478 and E200 chelate zinc 1, and H132 and D228 chelate zinc 2. As a bridging 

ligand, D165 completes the penta-dentate coordination sphere of both zinc ions. Any 

mutation of H132, D165, or E200 would lead to the loss of CN-1 activity, indicating 

the relevance of these residues for binding transition metals and hence for enzyme 

activity [109]. 

The concentration and activity of CN-1 in serum are affected by many factors (Fig. 3). 

 

 

 

 

 

 

 

Fig.3 Factors influencing CN-1 activity.  (adapted from [112]). 

 

Serum CN-1 concentration and activity are genetically determined by the (CTG)n 

polymorphism [67, 113]. This tri-nucleotide repeat encodes different numbers of 

leucine and is located in the hydrophobic part of the CN-1 signal peptide. It is 

believed that the hydrophobic part in signal peptides not only functions as a type of 

CN-1 concentration 
and activity 

Genetic factors Hyperglycemia 

Age & gender  

Exercise capacity  

Metal ions 

Homocarnosine & anserine 
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anchor in the endoplasmic reticulum membrane during protein synthesis but also 

directs the synthesized protein to the secretory pathway. Therefore, the shorter 

(CTG)5 allelic variant might be less efficiently secreted. Support for this assumptions 

comes from the findings of Riedl et al that COS-7 cells secrete significantly less CN-1 

when transfected with a CNDP1 cDNA plasmid that contains the shorter allelic 

variant [113]. Likewise it also explains why CNDP1 (CTG)5 homozygous individuals 

have lower serum CN-1 concentrations and activities [67]. Apart from genotype, 

serum CN-1 concentrations and activities are influenced by N-glycosylation of CN-1 

[76] and gender [73, 114]. The CN-1 hydrolyzing activity can be modulated by 

divalent metal ions, such as Cd2+, Mn2+, Zn2+, Co2+, Fe2+, Ni2+, Cu2+, Mg2+  [115, 116], 

and by competing substrates, such as anserine and homocarnosine [114, 117]. 

Because elite athletes performing high intensive exercise training have lower serum 

CN-1 activity compared to untrained individuals [118], it has been postulated that 

serum CN-1 concentration might be modulated by the type of training activities, yet 

formal proof for this assumption is lacking. 

So far, the existing methods for measuring CN-1 were mostly based on time 

consuming activity measurement. More recently two ELISA systems for CN-1 

concentration measurement have been described by Adelmann et al [119]. One is 

using a commercially available polyclonal anti-CN-1 IgG (ATLAS) and the other is 

using an in-house-made monoclonal anti-CN-1 IgG (RYSK173).  While a good 

correlation between CN-1 concentration and enzyme activity was observed in the 

ATLAS-based ELISA, the RYSK173-based ELISA only recognized a proportion of 

total CN-1. Because the proportion of RYSK173 could be increased by addition of 

EDTA or protein denaturation it is believed that RYSK173 recognizes a quality rather 

than a quantity of CN-1[119]. Interestingly there is an inverse correlation between the 
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proportion of RYSK173 recognized CN-1 and CN-1 activity, thus suggesting that this 

antibody recognizes a CN-1 form with low activity.  

 

1.1.7 CNDP1 and diabetic nephropathy 

Type 2 diabetes (T2DM) patients homozygous for the CNDP1 (CTG)5 repeat have a 

reduced risk to develop DN as compared to all other genotypes [67]. It seems that 

the association of the CNDP1 polymorphism with DN is depending on the type of 

diabetes [120, 121], ethnicity [122] and gender [70].  

Although the histo-pathology of DN is quite similar for type 1 and type 2 diabetes, 

there is no single study thus far, in which an association of the CNDP1 polymorphism 

and DN in type 1 diabetic patients has been observed  [120, 121]. The explanation 

for this discrepancy between DN in type 1 and type 2 diabetes is so far still unclear. 

Also the prevalence of the (CTG)5 allele strongly varies with different ethnicities. 

While homozygosity for the (CTG)5 allele is more frequent in the European population 

(38.6% in healthy controls and 29.3% in DN-ESRD patients) [68], this genotype 

seems to be much more rare in the Chinese population. A study in peritoneal dialysis 

patients revealed that the majority of patients (80.3%) were homozygous for the 

(CTG)6 allele whereas the percentage of (CTG)5 homozygous patients was less than 

1% [123]. In South Asian Surinamese, the frequency of (CTG)5 homozygosity is also 

lower as compared to White Dutch (23% vs. 41.3%) [124]. The former ethnicity 

seems to be more susceptible to develop DN as compared to Dutch Europeans 

[125]. 
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1.2 Aims of the study  

Even though a number of studies have reported on the association of the CNDP1 

gene and diabetic nephropathy (DN) in Caucasian type 2 diabetes mellitus (T2DM) 

patients, there are a number of issues that need to be addressed in terms of the 

enzyme itself, the sex specificity of the association, and particularly on why serum 

carnosinase 1 (CN-1) may be involved in the susceptibility for - or progression to - 

DN in T2DM patients. The overall aim of this thesis is to obtain a better 

understanding of the carnosine-carnosinase system and its relation to DN. 

We have previously demonstrated that monoclonal antibody RYSK173 only 

recognizes a fraction of total serum CN-1, which ranges in healthy individuals from 

0.5 to 2% [119]. We also have observed that a high proportion of RYSK173 

recognized CN-1 is associated with low CN-1 activity. In Chapter 2  we therefore 

further elucidated why this antibody is reacting in this manner and tried to give a 

biological plausibility for its behavior. To this end we studied how it reacts with 

recombinant CN-1 expressed in endothelial cells, once it is secreted in the 

supernatant and when it is still present in the cell. Experiments were performed to 

elucidate the influence of metal ions on recognition of CN-1 by RYSK173 and finally 

we performed epitope mapping to delineate the RYSK173 epitope on CN-1. 

While some studies have shown that the CNDP1 gene is associated with DN in 

T2DM patients, others have claimed that this association is sex specific and not 

present in other ethnicities, e.g. Afro-Americans. In Chapter 3 we therefore re-

evaluated this association in an independent cohort of T2DM patients (n=272). We 

assessed whether the association was still found when only biopsy proven DN was 

considered and, if so, whether it was gender specific. Since it has also been 

suggested that female CNDP1 (CTG)5 homozygous T2DM patients have an 

increased risk for cardiovascular mortality, we also assessed in a cross-sectional 
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design whether the frequency of this genotype changes over time on dialysis in 

T2DM patients, since T2DM patients on dialysis are a population at particularly high 

risk for cardiovascular mortality. It would be expected that particularly in female 

T2DM patients this frequency will be low, so female T2DM patients will reside a long 

time on dialysis more pronouncedly. 

Even though homozygosity for the CNDP1 (CTG)5 allele may afford protection 

against DN, a significant number of T2DM patients carrying this genotype still 

develop DN. In Chapter 4  we therefore tested the hypothesis that T2DM patient 

homozygous for the CNDP1 (CTG)5 allele have a significant higher serum CN-1 

concentration and activity as compared to those without nephropathy. The presence 

of CN-1 in urine, CN-1 expression in proximal tubules and the relation between low 

serum CN-1 and carnosinasuria or protein-energy wasting was also studied.  

Tissue iron accumulation has been reported to be an alternative/additional 

mechanism by which organs/tissues are damaged in hyperglycemic patients. In 

Chapter 5  we tested whether hyperglycemia makes endothelial or renal epithelial 

cells more susceptible to iron mediated damage and whether this can be prevented 

by carnosine treatment.  

Oral carnosine treatment has been shown to be effective in a variety of diabetic 

models. The pitfall of these models is however that no severe renal pathology is 

observed. Hence, current studies do not allow assessing whether oral carnosine 

treatment has a salutary effect on late renal pathologic changes in hyperglycemic 

animals. In Chapter 6  we therefore tested the efficacy of oral carnosine treatment in 

the BTBR ob/ob model, in which profound mesangiolysis and glomerulosclerosis has 

been described. 
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Abstract 

The proportion of serum carnosinase (CN-1) recognized by RYSK173 monoclonal 

antibody negatively correlates with CN-1 activity. We thus hypothesized that the 

epitope recognized by RYSK173 is accessible only in a catalytically incompetent 

conformation of the zinc dependent enzyme and we mapped its position in the CN-1 

structure. Since patients with kidney failure are often deficient in zinc and other trace 

elements we also assessed the RYSK173 CN-1 proportion in serum of these patients 

and studied the influence of hemodialysis hereon in relation to Zn2+ and Cu2+ 

concentration during hemodialysis.  

Epitope mapping using myc-tagged CN-1 fragments and overlapping peptides 

revealed that the RYSK173 epitope directly contributes to the formation of the 

dinuclear Zn center in the catalytic domain of homodimeric CN-1. Binding of 

RYSK173 to CN-1 was however not influenced by addition of Zn2+ or Cu2+ to serum. 

In serum of healthy controls the proportion of CN-1 recognized by RYSK173 was 

significantly lower compared to end-stage renal disease (ESRD) patients (1.12 ± 0.17 

vs. 1.56 ± 0.40 % of total CN-1; p < 0.001).  During hemodialysis the relative 

proportion of RYSK173 CN-1 decreased in parallel with increased serum Zn2+ and 

Cu2+ concentrations after dialysis.  

Our study clearly indicates that RYSK173 recognizes a sequence within the transition 

metal binding site of CN-1, thus supporting our hypothesis that metal binding to CN-1 

masks the epitope. The CN-1 RYSK173 proportion appears overall increased in 

ESRD patients, yet it decreases during hemodialysis possibly as a consequence of a 

relative increase in transition metal bound enzyme.  
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Introduction 

Serum carnosinase (CN-1) (UniProt identifier Q96KN2) is abundantly expressed in 

the liver from where it is secreted into the circulation [1]. Based on structural 

similarity, CN-1 has been classified as metallopeptidase belonging to the M20 family 

of clan MH. CN-1 is composed of two structural domains of which one adopts an 

α/ß/α sandwich fold that features a dinuclear zinc-binding site [2]. The other, smaller 

domain is inserted into the middle of the metal-binding domain and, as in most M20 

family enzymes, mediates homodimerization of CN-1. Two active sites per dimer are 

located at the interface between one metal-binding domain and the two associated 

dimerization domains, respectively. In CN-1 (MEROPS accession number 

MER015142), H478 and E200 chelate zinc 1, and H132 and D228 chelate zinc 2. 

D165 acts as a bridging ligand and the catalytic water molecule completes the 

tetrahedral coordination sphere for both zinc ions. Mutation of H132, D165, or E200 

would lead to the loss of CN-1 activity, indicating the importance of metal-binding for 

enzyme activity [3]. Previously we have demonstrated that serum CN-1 concentration 

and activity are genetically determined by the (CTG)n polymorphism [4, 5] and by N-

glycosylation of CN-1 [6]. In addition CN-1 hydrolytic activity can be modulated by 

divalent metal ions, such as Cd2+, Co2+, Fe2+, Ni2+ [3], and by competing substrates, 

such as anserine and homocarnosine [1, 7].  

In the past years the CNDP1 gene, encoding CN-1, has attracted much attention as 

susceptibility locus for diabetic nephropathy (DN) in type 2 diabetic patients [4, 8]. It 

is believed that genotypes that are associated with low serum CN-1 concentrations 

may afford protection against DN as a consequence of reduced carnosine 

degradation. Yet, it should be emphasized that irrespective of the CNDP1 genotype 

carnosine concentrations are extremely low or undetectable in human serum or 
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plasma. Carnosine can be detected in serum only transiently after oral carnosine 

supplementation in individuals with low serum CN-1 concentrations [9].   

We have developed two ELISA assays for detection of human serum CN-1 [10]. 

Quantitative assessment of serum CN-1 concentrations using the ATLAS monoclonal 

antibody based ELISA, reveals a good correlation with CN-1 activity. The other 

ELISA is based on the so-called RYSK173 monoclonal antibody and only detects a 

certain proportion of the total serum CN-1 concentration.  The RYSK173 proportion 

can be increased by addition of EDTA or serum denaturation. Hence the RYSK173 

based ELISA assesses CN-1 quality rather than quantity. While in the majority of 

individuals the proportion of total CN-1 that is recognized by RYSK173 is low (0.1 to 

2 %), we have reported that individuals with a high proportion of this conformation 

(>15 %) have low CN-1 activities [10]. Since metal ions at the active center of CN-1 

are contributing to its enzyme activity, the proportion of CN-1 that is recognized by 

RYSK173 might be partly lacking these ions. Because formal proof for the 

assumption that RYSK173 distinguishes between apoenzyme and transition metal 

bound CN-1 is lacking, we sought to probe the position of the RYSK173 epitope in 

relation to the metal binding site of CN-1. 
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Methods and Materials  

Generation of RYSK173 antibody 

The in-house made RYSK173 antibody was generated as described in (10). In brief, 

Balb/c mice were immunized by recombinant human CN-1 by intra-peritoneal 

injection.. The mice were boosted after 2 to 4 weeks with 1 mg of CN1. Three days 

after the final boost splenocytes were collected, and fused with SP2/0 myeloma cells. 

After fusion, the cells were plated in 96-well plates. Positive wells were sub-cloned by 

limiting dilution and screened for anti-carnosinase antibody in the supernatant by 

indirect immune fluorescence (IIF) on CNDP1 transfected Cos7. RYSK173 was 

selected on the basis of a strong staining in IIF. 

 

Cell culture and transfection  

COS7 cells (Invitrogen, Karlsruhe, Germany) were cultured in Dulbecco´s modified 

Eagle´s medium (DMEM/F-12, GlutaMAX(TM), Invitrogen, Karlsruhe, Germany) 

supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin at 

37°C and 5% CO 2. The cells were transfected with various length of CNDP1 

constructs and lipofectamine2000 (Invitrogen, Karlsruhe, Germany) according to the 

manufacture´s instruction. Five hours after transfection, the medium was replaced by 

normal DMEM medium. Supernatants and cell lysates were collected after 48 hours. 

Cells were lysed on ice by lysis buffer with the addition of dithiothreitol (Fluka Chemie 

GmbH, Buchs, Germany), protease inhibitor (Roche, Mannheim, Germany), and 

phosphatase inhibitor (Sigma, Steinheim, Germany). Cell lysates were centrifuged for 

10 minutes (14000rpm, at 4°C) to remove cell debris .  

Human umbilical vein endothelial cells (HUVEC) were isolated from fresh human 

umbilical cords as previously described [11]. The cells were cultured in endothelial 

cell growth medium enriched with 2% FCS and 50ng/ml amphotericin B together with 
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50µg/ml gentamicin at 37°C and 5% CO 2. The flasks for HUVECs were coated in 1% 

gelatin 20 minutes before use. All experiments involving HUVECs were performed at 

passages 2–6. 

 

Lentivirus production and transduction 

Lentiviral transduction was performed to produce HUVECs with stable CN-1 

expression. Human CNDP1 cDNA (RZPD, Library 983, entry No.BX094414) was 

firstly constructed into lentivirus based vector ppM337 which was kindly provided by 

Prof. P. Maier from Radiology department of Medical Faculty Mannheim of 

Heidelberg University. In brief, each culture dish was coated with 0.1mg/ml poly-D-

lysine (Sigma, Steinheim, Germany) for 5 min and then washed with sterile distilled 

water. 5×106 HEK293T/17 cells were seeded per dish in DMEM. For each dish, 

4.4µg lentiviral plasmid, 3.4µg packaging plasmid pCMV891 and 2.2µg pMD.G were 

added to cells with 46µl metafectene (Biontex, Munich, Germany). Cell medium was 

substituted by 14ml DMEM with 10mM Na-butyrate for 8 hours the next day. 

Lentiviruses containing cell medium was collected and concentrated using 

Vivaspin20 (Sartorius stedim, Göttingen, Germany) on the third day.  

For transduction, HUVECs were incubated in 1:100 diluted virus containing 

HEK293T/17 supernatant for 48 hours. Cells were lysed either by lysis buffer or by a 

freeze and thaw cycle in liquid nitrogen. Westernblotting of 20µg total protein from 

HUVECs supernatant and cell lysates was performed to confirm the transduction. 

 

Construction of CNDP1 variants 

CNDP1 cDNA was taken as a template to generate CNDP1 fragments by PCR. PCR 

amplification was carried out from bp 1 to bp 312, from bp 1 to bp 471 and from bp 

313 to bp 471 using the following forward and reverse primers respectively: 
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1-312:  cagcccatcgatatggatcccaaactcaggaga and agctttaaatcgatgatcgggcagctgctgag  

1-471:  cagcccatcgatatggatcccaaactcaggaga and agctttaaatcgatgtttcccgtctacctccgtcagc 

313-471:cagggatccatgggtcagagtcttccaatacctcccg and agctttaaatcgatgtttcccgtctacctccgtcagc.   

Amplification products were cloned into the pCSII + mt vector providing a N-terminal 

6×myc-tag and subsequently transfected into COS7 cells as previously described.  

 

Synthetic peptides 

Three overlapping CN-1 peptides were synthesized (BIOMATIK, Wilmington, USA) 

that completely covered the coding sequence from bp 313 to bp 471:  

313-391: CN1-1 (DGQSLPIPPVILAELGSDPTKGTVCF), 

347-440: CN1-2 (LAELGSDPTKGTVCFYGHLDVQPADRGDGWL), 

393-471: CN1-3 (HLDVQPADRGDGWLTDPYVLTEVDGK).  

Fine epitope mapping was subsequently performed using two peptides that covered 

the overlapping sequence of CN1-2 and CN1-3, i.e. CN1-4 (HLDVQPAD) and CN1-5 

(PADRGDGWL). All peptides were dissolved in sterile distilled water (final 

concentration: 10mg/ml) and were tested for recognition by RYSK173 by dotblot 

analysis and/or ELISA.  

  

CN-1 detection 

Both the RYSK173 and ATLAS based CN-1 ELISA assays were used for detection of 

CN-1 in serum samples. CN-1 ELISAs were performed as described [10].  For 

epitope mapping synthetic peptides were directly coated on the ELISA plates. 

Gel electrophoresis and western blot were performed using a standard protocol. Dot 

blot assays were performed by spotting 2 µl of synthetic peptide solution on a 

nitrocellulose membrane. The membrane was dried and processed similar as has 

been described for westernblotting [10]. 
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Site mutagenesis 

One nucleotide mutation in CN-1 was generated by the QuikChangeTMXL site-

directed mutagenesis kit (Stratagene, Waldbronn, Germany). H132 was exchanged 

to Q132. The forward and reverse primers were as follows. The sequence of the 

mutant CNDP1 was confirmed by DNA sequencing.  

Forward primer: gcttctacggccagttggacgtgcagc 

Reverse primer: gctgcacgtccaactggccgtagaagc 

 

Patients  

Thirty one patients on hemodialysis were recruited from our dialysis ward. They all 

had different causes of end stage renal disease. Renal transplant recipients, patients 

with urinary tract infection or fever at the time of investigation were excluded. Diabetic 

patients were also excluded since diabetes per se might potentially influence CN-1 

metabolism. Demographic and relevant clinical data of these patients are shown in 

Tab. 1. Sera from age and gender matched healthy controls (n=111) were retrieved 

from our bio-bank. The study was approved by local ethics committee and all patients 

gave their informed consent prior to study (No. 0193/2001). 
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Tab. 1: Relevant clinical data of ESRD patients. 

ESRD patients (n=31)  

Gender (male) 20 (65%) 

Age (year) 55.0 ± 2.4 

Plasma creatinine (mg / dl) 10.6 ± 0.58 

[Zinc] before/after hemodialysis (µmol/L)  9.5 ± 0.2 / 10.9 ± 0.2 (p < 0.05) 

[Copper] before/after hemodialysis (µg/L) 14.1 ± 0.4 / 15.3 ± 0.4 (p<0.05) 

Duration of dialysis (months) 81 ± 82 

Causes of disease    

      Glomerulonephritis  15 

      Vascular disease 4 

      Pyelonephritis or hydronephrosis 6 

      Polycysitic kidney disease 2 

      Others (non-diabetes) 4 

 

 

Trace metal analysis 

Copper and zinc in serum were analysed at Laboratory Limbach (Heidelberg, 

Germany) by colorimetric photometry as described previously [12, 13]. Visibly 

hemolyzed serum samples were not analysed. 

 

Statistical analysis 

Quantitative data are depicted as mean ± SD. Student t test (normal distribution) or 

Wilcoxon-Mann-Whitney test (non-normal distribution) was used to compare 

differences between the groups. Correlation between values was evaluated by 

Pearson correlation coefficients. Significance was defined according to a p-value < 

0.05. Statistical analysis was performed with GraphPad Prism 6.0 (GraphPad 

Software, Inc, La Jolla, California).  
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Results 

Epitope mapping of RYSK173 

Since we have previously demonstrated that addition of EDTA improved CN-1 

detection by RYSK173 [10], we anticipated that the epitope on CN-1 which is 

recognized by RYSK173 resides within the metal-binding domain of CN-1. Because 

we also have shown that RYSK173 recognizes a CN-1 fragment when truncated 

before the first N-glycosylation site [6] we constructed three myc tagged CN-1 

fragments that differed in size (Fig. 1). While a myc-tagged recombinant fragment of 

CN-1 spanning bp 1-471 was detected by both RYSK173 and myc antibodies, a 

shorter fragment (bp 1-312) was only recognized by the myc antibody. Because a 

recombinant CN-1 fragment corresponding to bp 313-471 was also recognized by 

both antibodies our data suggest that the RYSK173 epitope resides within this part of 

the CN-1 protein (Fig. 1A, panel on the left). Three overlapping synthetic peptides of 

approximately 30 amino acids that covered the 313-471 bp fragments were 

subsequently tested by dot blot analysis for RYSK173 binding. CN1-2 and CN1-3 

were clearly recognized whereas CN1-1 was not (Fig. 1A, panel on the right). To 

delineate the exact epitope on CN-1 that is recognized by RYSK173, two different 

peptides corresponding to the overlapping sequence of CN1-2 and CN1-3 

(HLDVQPADRGDGWL) were tested by ELISA. The peptides CN1-4 (HLDVQPAD) 

and CN1-5 (PADRGDGWL) consisted of either the first 8 or last 9 amino acids of the 

overlapping peptide sequence of CN1-2 and CN1-3 respectively. Synthetic peptides 

CN1-2, CN1-3 and CN1-4 were all detected in ELISA by RYSK173 whereas CN1-1 

and CN1-5 were not (Fig. 1B). This demonstrates that the RYSK173 epitope is 

contained in the sequence spanning the zinc 2-binding residue H132 to D139. 

Inspection of its spatial position within the metal binding domain of CN-1 reveals its 

proximity to both metal ions and the homodimer interface (Fig. 2). We also 
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demonstrate that H132 is an integral constituent amino acid of the RYSK173 epitope, 

since site directed mutation of H132 to Q132 in recombinant CN-1 (rCN-1) expressed 

in COS7 cells resulted in a significant decrease in detection by RYSK173 (Fig. 1C). 
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Fig. 1 Epitope mapping of RYSK173.  A: Myc-tagged recombinant CN-1 fragments were 

expressed in COS7 cells by transfection. Cells were harvested and the recombinant proteins 

were detected by Westernblotting using RYSK173 or anti-Myc (figure on the left). Since 

RYSK173 recognized a recombinant CNDP1 fragment corresponding to bp 313-471, three 

overlapping synthetic peptides (CN1-1, CN1-2 and CN1-3) were tested in dotblot analysis 

(figure on the right). B: Two additional peptides (CN1-4 and CN1-5) corresponding to the 

overlapping sequence of CN1-2 and CN1-3 were subsequently synthesized. All peptides 

were tested in ELISA for recognition by RYSK173. D: H132 was exchanged for glutamine (Q) 

by site directed mutagenesis. Subsequently wild type (WT) and H132Q mutant recombinant 

CN-1 was expressed in COS7 cells by transfection. The recombinant proteins were detected 

in cell lysates using the ATLAS and RYSK173 based ELISA. The results are expressed as 

RYSK173/ATLAS ratio x 100 %.  

NC: negative control, WT: wild type. 
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Fig.2: Location of the dinuclear zinc center at the  CN-1 homodimer interface.  The 

monomer on the left is depicted as a ribbon drawing and the monomer on the right is 

rendered as solid surface. Zinc1 and zinc2 in the left monomer are shown as cyan and 

magenta colored spheres, respectively. The enlarged view details the position of the 

RYSK173 epitope, which is confined to the amino acid sequence H132 to D139 (both 

marked with an asterisk), in spatial relation to the immediately adjacent dinuclear zinc center 

and the contact area of the dimer interface. Ligands of zinc1 and zinc2 are shown in cyan 

and magenta, respectively, and the bridging ligand D165 is colored violet. E199, shown in 

yellow, represents the putative catalytic base residue. The surface of the left subunit is 

rendered semi-transparent. The figure was made with Protein Workshop.   
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Recognition of serum CN-1 and recombinant expressed CN-1 in HUVECs by 

RYSK173 

Since our epitope mapping studies have demonstrated that epitope which is 

recognized by RYSK173 directly contributes to the formation of the Zn dinuclear 

centres in CN-1, we studied if CN-1 recognition by RYSK173 is changed once CN-1 

is secreted. This would indicate that loading of the Zn centres would occur 

extracellularly. To this end we first assessed if ectopically expressed rCN-1 in 

supernatants and cell lysates of CN-1 transduced HUVECs is recognized in the 

RYSK173 and ATLAS based ELISA, the latter recognizing total CN-1 [10]. While in 

cell lysates of CNDP1 transfected HUVECs (n=6) CN-1 was detected to a similar 

extent by ATLAS and RYSK173, in supernatants only a fraction of total CN-1 was 

recognized by RYSK173 (Fig. 3A). Since the lysis buffer contained both EDTA and 

DTT, the difference in RYSK173 recognition of CN-1 in cell lysates and supernatants 

is likely explained by denaturation of the protein (Adelmann et al 2012). We therefore 

used freeze thaw cycles as a more gentle way to obtain intra-cellular proteins (n=6). 

Although the yield of CN-1 was significantly lower than the previous cell lyses method, 

similar as observed for serum (Fig. 3B), CN-1 concentrations were significantly 

higher in the ATLAS based as compared to the RYSK173 based CN-1 ELISA (Fig. 

3C), albeit that the difference was less pronounced as compared to serum.     

We next tested if recovery of rCN-1 was impaired when spiked in human serum or 

FCS. While the recovery of rCN-1 significantly decreased in human serum, detection 

of rCN-1 was not significantly influenced in FCS (Fig. 4A). Because the 

concentrations of the trace metal ions Zn2+ and Cu2+ were different between the two 

types of serum (Zn2+ concentration: 11.7±0.1 vs. 18.7±0.1 µmol/L and Cu2+ 

concentration: 822±11.3 vs. 89.5±0.7 µg/L; human serum vs. FCS), we  tested if 

addition of ZnCl2 or CuSO4 influences the recovery of rCN-1 in the RYSK173 based 
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ELISA.  Neither addition of 100µM ZnCl2 nor CuSO4 were able to reduce the 

recovery of rCN-1 in PBS (Fig. 4B) or in FCS (data not shown).  
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Fig. 3: Recognition of recombinant and serum CN-1 b y RYSK173.  A: recombinant CN-1 

was expressed in HUVECs by lentiviral transduction. The recombinant proteins were 

detected in cell lysates and supernatants using the ATLAS (filled bars) and RYSK173 (open 

bars) based ELISA. The results of 6 transduction experiments are depicted and expressed 

as mean CN-1 concentration (ng/ml) ± SD. B: Serum samples of 111 healthy individuals 

were tested in the ATLAS and RYSK173 based ELISA. Note that the amount of CN-1 

detected by the RYSK173 based ELISA is only a small fraction of CN-1 as detected by 

ATLAS. C: Since no differences between the ATLAS based and RYSK173 based ELISA for 

CN-1 was found in lysates of CN-1 expressing HUVECs (A), cell disruption was performed 

by repeated freeze thawing. Similar as in serum RYSK173 detected significantly lower 

amounts of CN-1.  
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Fig. 4: Recovery of recombinant CN-1 in serum.  A: Equal amounts of recombinant CN-1 

were spiked in PBS, human serum or FCS. Hereafter CN-1 was detected by ELISA using 

RYSK173 as detecting antibody. While in human serum detection of CN-1 by RYSK173 was 

strongly diminished this was not observed in FCS. B: The influence of ZnCl2 (100µM) and 

CuSO4 (100µM) on detection of CN-1 by RYSK173 was tested. No significant differences 

were found even if higher concentrations were used (data not shown).  

Ns: not significant.  

 

 

The relative proportion of CN-1 recognized by RYSK173 is increased in ESRD 

patients 

Recent evidence indicates that patients with kidney failure are often deficient in zinc 

and other trace elements [14]. We therefore assessed to what extent end-stage renal 

disease (ESRD) patients differ in the proportion of CN-1 that is recognized by 

RYSK173. As depicted in Fig. 5A, the relative proportion of CN-1 that was recognized 

by RYSK173 was significantly higher in ESRD patients as compared to healthy 

controls. The serum Zn2+ concentrations in ESRD patients ranged from (6.8 to 12.1 

µmol/L) while that of healthy controls were all in the normal range (9.2 to 18.4 

µmol/L). Since all ESRD patients were on hemodialysis, we also assessed the 

influence of hemodialysis on serum CN-1 concentrations in parallel to changes in 

serum Zn2+ and Cu2+ concentrations. To this end, serum CN-1, measured by both 



Chapter 2   

40 
 

RYSK173 and ATLAS based ELISA, Zn2+ and Cu2+ concentrations were assessed 

directly before and after one hemodialysis session. While total serum CN-1 

concentrations were significantly increased in the post-dialysis samples and 

correlated to the amount of ultrafiltration (Fig. 5B), the proportion of CN-1 recognized 

by RYSK173 was decreased in these samples (Fig. 5C). Zinc and copper 

concentrations were expressed as percentage (%) change of Zn2+ and Cu2+ 

concentrations in the post dialysis sample relative to the serum sample obtained 

directly before hemodialysis. In approximately 5 out of 31 samples the Zn2+ and Cu2+ 

ion concentration did not change or decreased over hemodialysis (Fig. 5D, lower left 

quadrant), while in the majority of samples either Zn2+, Cu2+ or both were increased 

after dialysis (Fig. 5D). 
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Fig. 5: Serum CN-1 concentrations in ESRD patients.  A: Sera of 31 ESRD patients were 

collected and tested in the ATLAS based and RYSK173 based ELISA. Sera of 111 healthy 

individuals served as control. The results are expressed as RYSK173/ATLAS ratio x 100%. B: 

Serum was collected directly before or after hemodialysis. The influence of hemodialysis on 

total CN-1 expression (B), the RYSK173 proportion (C) and changes in Zn2+ and Cu2+ (D) 

concentrations were assessed. Note that total CN-1 concentrations in post dialysis serum 

increase and correlate with the amount of ultrafiltration (B), while the RYSK173 proportion 

decreases (C).  The results in (D) are expressed as percentage (%) change of Zn2+ and Cu2+ 

concentrations in the post dialysis sample relative to the serum sample obtained directly 

before hemodialysis. The 5 dots in the lower left quadrant represent samples in which no 

change or a decrease in serum Zn2+ and Cu2+ concentrations was observed. In most of the 

samples Zn2+ and Cu2+ concentrations were increased in the post dialysis serum sample.  

UF: ultrafiltration, BW: body weight, HD: hemodialysis, conc: concentration.  
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Discussion 

In the present study we sought to map the epitope that our anti-CN-1 monoclonal 

antibody RYSK173 recognizes in CN-1. Our previous finding that chelators of 

transition metal ions were able to unmask the epitope had led us to expect its 

location in the vicinity of the metal binding site of CN-1. Our results unambiguously 

demonstrate that the epitope recognized by RYSK173 indeed is in intimate contact 

with the dinuclear zinc site in CN-1 and even includes metal ligand H132. 

Metalloproteases are ubiquitous enzymes able to degrade an array of protein 

substrates. Mostly these enzymes utilize conserved amino acid residues to generate 

a scaffold capable of binding one or two metal ions [15]. Their functionality depends 

on subtle interactions between the electronic properties of the metal ion, dictated by 

its coordination chemistry, and the stability of protein conformations.  

Previous mutational and structural analyses of CN-1 homologs from the M20 family 

have suggested that these enzymes require both metal sites in their dinuclear zinc 

centers for optimal protein stability but that zinc 1 is often bound with low affinity [16]. 

It may thus be easily removed by EDTA, a treatment which we have formerly shown 

to partially improve CN-1 recognition by RYSK173 [10]. Immediate proximity of the 

epitope to both zinc sites in CN-1 (Fig. 1) agrees with the notion that removal of zinc 

1 leads to its exposure due to local protein unfolding. The dinuclear zinc center in 

CN-1 is formed by H478 and E200 which coordinate with zinc 1 and H132 and D228 

coordinating with zinc 2. Site directed mutagenesis of H132 to glutamine significantly 

impaired binding of RYSK173 indicating that this residue is part of the RYSK173 

epitope. It should be emphasized that binding of RYSK173 in the presence of EDTA 

is still significantly lower compared to binding of the polyclonal antibody ATLAS. Only 

after protein denaturation binding of RYSK173 to CN-1 equals that of ATLAS. This is 

in line with our experimental data that no difference in CN-1 binding was observed 
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between RYSK173 and ATLAS in lysates of CNDP1 transduced HUVECs when a 

DTT and EDTA containing lysis buffer was used. 

In line with our previously published data [10], a large difference in CN-1 

concentrations are detected in human serum when using the  ATLAS - or  RYSK173 

based ELISA (Fig. 3B) respectively. This might be explained by the fact that in a 

fraction of CN-1 the Zn centers are not completely occupied. To elucidate if Zn 

binding already occurs inside the cells shortly before CN-1 is secreted, we performed 

ELISA on supernatants and cell lysates using the RYSK173 antibody. Indeed we 

found a significant lower amount of CN-1 in the RYSK173- as compared to the 

ATLAS based ELISA in cell lysates (p < 0.05, Fig. 3C) that were obtained without the 

use of denaturation or EDTA. This might indicate that zinc binding to CN-1 already 

occurs intracellularly and still proceeds extracellularly as the difference between the 

RYSK173 and ATLAS based ELISA was much more pronounced in supernatants (p 

< 0.001, Fig. 3A) as compared to cell lysates. The ATLAS and RYSK173 based 

ELISA detected comparable CN-1 concentrations in cell lysates when the lysis buffer 

contained DTT and EDTA.  

The finding that recovery of rCN-1 by the RYSK173 based ELISA was impaired in 

human but not in fetal calf serum remains unexplained in our study. While Zn2+ 

concentrations were slightly different in these two types of serum, the Cu2+ 

concentration in FCS was only 10% of that found in human serum. Although it has 

been suggested for bovine lens leucyl aminopeptidases (blLAP) [17] and the 

aminoacylhistidine dipeptidase (PepD) [18, 19],  that the zinc centers might be 

exchanged by other divalent cations with different exchange kinetics, to our 

knowledge this has not been reported for CN-1. Addition of CuSO4 did not impair 

detection of rCN-1 in the RYSK173 based ELISA, suggesting that binding of Cu2+ to 

CN-1 in human serum is unlikely a cause for the poor recovery by RYSK173.  
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Although our study does not provide direct evidence that divalent metal ion binding to 

CN-1 masks the RYSK173 epitope, there seems to be a relation with trace metal ion 

concentrations in serum. Firstly, we found a significant difference in the proportion of 

RYSK173 in serum of patients with ESRD as compared to healthy controls. This was 

paralleled by a lower serum Zn2+ concentration in ESRD patients. Secondly, the 

proportion of RYSK173 CN-1 was decreased in the post-dialysis samples while in 

most patients the serum Zn2+ concentration was increased directly after dialysis. 

Although the Cu2+ concentration increased in parallel in the post-dialysis sample, 

direct binding of Cu2+ to the metal centres of CN-1 is highly unlikely.  

A number of studies have suggested that CN-1 activity, either in serum or 

cerebrospinal fluid, might be important in the pathology of chronic kidney disease 

[20], diabetic complications [4, 8, 21], Alzheimer’s disease [22, 23] or dementia [24]. 

CN-1 activity is not only depending on CN-1 concentrations but also on the presence 

of competing substrates [1] and the relative proportion of CN-1 that is recognized by 

RYSK173 [10]. Although the RYSK173 is not intended for implementation in routine 

diagnostics, it might help understanding why in some patients CN-1 activity is 

extremely low despite the fact that CN-1 concentrations are normal. 

In conclusion our study clearly indicates that RYSK173 recognizes a sequence within 

the transition metal binding site of CN-1, thus supporting our hypothesis that metal 

binding to CN-1 masks the epitope. The CN-1 RYSK173 proportion appears overall 

increased in ESRD patients which might be explained by a relative Zn deficiency. It 

remains to be assessed if Zn deficiency in general leads to an increase in the CN-1 

RYSK173 proportion.  
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Abstract 

This study assessed if the frequency of the protective CNDP1 genotype, i.e. the 

(CTG)5 homozygous genotype, remains gender specific when the diagnosis of 

diabetic nephropathy (DN) is based on clinical inclusion criteria (CIC-DN) or when the 

diagnosis is based on biopsy material (biopsy proven DN (BP-DN)) only. It also 

assessed if the frequency of the protective genotype is changed with time on dialysis.  

145 T2DM patients without DN (no-DN), 110 T2DM patients with CIC-DN, 30 T2DM 

with BP-DN, 22 patients with biopsy proven non-diabetic renal disease (BP-NDRD) 

and additional 85 uremic patients on hemodialysis were studied. 

Overall frequencies of the (CTG)5 homozygous genotype in the different groups were 

36% (no-DN), 38% (CIC-DN), 17% (BP-DN) and 32% (BP-NDRD) (p<0.05 for no-DN 

vs. BP-DN and for BP-DN vs. BP-NDRD). Gender stratification revealed a lower 

frequency of the protective genotype in the female CIC-DN as compared to the no-

DN group (38% vs. 31%, no-DN vs. CIC-DN), yet this difference was only statistical 

significant in female for the comparison with the BP-DN group (38% vs. 0%, no-DN 

vs. BP-DN, p<0.05). No evidence for a significantly decreased frequency of the 

protective genotype was found in male T2DM patients. The proportion of (CTG)5 

homozygous patients on hemodialysis (HD) increased with time on dialysis from 

26%, 39%, to 48% for time on dialysis of: <18 months; 18-120 months; >120 months 

respectively. 

Our study confirms that the association between the CNDP1 genotype and DN is 

most likely gender specific. It also suggests that (CTG)5 homozygous patients may 

have a survival advantage when HD is required. Yet, it remains to be addressed why 

the frequency of (CTG)5 homozygous patients is increased with time on dialysis.  
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Introduction 

The incidence of diabetic nephropathy (DN) is approximately 40% in type 1 and type 

2 diabetic patients [1] and is the leading cause of end stage renal disease (ESRD) 

[2]. Compelling evidence has shown that susceptibility to DN is genetically 

determined [3, 4]. Amongst the reported linkage studies there seems to be 

consistency for linkage between human chromosome 18q22.3-q23 and DN [4-7], 

albeit that also linkage to the DN trait on chromosomes 7q21.3, 10p15.3, 14q23.1 

has been reported (7). Linkage with 18q22.3 was observed in populations of different 

ethnicities, e.g. American Indians [8], African-Americans [9] and Caucasians (5).   

Janssen et al. initially reported that CNDP1, located on chromosome 18q22.3-q23, is 

a candidate gene for susceptibility to DN in type 2 diabetes (T2DM) [10]. 

Homozygosity for the (CTG)5 allele of CNDP1 affords protection against DN in T2DM 

patients as compared to other genotypes [10]. This protective effect was also 

confirmed in non-diabetic glomerular nephritis [11]. The prevalence of the (CTG)5 

allele strongly varies with different ethnicities. While homozygosity for the (CTG)5 

allele is more frequent in the European population (38.6% in healthy controls and 

29.3% in DN-ESRD patients) [12], this genotype seems to be much more rare in the 

Asian population with a high prevalence of DN [13, 14]. It has also been reported that 

the association between CNDP1 genotype and diabetic nephropathy is sex specific 

and independent of susceptibility for T2DM [15].  

Since most patients with T2DM are not formally evaluated with a renal biopsy, the 

diagnosis of DN is based on clinical criteria, e.g. persistent macro-albuminuria in at 

least 2 independent measurements (albumin excretion rate > 300 mg/d or > 200 mg/l 

or ACR (albumin/creatinine ratio) > 300 mg/g). Yet, a biopsy based retrospective 

evaluation study on the prevalence of non-diabetic renal disease (NDRD) in T2DM 

patients revealed up to 53.2% patient having NDRD without evidence of concurrent 
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DN [16]. Although the clinical diagnosis of DN in T2DM patients can be improved by 

the presence of proliferative retinopathy [17, 18], genetic studies that use clinical 

inclusion criteria (CIC) for group allocation still bear the risk of wrongly assigning 

patients to the DN group. In the present study we assessed whether the association 

between CNDP1 and DN is still present if patients with the diagnosis of DN based on 

CIC (CIC-DN) are separated from those patients in whom the diagnosis is biopsy 

proven (BP-DN), and if so, whether this is only observed in female T2DM patients. It 

has also been reported that the association with the CNDP1 (CTG)5 homozygous 

genotype with cardiovascular mortality in T2DM is sex-specific [19]. Since CNDP1 

(CTG)5 homozygous T2DM patients have a high risk of cardiovascular mortality [19], 

it would be expected that the frequency of (CTG)5 homozygous patients on HD would 

decrease with time on dialysis. We therefore also assessed whether the prevalence 

of this genotype changes with time on dialysis, and if so, whether this is only 

observed in female T2DM patients.  
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Materials and Methods  

Patients 

After screening of clinical records, a total of 340 patients fulfilled the clinical inclusion 

criteria and additionally 52 patients with a biopsy proven renal diagnosis were 

selected for this study. Patients (n=392) were allocated to 5 different groups, i.e. 1) 

T2DM without DN (no-DN; n=145), T2DM with DN either based on 2) clinical 

inclusion criteria (CIC) alone (CIC-DN; n=110) or 3) based on biopsy material only 

(BP-DN; n=30), 4) patients with biopsy proven non-diabetic renal disease (BP-NDRD; 

n=22), and 5) uremic patients on hemodialysis (n=85) (Fig. 1). For both the T2DM 

with DN and NDRD patients, selection was first done on the basis of clinical criteria 

and only if biopsy material was available allocation to the BP-DN or BP-NDRD 

occurred. Hence, the CIC-DN group exclusively consisted of patients in which no 

renal biopsy was performed.    

Inclusion criteria for DN were as follows: persistent macro-albuminuria in at least 2 

independent measurements (albumin excretion rate > 300 mg/d or > 200 mg/l or ACR 

(albumin/creatinine ratio) > 300 mg/g) was obligatory in combination with the 

diagnosis of diabetic retinopathy (DR) (all severity degrees were allowed). This 

combination was obligatory, unless DN was biopsy proven, to exclude cases with 

proteinuria due to renal disease other than DN. Exclusion criteria were urinary tract 

infection or fever at the time of urine investigation, renal disease other than DN and 

history of kidney transplantation.  

T2DM patients without DN fulfilled the following criteria: Diabetes duration of at least 

15 years accompanied by a normo-albuminuria in at least two independent 

measurements (albumin excretion rate < 30 mg/d or < 20 mg/l or ACR < 30 mg/g). In 

keeping that approximately 80% of the diabetic patients in this group were on ACE 

inhibitors or AT1-blockers, normo-albuminuric patients were excluded if they showed 
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diabetic retinopathy at a stage higher than mild non proliferative retinopathy [18, 20, 

21]. Diabetes mellitus was defined by known history of diabetes or a fasting blood 

glucose ≥ 7.0 mmol/l (126 mg/dl), a casual plasma glucose level ≥ 11.1 mmol/l (200 

mg/dl) or a HbA1c ≥ 6.5%. 

Apart from 90 diabetic patients on hemodialysis from CIC-DN and BP-DN group 

(diabetic HD patients n=90), additional 85 uremic patients with other nephropathies 

caused ESRD (uremic HD patients n=85) were recruited to assess if the frequency of 

the protective genotype is changed with time on dialysis (n=175). Basically, patients 

were dialysed through an arteriovenous fistula on standard dialysis machines 

(Fresenius Medical Care 4008S, Germany) using a blood flow rate of 200-300 ml/min 

and a dialysate flow rate of 500 ml/min. Each patient was dialysed three times per 

week using polysulfone membranes (F8, Fresenius, Germany) to maintain a 

minimum Kt/V of 1.2. Genotyping was performed on EDTA blood.  All samples were 

stored at −20°C until use. The study protocol was approved by local ethics committee 

and all patients gave their informed consent prior to study (No. 0193/2001).  

 

 

 

 

 

 

 

 

 

 

Fig. 1 Flow diagram for the recruitment and group a llocation of patients. 
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Genotyping 

Genomic DNA of patients was isolated from whole blood by Genomic DNA isolation 

kit (Promega, Mannheim, Germany). All the procedures followed manufacture´s 

instruction. DNA was stored at -20°C until use.  

A 167 base pair fragment from exon of CNDP1, which included the (CTG)n 

polymorphism, was amplified by standard PCR methods using a fluorescence labeled 

forward primer (5´FAM-AGGCAGCTGTGTGAGGTAAC-3´) and an unlabeled reverse 

primer (5´-GGGTGAGGAGAACATGCC-3´) respectively. Genotyping was performed 

according to fragment analysis on an ABI 310 sequencing platform (ABI prism DNA 

analyzer 3100). 

 

Statistical analysis 

Study size was calculated based on power analysis for obtaining the significance 

between groups. We compared qualitative data using χ2 or two-sided Fishers exact 

test when appropriate. Significance was defined according to a p value less than 0.05. 

Statistical analyses were performed with GraphPad Prism 6.0 (GraphPad Software, 

Inc. La Jolla, California).  
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Results and discussion 

Demographic and clinical characteristics of the studied individuals with clinical based 

diagnosis are presented in Tab. 1. If diagnosis of DN was based on CIC alone the 

frequency of the homozygous (CTG)5 genotype was not significantly different 

between the groups no-DN and CIC-DN (Fig. 2A, 36% vs. 38%). The frequency of 

the protective genotype dropped to 17% when biopsy proven DN was considered 

only (36% vs. 17%; no-DN vs. BP-DN, p<0.05) (Fig. 2A). The frequency of the 

homozygous (CTG)5 genotype in BP-DN was also significantly lower as compared to 

BP-NDRD patients (Fig. 2A, 17% vs. 32%;  BP-DN vs. BP-NDRD, p<0.05).  

Significantly more male patients (65%) were recruited in the CIC-DN group (males: 

n=71, females: n=39) as compared to the group without DN (males: n=64, females: 

n=81). The uremic group consisted of 85 patients and showed a similar gender 

distribution with 64% males as compared to CIC-DN group (males: n=54, females: 

n=31). In the group of BP-DN 70% were males (males: n= 21, females: n=9) whereas 

in the group of BP-NDRD only 64% were male (males: n=14, females: n=8). Renal 

biopsy findings were diagnosed as lupus nephritis, IgA nephropathy or pauci immune 

glomerulonephritis (data not shown).   

To confirm previous findings of the sex-specific association between DN and the 

homozygous (CTG)5 genotype, patients were stratified according to gender. Although 

in female there was a trend that the frequency of the homozygous (CTG)5 genotype 

was lower in the CIC-DN as compared to the no-DN group (38% vs. 31%, no-DN vs. 

CIC-DN), only for the comparison with the BP-DN this was statistical significant (38% 

vs. 0%, no-DN vs. BP-DN, p<0.05). Although in males frequency of the homozygous 

(CTG)5 genotype was also lower in BP-DN compared to no-DN this difference did not 

reach statistical significance (34% vs. 26%, No-DN vs. BP-DN, p=ns). 
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Tab. 1: Demographic and clinic data of patients wit h clinical based diagnosis.  

 

  no-DN CIC-DN BP-DN CIC-NDRD BP-NDRD 
n 145 110 30 85 22 

Demographic Characteristics      

Male sex ― n (%) 64 (44) 71 (65) 21 (70) 54 (64) 14 (64) 

Age  ―  year 68.7 ±0.7 69.1 ±1.0 60 ±2.1 60.8 ±1.8 64.3 ±2.9 

Clinical characteristics    
 

 

Body mass index ― kg/m2 32.0 ±0.5 30.9  ±0.6 31.1 ±1.5 24.6 ±0.5 27.1 ±0.7 

Hypertension     
 

 

   Number of AHM  2.7 ±0.1 3.2  ±0.1 3.2 ±0.3 2.8 ±0.2 2.5 ±0.3 

Blood pressure ― mmHg    
 

 

     Systolic 131 ±1.6 137  ±2.1 139 ±4.0 131 ±2.0 142 ±4.3 

     Diastolic 74 ±0.9 69  ±1.3 74 ±2.1 69 ±1.5 75 ± 3.3 

Diabetes mellitus    
 

 

Time from diagnosis  ―  year 17.6 ±0.5 22.0  ±0.9 14.37 ±1.3 --- --- 

Glycemic control    
 

 

     HbA1c ―  % 7.4 ±0.1 7.6 ±0.1 8.04 ±0.4 5.5 ±0.1 5.7 ±0.3 

     HbA1c ― mmol/mol  57.0 ±1.1 59.4 ±1.2 39.5 ±13.5 36.8 ±1.1 64.4 ±21.5 

Kidney function    
 

 

     Creatinine― mg/dl 0.94 ±0.02 6.2  ±0.31 5.51 ±0.49 9.5 ±0.35 3.8 ±0.55 

     eGFR ― ml/min 76.5 ±1.4 16.5  ±1.9 15.6 ±2.4 6.4 ±0.3 24.8 ±4.4 

     Hemodialysis ― n (%) 0 (0) 83 (75) 18 (60) 85 (100) 8 (36) 

     HD duration  ―  months  0 56 ±5.1 19.97 ±5.9 82 ±9.2 3 ±1.7 

     Albuminuria  ―  mg/l    12.1 ±0.7 1634  ±295 2440 ±587 908 ±260 819 ±155 

Retinopathy (DR) ― n (%)    
 

 

     no DR 121 (84) 0 (0) 6 (20) --- --- 

     NPDR 24 (16) 71 (64) 11 (37) --- --- 

     Proliferative DR --- 18 (17) 4 (13) --- --- 

     Maculopathy --- 8 (7) 3 (10) --- --- 

     Lasertherapy --- 13 (12) 3 (10) --- --- 

Polyneuropathy ― n (%) 63 (43) 58 (53) 17 (57) --- --- 

History ― n (%)    
 

 

Coronary heart disease 48 (33) 75 (68) 11 (37) 24 (28) 6 (22) 

Cardiovascular Event   22 (15) 41 (37) 7 (23) 14 (16) 5 (23) 

Arterial occlusive disease   26 (18) 57 (52) 11(37) 17 (20) 3 (14) 

Stroke   19 (12) 29 (26) 6 (20) 8 (9) 2 (9)  

Statin 94 (65) 80 (73) 19 (63) 28 (33) 10 (45) 

Homozygous (CTG)5 ― n (%) 47 (36) 42 (38) 5 (17) 32 (40) 7 (32) 
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Fig. 2 CNDP1 (CTG)n genotype distribution in T2DM patients.  Genotype distribution is 

depicted as homozygous for the (CTG)5 allele (10 leucine) vs all other genotypes (> 10 

leucine).  A:  No significant difference in genotype distribution was observed between T2DM 

patients with or without DN when applying CIC. However the frequency of patients 

homozygous for the (CTG)5 allele significantly decreased when BP-DN was considered. B 

and C:  In both male (B) and female (C) T2DM patients, no significant difference in the 

frequency of homozygosity for the CNDP1 (CTG)5 allele was observed between T2DM with 

and without DN when applying CIC. However in BP-DN the frequency for homozygosity for 

the CNDP1 (CTG)5 allele was significantly decreased in female T2DM patients  

Abbreviations: Ns: not significant. 
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The CNDP1 genotype distribution was tested in 175 patients on HD, including 90 

patients with DN according to CIC and/or biopsy and 85 uremic patients. All patients 

were stratified on the basis of HD duration, i.e. time on dialysis: <18 months, between 

18 and 120 months and >120 months.  

The frequency of the protective (CTG)5 genotype was significantly increased in 

patients who were on HD for a relatively long time (more than 120 months, n=27) as 

compared to patients with a relative short history of hemodialysis (Fig. 3A, 48% vs. 

26%, p<0.001). Gender distribution was approximately equal in the former group 

(male: n=13, female; n=14) and similar as observed for the whole cohort, there was 

an increased frequency of the protective genotype in both male (Fig. 3B) and female 

(Fig. 3C) patients in this group. Of the 27 HD patients more than 120 months there 

were only 9 T2DM patients (male: n=5; female n=4). This small group size impedes 

drawing firm conclusions as to whether the frequency of the protective genotype is 

changed in T2DM with a long time on dialysis and if this occurs in a sex dependent 

manner. Nonetheless, 3 out of 4 females and 3 out 5 males were carrying the 

protective genotype. Even though the number of patients is very small, our data show 

that the majority of these patients are homozygous for the (CTG)5 allele which is not 

in keeping with the published data that this genotype imparts a cardiovascular 

mortality risk in female T2DM patients [19].  

Although a major limitation of our study is the small group size, particularly of BP-DN 

patients (n=30) and of patients with a long history of HD (all patients: n=27, T2DM 

only: n=9), our findings do support the notion that protection against DN afforded by 

the (CTG)5 allele is gender specific in T2DM patients. It also suggest that (CTG)5 

homozygous HD patients might have a survival benefit as compared to other 

genotypes. Yet it should be emphasized that this study used a cross-sectional design 
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and therefore confirmation of this assumption should ideally be prospectively 

followed-up in a longitudinal study.        
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 Fig. 3 The correlation between hemodialysis duratio n and CNDP1 genotype 

distribution.  The frequency of (CTG)5 homozygosity was significantly higher in patients who 

had HD for more than 120 months as compared to patients who had HD for less than 18 

months in the whole cohort (A). The protective frequency increased in both male (B) and 

female (C) when the HD duration increased. 
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Abstract 

This study assessed if serum carnosinase (CN-1) activity and concentration in type 2 

diabetes mellitus (T2DM) patients carrying the protective CNDP1 genotype ((CTG)5 

homozygous) with diabetic nephropathy (DN) differ from those without nephropathy.  

From a total of 272 T2DM patients (with DN n=127, without DN n=145) 92 patients 

(with DN: n=45, without DN: n=47) were homozygous for the (CTG)5 allele. CNDP1 

(CTG)5 homozygous T2DM patients with DN had significantly lower CN-1 

concentrations (30.4 ± 18.3 vs 51.2 ± 17.6 µg/ml, p<0.05) and activity (1.25 ± 0.5 vs 

2.53 ± 1.1 µmol/ml/h, p<0.05) than those without nephropathy. Univariate analysis 

confirmed significant lower CN-1 concentrations and activity in all T2DM patients with 

DN. In multivariate regression analyses, estimated renal function (eGFR) and to a 

lesser extent genotype were significantly associated with serum CN-1 concentrations 

(95% CI of regression coefficients: eGFR: 0.10 – 1.94 (p=0.001); genotype: -0.05 – 

5.79 (p=0.055)). In a separate small group (n=12) of subsequently recruited patients 

with micro- or macro-albuminuria (range 39-836 ng/ml), carnosinasuria was detected, 

correlated inversely with serum albumin (r: 0.90) and positively with albuminuria (r: 

0.83). Immuno-histology on sections of kidney biopsies retrieved from our archives 

suggested that CN-1 expression in proximal tubules is increased in patients with 

proteinuria as compared to healthy controls (controls: 0.014 ± 0.021, patients with 

proteinuria: 0.102 ± 0.130). 

Our study demonstrates that serum CN-1 concentrations in T2DM patients with DN 

are decreased, possibly caused by carnosinasuria. Further studies using large 

cohorts are warranted to underpin this assumption and to delineate the relevance of 

carnosinasuria for renal function deterioration.  
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Introduction 

The incidence of type 2 diabetes mellitus (T2DM) is increasing to epidemic 

proportions in both developed and developing countries [1]. Due to its associated 

complications, e.g. diabetic nephropathy (DN), retinopathy or peripheral neuropathy, 

diabetes care constitutes a major part of the healthcare expenditure. DN is not only 

associated with high clinical costs, it is also the foremost cause for end-stage renal 

failure and cardiovascular mortality, conditions mostly appearing several years after 

the onset of DM [2].  

Approximately one third of T2DM patients are susceptible to develop DN, which is 

explained by genetic predispositions [3]. Amongst the susceptibility loci for DN, the 

CNDP1 gene has been shown to be strongly associated with DN in T2DM patients 

[4-8], albeit that this differs for different ethnicities [9, 10].  Based on the number of 

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

leucine residues are known. While in the Caucasian population the (CTG)4 allele is 

very rare, the more common (CTG)5 allele seems to afford protection against DN as 

T2DM patients without nephropathy are more frequently homozygous for this allele 

than those with nephropathy. The CNDP1 polymorphism affects CN-1 secretion [11], 

thus explaining why CN-1 activity is low in (CTG)5 homozygous individuals [8].  

It is assumed that low CN-1 activity may protect T2DM patients from glyco-oxidative 

tissue damage as a consequence of low carnosine turnover. However, in human 

carnosinemia is difficult to assess and is mostly only transiently observed after oral 

supplementation of carnosine in individuals with low CN-1 activity [12]. CN-1 activity 

is not only determined by the (CTG)n polymorphism. It is in general higher in female 

[13], it is influenced by competing substrates such as homocarnosine [14] and it 

seems that the conformation of CN-1 also affects CN-1 activity [15]. With respect to 

the latter we have recently shown that anti-CN-1 monoclonal antibody RYSK173 can 
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distinguish between different CN-1 conformations [15], presumably due to the 

presence or absence of divalent metal ions that associate with the dinuclear zinc-

binding site of CN-1. While in the majority of individuals the proportion of CN-1 that is 

recognized by RYSK173 is low (0.1 to 2 %), individuals with a high proportion of this 

conformation (>15 %) have in general a low CN-1 activity [15].  

Even though T2DM patients without DN are more frequently homozygous for (CTG)5 

allele, a significant number of (CTG)5 homozygous T2DM patients still develop DN. 

Why this occurs is at present not known. In the current study we therefore tested the 

hypothesis that (CTG)5 homozygous T2DM patients with nephropathy have higher 

serum CN-1 activities and concentrations as compared to those without nephropathy. 

To this end, CN-1 activity and concentration were tested in a clinically well-defined 

cohort of T2DM patients.  
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Materials and Methods  

Patients 

After screening of clinical records, a total of 272 T2DM patients were included and 

allocated to either the DN (n=127) or no DN (n=145) group. Inclusion criteria for DN 

were as follows: persistent macro-albuminuria in at least 2 independent 

measurements (albumin excretion rate > 300 mg/d or > 200 mg/l or ACR 

(albumin/creatinine ratio) > 300 mg/g) obligatory in combination with the diagnosis of 

diabetic retinopathy (DR) (all severity degrees were allowed). This combination was 

obligatory, unless DN was biopsy proven to exclude cases with proteinuria due to 

renal disease other than DN. Exclusion criteria were urinary tract infection or fever at 

the time of urine investigation, renal disease other than DN and history of kidney 

transplantation. T2DM patients without DN fulfilled the following criteria: Diabetes 

duration of at least 15 years accompanied by a normo-albuminuria in at least two 

independent measurements (albumin excretion rate < 30 mg/d or < 20 mg/l or ACR < 

30 mg/g). In keeping that approximately 80% of the diabetic patients in this group 

were on ACE inhibitors or AT1-blockers, normo-albuminuric patients were excluded if 

they showed diabetic retinopathy more severe than mild non proliferative retinopathy 

[16-18].  

Diabetes mellitus was defined by known history of diabetes or a fasting blood glucose 

≥ 7.0 mmol/l (126 mg/dl), a casual plasma glucose level ≥ 11.1 mmol/l (200 mg/dl) or 

a HbA1c ≥ 6.5%. Estimated glomerular filtration rates (eGFR) were calculated based 

on either Modification of Diet in Renal Disease (MDRD) formula or Chronic Kidney 

Disease Epidemiology Collaboration (CKD-EPI) formula. Serum was used to assess 

CN-1 concentration and activity. Genotyping was performed on EDTA blood. All 

samples were stored at −20°C until use. The study protocol was approved by local 

ethics committee and all patients gave their written informed consent prior to study 
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(No. 0193/2001).  

 

CNDP1 genotyping 

CNDP1 genotyping was performed as previously described [19] using PCR 

amplifications and subsequent fragment analysis. 

 

CN-1 activity and ELISA 

Plasma carnosinase activity was determined according to the method described by 

Teufel et al. [20]. Briefly, the reaction was initiated by the addition of substrate (L-

carnosine) to a serum sample and stopped after appropriate time of incubation at 

30°C by the addition of 1% trichloroacetic acid. Li berated histidine was derivatized 

with O-phtaldialdehyde, and the maximum increase was used to determine the 

maximum activity. Fluorescence was measured by excitation at 360 nm and emission 

at 460 nm. Intra- and inter-assay variations were 7% and 25% respectively. 

Sensitivity was approximately 0.117 µmol/ml/h. CN-1 ELISA was performed as 

described in [15]. 

 

Westernblot analysis 

Detection of CN-1 by Westernblotting was performed as described previously [15]. In 

some urine samples PNGase treatment was included to demonstrate CN-1 identity of 

the immune reactive bands.  N-linked deglycosylation was performed by PNGase F 

(New England Biolabs, Frankfurt, Germany) treatment according to the 

manufacturer's recommendations. 
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Immunofluorescence 

CN-1 staining was performed on 1µm thick sections of paraffin embedded human 

kidney biopsies from DN patients with proteinuria (range 0.5 - 16 g/d; n=29) and from 

membranous glomerulopathy patients with proteinuria (range 10 - 20 g/d; n=12) 

retrieved from our archives. Pre-transplantation renal biopsy sections from living 

donors (n=20) were used as healthy controls (no proteinuria). Biopsies were taken for 

diagnostic reasons and revealed no pathologic abnormalities. After deparaffinization 

and rehydration, slides were boiled in target retrieval solution and incubated with 

blocking solution (POLAP-100, ZytoChem-Plus AP Polymer-kit, Zytomed Systems 

GmbH, Berlin, Germany). Hereafter the sections were incubated overnight at 4°C 

with monoclonal mouse-anti-human-CNDP-1 antibody (1:200,  MAB2489, R&D 

systems, Wiesbaden, Germany) followed by treatment with postblock reagent 

including rabbit-anti-mouse secondary antibodies and AP-polymer reagent (POLAP-

100, ZytoChem-Plus AP Polymer-kit, Zytomed Systems GmbH, Berlin, Germany). To 

visualize CN-1 antibody binding, Fast Red solution was used (Santa Cruz 

Biotechnology, INC, Heidelberg, Germany). Hereafter the sections were incubated 

with rabbit-anti-human-LRP2 (Low density lipoprotein-related protein 2)/megalin 

antibodies (1:200, HPA005980, Sigma, Steinheim, Germany) followed by incubation 

with secondary donkey-anti-rabbit-antibodies Alexa Fluor 488 (A21206, Life 

Technologies GmbH, Darmstadt, Germany). Qualitative and quantitative 

morphometric analysis was performed using an optical microscope (Olympus 

Deutschland GmbH, BX41, Hamburg, Germany) in combination with the CellF 

software (Olympus Deutschland GmbH, Hamburg, Germany). Immuno-positive areas 

of CN-1 were measured and expressed as percentage of total analyzed area (in %). 

In the corresponding LRP2-staining, the numbers of LRP2-positive proximal tubules 
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were counted. The results are expressed as the ratio of CN-1 immuno-positive area 

and numbers of proximal LRP2-positive tubules. 

 

Statistical analysis 

Quantitative data are depicted as means ± SEM. Student t test (normal distribution) 

or Wilcoxon-Mann-Whitney test (non-normal distribution) was applied to compare 

differences between groups. We compared qualitative data with χ² or two-sided 

Fisher’s exact test when appropriate. Linear regression was used to model the 

relationship of the serum CN1 concentration and various putative explanatory 

variables, such as age, gender, BMI leucine repeat, MDRD-GFR, HbA1c, and 

dialysis. Regression coefficients (β) are reported for a 1 unit change in the variable 

with 95% confidence intervals. A p-value of less than 0.05 was considered significant 

in all analyses. Statistical analyses were performed using Stata Statistical Software 

for Microsoft Windows (Stata Corp., College Station, TX). 

  



Chapter 4 
 

71 
 

Results  

Homozygous CNDP1 (CTG)5 T2DM patients with or without nephropathy. 

From a total of 272 T2DM patients that were enrolled in our study 92 patients were 

homozygous for the CNDP1 (CTG)5 allele. These patients were further stratified on 

the basis of DN (with DN: n=45, without DN: n=47). Demographic and clinical 

characteristics of both groups are presented in Tab. 1. Apart from the fact that in the 

DN group significantly more male patients were included, demographic 

characteristics were similar in both groups. The number of anti-hypertensive 

medication (AHM) was higher in the DN group, in line with a higher systolic blood 

pressure. Although the time from diagnosis of T2DM was significantly shorter in the 

group without DN (17.5 ± 0.7 vs 23.4 ± 1.5 years; p<0.05) glycemic control was 

comparable. Insulin dosage was significantly lower in patients with DN; also oral anti-

hyperglycemic agents were less frequently used. As a consequence of the inclusion 

criteria for DN, severity of retinopathy was significantly higher in the DN group. No 

significant difference in neuropathy was found between the groups. DN patients had 

more frequently a history of coronary heart disease, cardiovascular events, arterial 

occlusive disease and stroke. Also nicotine abuse was more frequently found in this 

group. CN-1 concentration and activity were significantly higher in T2DM patients 

without DN as compared to T2DM patients with DN (CN-1 concentration: 51.2 ± 17.6 

vs 30.4 ± 18.3 µg/ml, CN-1 activity: 2.53 ± 1.1 vs 1.25 ± 0.5 µmol/ml/h). The 

proportion of the RYSK173 CN-1 conformation was slightly higher in T2DM without 

DN (Tab. 1).   
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Tab. 1: Demographic and clinical characteristics of  CN-1 (CTG)5 homozygous T2DM 

with or without DN 

 
T2DM + DN 

n = 45 

T2DM - DN 

n = 47 

Demographic characteristics    

Male sex (%) 33 (73) 22 (47)* 

Age (year) 69.2 ± 1.5 68.5 ± 1.4 

Clinical characteristics    

Weight (kg) 80.9 ± 2.8 88.1 ± 2.5 

Body mass index (kg/m2) 30.8 ± 0.9 32.3 ± 1.1 

Hypertension (%) 44 (98) 44 (94) 

     Number of AHM  3.3 ± 0.2 2.6 ± 0.2* 

Blood pressure (mmHg)   

     Systolic 140 ± 2.7 131 ± 2.2* 

       Diastolic 69 ± 1.7 75 ± 1.6* 

Diabetes Mellitus    

Time from diagnosis (year) 23.4 ± 1.5 17.5 ± 0.7* 

Glycemic control   

     HbA1c (%)  7.3 ± 0.2  7.5 ± 0.2 

     HbA1c (mmol/mol) 56.6 ± 1.8 58.5 ± 2.1 

     FPG (mg/dl) 159 ± 14 144 ± 13 

Diabetic complications    

Kidney function   

     Creatinine (mg/dl) 6.6 ± 0.5 0.93 ± 0.04* 

     eGFR (ml/min) 12.3 ± 1.7 77.4 ± 2.8* 

     Hemodialysis (HD) 36 (78) 0 (0)* 

     HD duration (month) 63.3 ± 8.9 0* 

     Albuminuria (mg/l) 1775 ± 372 12.0 ±1.2* 

Retinopathy (DR) (%)   

     No DR 3 (6) 40 (85)* 

     NPDR 29 (70) 7 (15)* 

     Proliferative DR 4 (9) 0 (0)* 

     Maculopathy  2 (4) 0 (0)* 
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     Lasertherapy 8 (17) 0 (0)* 

Polyneuropathy 21 (47) 16 (34)  

History (%)   

Coronary heart disease 32 (70) 16 (34)* 

Cardiovascular event  19 (41) 8 (17)* 

Arterial occlusive disease 26 (57) 9 (19)* 

Stroke  12 (26) 6 (13)* 

Smoking  28 (61) 14 (30)* 

Statin  33 (72) 30 (64) 

Carnosinase metabolism    

CN-1 activity (µmol/ml/ h) 1.25 ± 0.5 2.53 ± 1.1* 

CN-1 concentration ATLAS (µg/ml) 30.4 ± 18.3 51.2 ± 17.6* 

CN-1 concentration RYSK173 (µg/ml) 0.28 ± 0.04 0.70 ± 0.06* 

RYSK173 proportion of ATLAS concentration (%) 1.17 ± 0.18 1.72 ± 0.34* 

*: p < 0.05 

 

Serum CN-1 concentrations and renal function (eGFR) 

The finding that CN-1 concentrations in (CTG)5 homozygous patients with DN are 

significantly lower compared to those without nephropathy argues against the 

hypothesis that low CN-1 concentrations affords protection against DN. We therefore 

performed univariate analysis using Student T-test on all 272 patients to identify the 

main differences between patients with and without nephropathy in our recruited 

patients (Tab. 2). Similar as observed for the (CTG)5 homozygous patients, analysis 

of the whole cohort revealed that males developed more frequently DN as compared 

to females and that CN-1 activity and concentration were lower in patients with 

nephropathy. No differences were observed in body mass index (BMI), HbA1c, and 

age, but also not in the distribution of the (CTG)5 homozygous genotype (Tab. 2). 

Multivariate regression analysis was subsequently performed to identify independent 

factors that are associated with low serum CN-1 concentrations (Tab. 3). 
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Tab. 2 Univariate analysis on the differences of ma in characteristics between T2D 

patients with and without DN groups. 

 
T2DM + DN 

(n=127) 

T2DM – DN 

(n=145) 

95% CI of 

regression 

coefficients  

p value 

Age (years) 68.1 ± 1.0 68.7 ± 0.7 -2.91 – 1.7 ns 

Gender F/M (%) 35 / 65 52 / 48 --- < 0.05 

Body mass index (kg/m2) 31.1 ± 0.6 32.0 ± 0.5 -2.4 – 0.69 ns 

HbA1c (%) 7.6 ± 0.1 7.4 ± 0.1 -0.07 – 0.5 ns 

(CTG)5 homozygosity (%) 36 36 --- ns 

Creatinine (mg/dl) 6.2 ± 0.28 0.94 ± 0.02 4.7 – 5.7 < 0.05 

eGFR (ml/min) 15.8 ± 1.7 76.5 ± 1.4 -62.9 – -53.9 < 0.05 

CN-1 concentration (µg/ml) 36.6 ± 2.0 51.1 ± 1.5 -19.3 – -9.7 < 0.05 

CN-1 activity (µmol/ml/h) 1.48 ± 0.1 2.44 ± 0.1 -1.2 – -0.7 < 0.05 

ns: not significant 

 

Tab.3 Multivariate regression analysis for identifi cation of independent variables 

associated with serum CN-1 concentration. 

 95% CI of regression coefficients p value 

Age -0.03 – 0.18 0.56 

Gender -4.18 – 5.69 0.76 

Body mass index -0.12 – 0.62 0.19 

HbA1c -1.92 – 1.99 0.99 

Hemodialysis duration -47.23 – 40.28 0.71 

CNDP1 genotype  -0.05 – 5.79 0.055 

eGFR  0.10 – 1.94 0.001 
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A highly significant association between eGFR and serum CN-1 concentration was 

found. Also an association between genotype and CN-1 concentrations was 

observed with borderline significance.   

To make the association between eGFR and serum CN-1 concentration more visible, 

all T2DM patients were stratified on the basis of eGFR. While T2DM patients with 

poor renal function (eGFR < 30 ml/min, most of these patients were on HD (n=97) or 

pre-dialysis (n=12)) had significantly decreased serum CN-1 concentrations, T2DM 

patients with good renal function (eGFR > 60 ml/min) had significant higher CN-1 

concentrations (Fig. 1A). T2DM patients with an intermediate renal function (eGFR 

ranging from 30 to 60 ml/min) displayed intermediate levels of serum CN-1 (Fig. 1A). 

CNDP1 genotype distribution ((CTG)5 homozygous vs. not (CTG)5 homozygous) was 

comparable in the various eGFR strata (Fig. 1B). Although multivariate analysis did 

not reveal an association between BMI and serum CN-1 concentration, T2DM 

patients with poor renal function displayed a significantly lower BMI (Fig. 1C). No 

difference in BMI between T2DM patients with intermediate or good renal function 

was observed (Fig. 1C). 
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CN-1 is excreted in patients with micro- or macro-albuminuria 

Since in T2DM patients renal function deterioration goes along with progression to 

macro-albuminuria, we hypothesized that serum CN-1 concentrations might decrease 

as a consequence of proteinuria. Because urine was not collected at the time of 

patient recruitment, spot urine samples from 12 subsequently recruited renal disease 

patients with either normo- or micro- (n=5) or macro-albuminuria (n=7) were tested 

for the presence of CN-1. Clinical characteristics of these patients are depicted in 

Tab. 4.  

In all 7 patients with macro-albuminuria CN-1 was detected to various degrees by 

ELISA. In 2 out of 5 patients with normo- or micro-albuminuria we were able to 

measure CN-1 after concentration of the urine (Tab. 4). In Westernblot analysis, two 

major CN-1 immune reactive bands were detected corresponding to molecular 

weights of ~60 and ~ 54 kDa respectively. Upon PNGase treatment the 60 kDa band 

was shifted to 54 kDa, demonstrating the presence of N-glycosylation (Fig. 2). In this 

small patient group serum albumin concentration significantly correlated with both 

albuminuria and carnosinasuria. In addition albuminuria correlated significantly with 

carnosinasuria (Fig. 3).  
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Tab. 4: Age, renal disease, serum and urine paramet ers of additional patients with 

micro- or macro-albuminuria.  

Patient 1 2 3 4 5 6 7 8 9 10 11 12 

Age 48 58 39 68 87 37 80 58 48 67 52 76 

sCra 

(mg/dl) 

0.7

7 

0.5

1 

0.7

1 
3.12 3.93 2.1 3.96 3.68 8.06 5.66 8.99 3.01 

eGFR 

(ml/min) 
>60 >60 >60 21 16 28 16 13 8 11 7 22 

sAlbb 

(g/l) 

35.

9 

37.

1 

38.

2 
28.8 32.7 13.9 22.1 30.9 28.6 20.6 33.5 15.9 

TPUc 

(mg/l) 
144 80 <50 504 

173

2 
4091 3174 

218

8 
4673 4816 539 5380 

uAlbd 

(mg/l) 
11 6 <5 123 92 3180 2500 

155

0 
3580 4380 310 4790 

uCre 

(g/l) 

0.8

1 

0.4

7 

0.1

6 
0.58 0.85 0.85 0.77 0.46 0.61 1.16 0.54 0.89 

TPU/uCr 

ratio 
178 179 - 849 

203

8 
4813 4122 

475

7 
7661 2991 998 6045 

CN-1 

ATLASf 

(ng/ml) 

0 39 0 52 0 836 211 179 295 540 86 482 

CN-1 

RYSK173
g 

(ng/ml) 

0 0 0 0 0 992 104 231 33 39 0 578 

Renal 

disease 
- - - 

unclea

r 
DN 

Lupus 

Nephr
h 

Pauci 

Imm.GI

. Nephri 

DN 

IgAN
j 

&DN 

FSGS
k 

Pauci 

Imm.GI

. Nephr 

FSG

S 

a creatinine in serum, b albumin in serum, c total protein in urine, d albumin in urine, e creatinine in urine, 
f total CN-1 concentration in urine,  g concentration of CN-1 RYSK173 in urine, h lupus nephritis, i pauci 

immune glomerulonephritis, j IgA nephropathy, k focal segmental glomerulosclerosis.  
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Fig. 3  Correlations between serum albumin and albuminuria (upper left graph), between 

serum albumin and carnosinasuria (upper right graph) and between carnosinasuria and 

albuminuria (lower graph) are shown. 
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Reabsorption of CN-1 in proximal tubules    

To test if proteinuria might affect the expression of CN-1 in proximal tubules, we 

stained renal sections from our archives. The section were obtained from DN patients 

with various degrees of proteinuria (range 0.5 - 16 g/d, n=29) and from membranous 

glomerulonephritis patients with massive proteinuria (10 - 20 g/d, n=12) for CN-1. 

Renal biopsy sections from kidney transplant donors (n=20) were used as healthy 

controls (no proteinuria).  As depicted in Fig. 4A, in control biopsies a distinct 

cytoplasmic granular positivity for CN-1 was noted in proximal LRP2-positive tubules, 

especially of medullary rays. In biopsies from DN (Fig. 4B) or from membranous 

glomerulonephritis patients (Fig. 4C), an increase for CN-1 staining was found in 

proximal convoluted tubules of the cortex. In patients with intense granular CN-1 

immunoreactivity in proximal tubules also podocytes showed cytoplasmic CN-1 

positivity (Fig. 4D). CN-1 was quantified after normalization for the number of tubules 

(relative CN-1 expression) and showed a significant increase of CN-1 in DN and 

membranous glomerulonephritis patients (Fig. 4E, controls: 0.014 ± 0.021, DN: 0.102 

± 0.130, membranous glomerulonephritis: 0.056 ± 0.033; p<0.01 controls vs DN and 

p<0.001 controls vs membranous glomerulonephritis). Relative CN-1 expression did 

not correlate with the degree of proteinuria in DN patients (Fig. 4F, r: 0.084; p=0.66).   
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Discussion 

Even though it has been reported that T2DM patients without nephropathy are more 

frequently homozygous for the CNDP1 (CTG)5 allele, a significant number of such 

patients still develops DN. The main aim of this study was therefore to assess if 

serum CN-1 concentration and activity in CNDP1 (CTG)5 homozygous T2DM 

patients differ between patients with and without DN  

Our findings are consistent with previously published data with respect to sex 

specificity of the association with CNDP1 (more females in the group without DN, 

Tab. 1) and serum CN-1 concentrations when stratified for gender or genotype (data 

not shown) [21]. However in multivariate analysis genotype, but not gender, remained 

to be an independent variable for serum CN-1 concentrations. The most unexpected 

finding was the observation that T2DM patients with DN have significantly lower 

serum CN-1 concentrations and activities. This argues against the hypothesis that 

low CN-1 activity/concentration may afford protection against DN in T2DM patients 

[8].  

Univariate analysis using Student T-test of all 272 T2DM patients confirmed that CN-

1 activity and concentrations were significantly lower in T2DM patients with DN. In 

multivariate analysis eGFR and genotype were associated with low serum CN-1 

concentrations. To the best of our knowledge, this is the first report on the 

association between serum CN-1 and eGFR. 

The relation between eGFR and serum CN-1 concentrations can be partly explained 

by the fact that in T2DM patients renal function deterioration goes along with 

progression to macro-albuminuria. Although carnosinasuria was not tested in our 

cohort of patients we could clearly demonstrate that carnosinasuria was present in 12 

additionally recruited patients with micro- or macro-albuminuria and was not limited to 

T2DM patients only. Indeed persistent macro-albuminuria was an inclusion criterion 
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for patient allocation to the T2DM with DN group. Yet it should be underscored that 

most of the DN patients were on dialyses with low or no diuresis. Hence, macro-

albuminuria alone cannot explain low serum CN-1 concentrations in these patients. 

Uraemia-induced alterations in protein metabolism and gastrointestinal tract function 

can result in poor nutritional status. Yet protein energy wasting, a condition of loss of 

muscle and visceral protein stores is not entirely accounted for by inadequate nutrient 

intake, as the prevalence hereof increases progressively along with the loss of 

residual renal function and is high in dialysis patients [22]. Protein energy wasting 

may therefore also partly explain the relation between renal function and low serum 

CN-1 concentration. The findings that T2DM patients on dialysis or in the pre-dialysis 

stage (eGFR < 30 ml/min) have a significant lower BMI, along with significantly lower 

serum CN-1 concentrations, as compared to those with intermediate or good renal 

function is in line with this assumption. 

Urinary carnosinase seems to be partly re-absorbed by proximal tubules as 

suggested by an increased staining for CN-1 in renal biopsies of DN patients, 

although we cannot exclude de novo synthesis of CN-1 in proximal tubules. This was 

not specific for DN since also patients with membranous glomerulonephritis showed 

an increased CN-1 staining in proximal tubules. It should also be noted that the 

degree of proteinuria did not correlate with CN-1 positivity of proximal tubules. 

Albuminuria is associated with an increased risk for progression to end-stage renal 

and cardiovascular disease [23]. Yet a proportion of T2DM patients have a low eGFR 

without albuminuria [24]. Even though it has been reported that the CNDP1 genotype 

is not associated with change in eGFR and all-cause mortality in T2DM patients [25], 

it remains to be assessed whether there is a correlation between eGFR and 

carnosinasuria in these patients. If such a correlation exists it also needs to be 

addressed whether this is independent of albuminuria and, if so, can it be detected in 
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T2DM patients with low eGFR but no albuminuria. Because the presence of 

persistent macro-albuminuria was required for including T2DM patients with DN, 

carnosinasuria in T2DM patients with impaired renal function and no albuminuria 

could not be studied.   

Like other histidine containing dipeptides (HCD) carnosine is stored in peripheral 

skeletal muscles and other organs, e.g. kidney, retina, myocardium. Based on their 

chemical structure they display a variety of protective properties which may 

ameliorate harm caused by oxidative and carbonyl stress [26, 27]. Depletion of HCD 

stores in peripheral organs might therefore cause an increased susceptibility to tissue 

damage in hyperglycemic patients. One unsolved question therefore is whether 

filtered CN-1 is still active and to what extent it influences renal HCD stores. It should 

be emphasized that the lack of CN-1 activity in urine from patients with albuminuria 

does not imply that CN-1 is also inactive in the ultrafiltrate.  As the ultrafiltrate flows 

along the nephron its composition is dramatically changed, which may lead to CN-1 

denaturation, unmasking of the CN-1 RYSK173 epitope and thus inactivation of CN-1 

activity.  

Studies performed in diabetic mice have indicated that renal carnosine 

concentrations remain stable whereas renal concentrations of anserine decrease in 

the course of diabetes paralleled by an increased renal CN-1 activity [28].  In human 

no data are currently available on renal HCD stores, neither in relation to CN-1 

activity, nor in relation to diabetes, nor in relation to proteinuria. CN-1 may be partly 

re-absorbed in patients with macro-albuminuria yet it remains to be assessed if re-

absorbed CN-1 can influence renal HCD stores.   

In conclusion, our study demonstrates that serum CN-1 concentrations in T2DM 

patients with DN are decreased possibly as a consequence of protein energy wasting 

and carnosinasuria. Since this is the first report on carnosinasuria ever and only 
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observed in a small number of patients, the clinical significance of carnosinasuria in 

terms of progression to DN is at present still elusive. Our data strongly warrant further 

studies using large cohorts not only to underpin these initial findings, but more 

importantly to understand the relation between low serum carnosinase 

concentrations, carnosinasuria and renal function deterioration, either as a 

consequence of diabetes or other underlying chronic renal diseases. 
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Supplementary Tab. 1 Demographic and clinic data of all patients that were allocated to the 
different groups. 

  T2DM + DN            T2DM - DN    

n 127 145 

Demographic characteristic    

Male sex ― n (%) 82 (65) 75 (52) 

Age  ―  year 68.1 ±1.0  68.7 ±0.7 

Clinical characteristics      

Weight  ―  kg 88.5  ±1.8 89.5 ±1.5 

Body mass index ― kg/m2 31.1  ±0.6 32.0 ±0.5 

Hypertension      

   Number of AHM  3.3  ±0.1 2.7 ±0.1 

Blood pressure ― mmHg     

     Systolic 138  ±2.0 131 ±1.6 

     Diastolic 70  ±1.2 74 ±0.9 

Diabetes mellitus      

Time from diagnosis  ―  year 20.8  ±0.8 17.6 ±0.5 

Glycemic control     

     HbA1c ―  % (mmol/mol)  7.6 ±0.1 (59.4 ±1.2) 7.4 ±0.1 (57.0 ±1.1) 

     FPG  ―  mg/l    
 

148  ±9.3 141 ±5.6 

Diabetic complications      

Kidney function     

     Creatinine ― mg/dl 6.2  ±0.28 0.94 ±0.02 

     eGFR  ― ml/min 15.8  ±1.7 76.5 ±1.4 

     Hemodialysis ― n (%) 97 (76) 0 (0) 

     HD duration  ―  months  41 ±4.1 0 

     Albuminuria  ―  mg/l    1653  ±279 12.1 ±0.7 

Retinopathy (DR) ― n (%)     

     no DR 6 (5) 121 (84) 

     NPDR  73 (57) 24 (16) 

     Proliferative DR  21 (17) --- 

     Maculopathy 8 (6) --- 

     Lasertherapy 16 (13)  --- 

     unknown   3 (2) --- 

Polyneuropathy ― n (%) 
 

70 (55) 63 (43) 

History ― n (%) 

Coronary heart disease   

  

82 (65) 

  

48 (33) 
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Cardiovascular Event   45 (35) 22 (15) 

Arterial occlusive disease   64 (50) 26 (18) 

Stroke   33 (26) 19 (12) 

Smoking 69 (54) 45 (31) 

Statin 91 (72) 94 (65) 

Carnosinase metabolism  

CN-1 activity ― µmol ml-1 h-1 

  

1.48  ±0.1 

  

2.44 ±0.1 

CN-1 concentration ATLAS ― µg/ml 36.6  ±2.0 51.1 ±1.5 

CN-1 concentration RYSK ― µg/ml 0.36  ±0.04 0.69 ±0.04 

RYSK proportion of ATLAS conc. ― % 1.15 ±0.11 1.57 ±0.14 

homozygous (CTG)5 ― n (%) 45 (36) 47 (36) 
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Abstract 

Iron has been suggested to affect the clinical course of type 2 diabetes (T2DM) as 

accompanying increased intracellular iron accumulation may provide an alternative 

source for reactive oxygen species (ROS). Although carnosine has proven its 

therapeutic efficacy in rodent models of T2DM, little is known about its efficacy to 

protect cells from iron toxicity. We sought to assess if high glucose (HG) exposure 

makes cultured human umbilical vein endothelial cells (HUVEC) and renal proximal 

tubular epithelial cells (PTEC) more susceptible to metal induced toxicity and if this is 

ameliorated by L-carnosine. HUVECs and PTECs, cultured under normal glucose 

(5mM, NG) or HG (30mM), were challenged for 24h with FeCl3. Cell viability was 

neither impaired under HG conditions nor did HG increase susceptibility to FeCl3. HG 

did not change the expression of divalent metal transporter 1 (DMT-1), ferroportin 

(IREG), transferrin receptor protein 1 (TFRC)). Irrespective of glucose concentrations 

L-carnosine prevented toxicity in a dose dependent manner, only if it was present 

during the FeCl3 challenge. Hence our study indicates that iron induced cytotoxicity is 

not enhanced under HG conditions. L-Carnosine displayed a strong protective effect, 

most likely by chelation of iron mediated toxicity.  
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Introduction 

High body iron levels are associated with increased levels of oxidative stress that 

may elevate the risk of T2DM [1-7]. Indeed, epidemiological studies have indicated a 

positive association between high body iron stores and the risk of T2DM and of other 

insulin resistant states such as metabolic syndrome, gestational diabetes and 

polycystic ovarian syndrome [8-11]. High ferritin levels in T2DM are closely related to 

the development of diabetic vascular complications, possibly through the interaction 

with vascular endothelial growth factor (VEGF) [12], or through endothelial 

dysfunction [13]. It has also been suggested that an increased transferrin excretion in 

diabetic patients with micro-albuminuria may contribute to tubulo-interstitial injuries 

[14] as a consequence of transferrin reabsorption by PTECs. This in turn increases 

intracellular iron concentrations leading to oxidative damage of the tubular cells [7]. 

The relationship between iron metabolism and T2DM seems to be bi-directional since 

iron affects glucose metabolism via its deleterious effect on pancreatic β-cells, and 

glucose metabolism impinges on several iron metabolic pathways [4]. However, 

studies performed in the Belgrade rat, which carries a mutation in the iron transporter 

DMT1, demonstrate that these rats displayed normal glycemic control, insulin 

signaling and secretion despite high levels of non-heme iron [37]. 

It is noteworthy to mention that a number of structures arising secondary to protein 

glycation might bind transition metals such as iron and copper. The bound metal 

retains redox active and participates in catalytic oxidation reactions [15]. Iron 

depletion has been demonstrated to be beneficial in coronary artery responses, 

endothelial dysfunction, insulin secretion, insulin action, and metabolic control in 

T2DM.  

Carnosine has antioxidant properties and is efficient in the treatment of chemically-

induced inflammatory lesions in animals [16, 17], fatty acid mediated lipid 
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peroxidation [18], and numerous disease models in which oxidative stress plays a 

pivotal role [19, 20]. Also in diabetic models oral carnosine supplementation has 

proven to ameliorate apoptosis of glomerular cells [21], to prevent alterations in 

carnosine metabolism [22], to improve hyperglycemia [23] and to ameliorate 

dyslipidemia [24]. These changes are associated with improved renal function, albeit 

that renal pathology in such models is mostly relatively minor. The mechanism by 

which carnosine exerts its beneficial effects is multi factorial including chelation of 

transition metal ions [25, 26], inhibition of advanced glycation end products (AGEs) 

and inhibition of advanced lipoxidation end products (ALEs) [27].  

In keeping with the protective effect of carnosine in diabetic models and the 

relevance of increased iron stores in T2DM patients, we sought to address if high 

glucose exposure makes cultured human endothelial cells (EC) and PTECs more 

susceptible to iron toxicity and if this is mitigated in the presence of carnosine.   
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Methods and Materials 

Cell culture  

HUVECs were isolated from fresh human umbilical cords. The cells were cultured on 

1% gelatin (Fluka, Neu-Ulm, Germany) coated culture flasks at 37°C and 5% CO 2 in 

endothelial cell growth medium (Provitro, Berlin, Germany) containing 50ng/ml 

amphotericin B together with 50µg/ml gentamicin and 2% fetal calf serum (FCS). 

PTECs were isolated from human kidney biopsy specimen, and cultured in DMEM/F-

12 medium (DMEM/F-12, GlutaMAX(TM), Invitrogen, Karlsruhe, Germany) 

supplemented with 36ng/ml hydrocortisone, 5µg/ml transferrin, 5ng/ml sodium 

selenite, 4pg/ml triiodo-L-thyronine, 5µg/ml insulin, 10ng/ml EGF at 37°C and 8% 

CO2. The cells were grown on a 0.01% collagen (Sigma, Munich, Germany) coating 

to which FCS was added. All experiments involving HUVECs and PTECs were 

performed in passages 3 to 6.  

 

Cell viability assay 

HUVECs or PTECs were seeded in 96 well plates and cultured for 2 consecutive 

days under normal glucose (5 mM D-Glucose) or high glucose (30mM D-glucose) 

conditions. Hereafter the cells were challenged for 24h with different concentrations 

of FeCl3 (Sigma, Munich, Germany) or ZnCl2 (Sigma, Munich, Germany) either in the 

presence or absence of L-carnosine (Sigma, Munich, Germany). In some 

experiments, the cells were pre-treated for 2 days with L-carnosine and subsequently 

challenged on day 3 with FeCl3 in the absence of L-carnosine. Hereafter cytotoxicity 

was assessed by MTT assay as described in [28]. Cell viability was calculated as 

percentage relative to cells that were not challenged with FeCl3. In each assay and 

for each condition at least 6 replicates were used. LC50 curves were based on at 

least 4 independent experiments. 
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TUNEL assay 

DNA damage of HUVECs and PTECs was assessed after treatment by TUNEL 

assay using in situ cell death detection kit fluorescein (Roche, Mannheim, Germany). 

The excitation wavelength of 488nm was applied for fluorescence microscope, and 

the detection wavelength was FITC Green (515-565nm).  

 

RNA isolation and q-PCR 

Total RNA from HUVECs or PTECs was extracted and cDNA was synthesized as 

described in [29]. qPCR was performed using TaqMan universal PCR master mix 

(Applied Biosystems, Darmstadt, Germany) on a ABI-Prism 7700 detection system. 

The Taqman assays were performed for DMT1 (material No.Hs00167206_m1), 

TFRC (material No.Hs00951083_m1) and GAPDH (material No.Hs02758991_g1) for 

normalization.  

 

FACS analysis 

The expression of the TFRC on HUVECs and PTECs was assessed by indirect 

immune-fluorescence staining and FACS analysis. To this end, cells were incubated 

for 30 min at 4°C with monoclonal antibodies direct ed against TFRC (Abcam, 

Cambridge, UK). Hereafter the cells were thoroughly washed and the 2nd antibodies 

were conjugated to FITC. The cells were washed twice to remove unbound 

antibodies and were finally re-suspended in 300µl of Cell Wash (BD Biosciences). 

Analysis was performed on a FACS Calibur flowcytometer (BD Biosciences) and data 

were analyzed using WinMDI version 2.8 software.  

 

Western blot  
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For detection of DMT1 or carnosinase-1 (CN-1) expressed in HUVECs and PTECs, 

gel electrophoresis and westernblotting were performed as described before [30]. 

Anti-DMT1 (Abcam, Cambridge, UK) or anti-CNDP1 (Sigma, Munich, Germany) was 

used as the first antibody afterwards. 

 

Carnosinase activity  

Carnosine was incubated with 300µM FeCl3 for 30 min prior to the initiation of the 

assay. CNDP1 recombinant human protein (2 ng/µl) (Life Technology, Darmstadt, 

Germany) was hereafter added to either carnosine or carnosine-FeCl3 mix. 

Carnosinase activity was afterwards determined according to the method described 

by Teufel et al. [21].  

 

Lentivirus transduction  

CN-1 cDNA was constructed as described before [23] from IMAGE clone acc. no. 

BX094414, and then cloned into HIV based lentivirus vector pPM337. Viruses were 

produced in HEK293 cells using pCMV891 and pMD.G plasmids. Supernatants of 

HEK293 cells was collected and concentrated as virus solution. For transduction, 

HUVECs were incubated in 1:100 diluted virus solutions for 48 hours hereafter. Cell 

lysates were obtained by a freeze-and-thaw cycle in liquid nitrogen. Westernblotting 

of 20µg total protein from HUVECs supernatant and cell lysates was performed to 

assure CN-1 expression.  

 

Statistics 

Data between two groups were evaluated by t test, and differences for multiple 

groups were assessed by one way ANOVA. Significance was defined according to a 

p<0.05. 
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Results 

Susceptibility of endothelial and tubular epithelial cells to transition metals.  

To assess susceptibility of HUVECs and PTECs to transition metal mediated toxicity 

cells were challenged for 24 hrs with different concentrations of FeCl3 or ZnCl2. While 

HUVECs were equally susceptible to FeCl3 or ZnCl2 (LC50: ~ 0.1 mM for both 

transition metals), PTECs were more susceptible to ZnCl2 (LC50: ~ 0.1 mM) as 

compared to FeCl3 (LC50: ~ 5 mM). Susceptibility to FeCl3 was significantly higher in 

HUVECs than in PTECs (Fig. 1A-C). Since HUVECs medium contains 2% FCS while 

PTECs are cultured in serum free culture medium supplemented with transferrin, we 

tested if this might explain the difference in susceptibility between HUVECs and 

PTECs. Even if HUVECs were challenged in PTECs medium in the absence of 

transferrin the cells were highly susceptible to FeCl3 and no increase in susceptibility 

was observed with increasing transferrin concentrations (Fig. 1D). PTECs became 

also susceptible to lower concentration of FeCl3 (400 µM) if they were challenged 

over a longer period of time (Fig. 1E). Transition metal mediated toxicity was 

associated with DNA damage as evidenced by an increased number of TUNEL 

positive cells (Fig. 1F).   
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Fig. 1 Iron and zinc mediated toxicity in HUVECs (A ) and PTECs (B).  PTECs were more 

tolerant to iron toxicity as compared to HUVECs (C). Iron mediated toxicity was not largely 

influenced by transferrin (TRF) (D). Although PTEC were less susceptible to iron mediated 

toxicity, toxicity increased upon longer exposure (E). Iron toxicity was associated with an 

increased number of TUNEL positive cells, which was significantly abrogated by L-carnosine 

(F). 
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Carnosine prevents iron mediated toxicity regardless of the presence of high glucose. 

We next assessed if HG conditions make the cells more vulnerable to FeCl3 

mediated toxicity. Cell viability of HUVECs and PTECs was neither impaired under 

HG conditions (3 days of culture) nor was HG associated with increased susceptibility 

to FeCl3. When the cells were challenged in the presence of carnosine, toxicity was 

strongly abrogated under NG and HG conditions (Fig. 2A and B).  For both HUVECs 

and PTECs the protective effect of carnosine revealed a dose dependent relation 

(Fig. 2C and D). Protection only occurred when carnosine was present during the 

FeCl3 challenge but not when carnosine was used as pretreatment only (Fig. 2E and 

F). Similar as carnosine also deferoxamine (DFO) was able to protect HUVECs (Fig. 

2G) and PTECs (data not shown) against iron mediated toxicity, albeit that at higher 

concentrations of FeCl3 the protection by 100 µM of DFO started to wean off. Higher 

concentrations of DFO were not used as these concentrations negatively affected cell 

viability, independent of FeCl3.  
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Fig. 2 Influence of high glucose and carnosine on i ron mediated toxicity in HUVECs (A, 

C, E) and PTECs (B, D, F).  High glucose concentration neither increased cell susceptibility 

to iron nor disrupted the protective effect of carnosine on iron toxicity in HUVECs (A) and 

PTECs (B). The protective effect of carnosine showed a clear dose dependent relation in 

both HUVECs (C) and PTECs (D). Carnosine was only protective when presented during 

iron challenge but not when cells were pretreated (E and F). Like carnosine also the iron 

chelator DFO prevented iron mediated toxicity in HUVEC when iron concentration was less 

than 600µM (G). Abbreviations: Med: medium, CN: carnosine, Glc: high glucose, Glc+CN: 

high glucose + carnosine. 
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Ectopic CN-1 expression in HUVECs does not abrogate protection by carnosine 

To assess if aberrant over-expression of serum carnosinase would mitigate 

protection against FeCl3 mediated toxicity, HUVECs were transduced with CNDP1 

cDNA by lentivirus. CN-1 expression was detected in both cell lysates and 

supernatants of CNDP1 transduced HUVECs but not in wild type HUVECs (data not 

shown). Susceptibility to FeCl3 was not changed upon CNDP1 transduction nor was 

the protective effect of carnosine abrogated (Fig. 3A). To exclude that protection by 

carnosine was at large mediated via its constituent amino acids we performed similar 

experiments with β-alanine or L-histidine. Although L-histidine showed a minimal but 

significant level of protection when iron concentration was at 150µM, protection was 

by far not comparable to that of carnosine (Fig. 3B). Nevertheless, the minor 

protective effect of L-histidine was diminished when iron concentration was at 

300µM. We also tested whether carnosine-iron complex would be resistance to the 

hydrolysis of carnosinase. In this setting, carnosine was incubated with 300µM FeCl3 

for 30min prior to the initiation of carnosinase activity measurement. Indeed 

carnosinase activity was hardly detectable when iron was added (Fig. 3C), 

suggesting either a higher resistance of iron complexed carnosine to hydrolysis by 

serum carnosinase, or direct inhibition of serum carnosinase by iron. 
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Fig. 3  Ectopic expression of the human serum carnosinase-1 in HUVECs did not abrogate 

the protective effect of carnosine (A). The ability of the constitutive amino acid of carnosine, 

i.e. β-alanine and L-histidine, to protect HUVECs against iron mediated toxicity was tested 

(B). Although L-histidine was a slightly protective when iron concentration was 150µM, 

protection was clearly less compared to L-carnosine. No protection was afforded by β-

alanine. Recombinant carnosinase activity was attenuated by the presence of 300µM FeCl3 

(C). Abbreviation: CN: carnosine. 
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Influence of iron and carnosine on iron transporters 

The expression of two major iron transporters, i.e. DMT1 and TFRC, was 

investigated at mRNA and protein level in both HUVECs and PTECs. To avoid 

toxicity, HUVECs and PTECs were cultured for 24 hrs in the presence of low iron 

concentration (60 µM). While in HUVECs DMT1 mRNA was strongly down-regulated 

by iron and carnosine, in PTECs the effect was small (Fig. 4A). TFRC mRNA 

expression was down-regulated in both HUVECs and PTECs by iron and carnosine 

(Fig. 4B). Although down-regulation of DMT1 mRNA was observed in the presence of 

iron and carnosine this was not reflected by a decrease in DMT1 protein expression 

(Fig. 4C). In HUVECs TFRC protein expression was slightly decreased by iron, but 

not by carnosine. In contrast, both iron and carnosine decreased the expression of 

TFRC on PTECs (Tab. 1).  
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Fig. 4 Influence of glucose and L-carnosine on DMT1  (A) and TFRC (B) mRNA 

expression. HUVEC (open bars) and PTECs (filled bars) were cultured for 24 hrs in the 

presence of 20 mM L-carnosine (CN), 60 µM of FeCl3 or in the presence of both 

combinations. In addition cells were cultured for 3 days in HG medium (Glc). Total RNA was 

isolated and DMT1 (A) and TFRC (B) mRNA expression was assessed by qPCR. In (C) 

protein expression of DMT1 in HUVECs and PTECs is shown.  

 

Tab. 1 TFRC expression under different conditions in either HUVECs or PTECs 

TFRC expression %  HUVEC PTEC 

Med 69.2±4.6 30.1±3.7 

CN 69.8±3.4 16.5±1.7 

Fe (60µM) 54.0±3.9 23.0±4.7 

Fe (60µM)+CN 70.0±1.0 15.8±3.6 
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Discussion 

A recent trial to assess if chelation of transition metals by EDTA, i.e. the Trial to 

Assess Chelation Therapy (TACT) study [31], has provided evidence that intravenous 

chelation therapy may reduce the risk for mortality and vascular events in diabetics 

who had previously experienced a myocardial infarction, whereas no benefit was 

observed in non-diabetics. Also a number of studies have indicated that transition 

metals, in particularly iron, may have a large impact on the risk to develop diabetes 

and diabetic complications [32-34]. Since serum carnosinase, encoded by the 

CNDP1 gene, has been suggested to be implicated in susceptibility to diabetic 

nephropathy, the present study was carried out to asses if carnosine, the natural 

substrate of serum carnosinase, is able to mitigate iron mediated toxicity in 

endothelial and proximal tubular cells. The main findings of our study are as follows. 

Firstly, HG does not make endothelial and proximal tubular cells more susceptible to 

transition metal induced toxicity. HUVECs and PTECs were equally susceptible to 

Zn2+, while for Fe3+ PTECs were more resistant as compared to HUVECs. Secondly, 

carnosine is able to prevent iron mediated toxicity in both cell types in a dose-

dependent manner. The presence of serum carnosinase did not abrogate the 

protective effect of carnosine. Protection by carnosine was likely mediated by 

chelation of iron as it only occurred when carnosine was present during the iron 

challenge. Moreover, also deferoxamine was able to prevent iron mediated toxicity. 

Thirdly, it seems that both iron and carnosine were able to down-regulate DMT1 and 

TFRC mRNA although at the protein level this was only observed for TFRC. 

It has been suggested that dietary glycoxidation and lipoxidation products, rich in 

meat and other animal products, may at large be responsible for the increased risk 

for T2DM [35-37]. Glycoxidation and lipoxidation products, which occur after reaction 

between carbonyl groups on sugars and amine groups on proteins, DNA, and 
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lipoproteins, are abundantly present in diabetic patients and are believed to be 

instrumental for diabetic complications. It is conceivable that glycoxidative and 

lipoxidative stress may act in concert with ROS to amplify tissue damage [38, 39]. 

Our data however do not indicate that HG makes endothelial and proximal tubular 

cells more susceptible to iron mediated toxicity. It can be argued that this might be a 

consequence of a relative short exposure to HG, however other studies using similar 

cells and culture conditions have demonstrated lipid peroxidation already after 48 hrs 

[40]. 

In plasma iron is linked in its ferric form to transferrin. The transferrin bound iron is 

subsequently taken up by cells through TFRC via an endocytic process. In the 

endocytic vesicle ferric iron is reduced and transferred to the cytosol via DMT1 [41, 

42]. The expression of both TFRC and DMT1 was lower in PTECs as compared to 

HUVECs which may explain why PTECs were more resistant to iron. Yet it should be 

underscored that susceptibility of HUVECs to iron was not influenced by the 

presence of transferrin. This argues against the notion that intracellular iron 

accumulation via iron-transferrin mediated endocytosis was a major cause for toxicity 

in our in vitro model, albeit that it does not exclude the role of intracellular iron 

accumulation per se for toxicity.  

Our data indicate that the protective effect of carnosine likely resides outside the cell. 

In support of this assumption is the observation that carnosine can only protect 

against iron mediated toxicity when it is present during the iron challenge. Previously 

the ferroxidase-like activity of carnosine has been linked to its cytoprotective effect 

[43]. Since ferroxidase catalyzes the oxidation of Fe2+ to Fe3+ ferroxidase activity 

indeed would have the potential to be cell protective as Fe2+ may generate damaging 

hydroxyl radical in the presence of H2O2. Yet in our study iron toxicity was performed 

with both Fe2+ (data not shown) and Fe3+ which in essence were toxic for HUVECs to 
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a similar extent and carnosine was able to prevent toxicity mediated by both iron 

ions. Nonetheless, since we did not measure ferrous and ferric ions it cannot be 

excluded that carnosine pushes the equilibrium towards Fe3+.   

It has also been suggested that complex formation of carnosine with transition metals 

underlie in part the anti-oxidative properties of carnosine, albeit that this has been 

questioned by others [44]. Complex formation has mostly been studied for Zn2+ and 

Cu2+ and is mainly attributed to the imidazole moiety within histidine [45, 46]. Like 

carnosine also DFO was protective, making iron chelation as an alternative 

explanation for the protective effect of carnosine. Over-expression of serum 

carnosinase however did not abrogate the protective effect of carnosine, which was 

explained by the finding that the carnosinase activity was significantly reduced in the 

presence of iron.  

In conclusion our in vitro studies clearly demonstrate the ability of carnosine to 

ameliorate iron mediated toxicity in cultured endothelial and proximal tubular cells. In 

keeping with the high serum carnosinase concentration in human, the in vivo 

relevance of our findings needs to be addressed in future studies. The use of 

carnosine analogues or transition metal ions complexed carnosine that are resistant 

to hydrolysis by carnosinase may overcome this hurdle. The recent finding that the 

carnosinase-resistant, D-carnosine, or its bioavailable prodrug D-carnosine octylester 

has a salutary effect on lipoxidation mediated cellular injury in experimental 

atherosclerosis and renal disease, is promising [47]. Yet it remains to be assessed if 

such compounds are also able to prevent iron mediated toxicity.  
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Abstract 

We previously demonstrated that polymorphisms in the carnosinase-1 gene (CNDP1) 

determine the risk of nephropathy in type 2 diabetic patients. Carnosine, the 

substrate of the enzyme encoded by this gene, is considered renoprotective and 

could possibly be used to treat diabetic nephropathy (DN). In this study, we examined 

the effect of carnosine treatment in vivo in BTBR (Black and Tan, BRachyuric) ob/ob 

mice, a type 2 diabetes model which develops a phenotype that closely resembles 

advanced human DN. BTBR ob/ob mice were supplemented for 18 weeks with L-

carnosine (4 mM) in drinking water. Treatment of BTBR ob/ob mice with carnosine 

reduced plasma glucose and HbA1c, concomitant with elevated insulin levels. Also, 

albuminuria and kidney weights were reduced in carnosine-treated mice, which 

showed less glomerular hypertrophy due to a decrease in the surface area of 

Bowman’s capsule and space. Carnosine treatment restored the glomerular 

ultrastructure without affecting podocyte number and resulted in a modified molecular 

composition of the expanded mesangial matrix. Our results demonstrate that 

treatment with carnosine improves glucose metabolism, albuminuria and pathology in 

BTBR ob/ob mice. Hence, carnosine could be a novel therapeutic strategy to treat 

patients with DN and/or be used to prevent DN in patients with diabetes. 
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Introduction  

The global prevalence of type 2 diabetes is steadily increasing and has reached 

epidemic proportions [1]. Patients with type 2 diabetes have a 40% risk to develop 

diabetic nephropathy (DN), the foremost cause of end-stage renal disease (ESRD) in 

the Western world [2]. Despite multifactorial intervention, current therapy regimens 

only retard the progression of DN, but do not prevent from ESRD [3]. In fact, patients 

with type 2 diabetes undergoing state-of-the-art treatment may still progress to 

ESRD, whereas others will never develop DN regardless of metabolic control [4]. 

This dichotomy casts doubts on our current understanding of the pathophysiology of 

DN and highlights the importance of genetic factors predisposing to DN [5].  

A growing body of evidence indicates a genetic contribution of the CNDP1 gene to 

the development of DN [6, 7]. This gene encodes carnosinase-1, a circulating 

enzyme that degrades the dipeptide carnosine. We have previously demonstrated 

that patients with gene polymorphisms associated with lower serum carnosinase 

levels are less susceptible to the development of nephropathy. This indicates a 

protective role of carnosine on the kidney. Carnosine exhibits potent anti-glycation 

properties and was shown to protect human podocytes and mesangial cells under 

hyperglycemic conditions [6, 8]. In vivo studies demonstrated beneficial effects of 

carnosine on metabolic control in rodent models of diabetes [9, 10]. Yet, these 

studies were not able to show prevention of diabetic nephropathy, as the models 

employed do not reflect advanced stages of human DN [11]. Moreover, usage of 

streptozotocin-rats (STZ) is questionable as the CNDP1 association with DN is 

restricted to type 2 diabetes [6].  

In this study, we used the BTBR (Black and Tan, BRachyuric) ob/ob (leptin-deficient) 

mouse model to study the effect of carnosine supplementation on histopathological 

and molecular parameters of DN. The rapid onset and reversibility of morphologically 
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advanced DN make this model uniquely suited for interventional studies [11, 12]. The 

BTBR mouse strain is hyperinsulinemic and predisposed to obesity [13, 14]. Mutant 

mice lacking the hormone leptin (ob/ob) are mildly hyperglycemic and develop 

pronounced obesity [15]. When the BTBR background is combined with the ob/ob 

mutation, mice are insulin resistant and hyperglycemic, and rapidly develop a 

phenotype that closely resembles advanced human DN [11, 13]. We investigated 

whether carnosine supplementation could affect the development and progression of 

the advanced renal phenotype in BTBR ob/ob mice. 
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Research design and Methods  

Experimental design 

All animal procedures were approved by the Regierungspräsidium Karlsruhe (AZ 35-

9185.81/G-119/11). Six-week old male BTBR mice were purchased from Jackson 

Laboratories (Bar Harbor, ME, USA) and divided into three groups: BTBR wt/ob (n = 

5), BTBR ob/ob (n = 15) and BTBR ob/ob supplemented with 45 mg/kg body weight 

L-carnosine (n = 15) dissolved in drinking water (4 mM; Flamma, Italy) as previously 

described [16]. BTBR wt/ob mice served as a negative control of the BTBR ob/ob 

mouse model for DN, since these mice are not leptin deficient. Mice were housed at 

22°C in a 12h light/dark cycle and fed regular chow  ad libitum. Drinking bottles 

containing carnosine were replaced at least every third day to guarantee stability. 

Body weight, and fasting plasma glucose (FPG) were assessed weekly at the 

beginning of the light cycle after a 5-hours fasting period using an OneTouch Verio 

IQ blood glucose meter (LifeScan, Milpitas, CA). Glycated hemoglobin (HbA1c) was 

measured using the in2it A1C system (Bio-Rad, Hercules, CA). At week 24 of age 

(after 18 weeks of treatment), blood samples were collected from the orbital plexus 

under anesthesia. To obtain morning spot urine samples, animals were placed in 

metabolic cages for two hours at the beginning of the light cycle and received only 

water but no food. Creatinine, blood urea nitrogen and cholesterol concentrations 

were measured using a Cobas® C311 Autoanalyzer (Roche Diagnostics, 

Indianapolis, USA) according to the manufacturer's procedures. Urinary albumin, 

serum insulin and C-reactive protein were determined by ELISA. 

 

Histological analysis 

After 18 weeks of treatment, mice were anesthetized with ketamine/xylazin and 

sacrificed by vascular perfusion fixation through the aorta with 4% paraformaldehyde. 
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The kidneys were obtained, weighted and preserved. A subset of kidneys was also 

preserved cryogenically. Tissues fixated with paraformaldehyde were embedded in 

paraffin, cut in 4 µm sections, deparaffinized with xylol and dehydrated using an 

ethanol gradient. Sections were stained with periodic acid-Schiff (PAS) and 

hematoxylin and eosin (H&E). Stained slides were digitalized with Philips Digital 

Pathology Solutions (PHILIPS Electronics) for morphological measurement. PAS-

stained kidney tissue was graded blindly on a scale of I to IV depending on the 

amount of mesangial matrix: I, 0-10%; II, 10-50%; III, >50%; IV: global glomerular 

sclerosis. For electron microscopy, 1-mm-thick slices were fixed with 3% 

glutaraldehyde in 0.1M CaCo buffer. After processing and sectioning according to 

standard protocols, two EM-samples of each diabetic group were examined blindly. 

 

Immunohistochemistry 

Sections were deparaffinized and rehydrated as described above (see ‘Histological 

analyses’). For immunostainings of the Wilms tumor protein (WT1), cleaved caspase-

3, and collagen I antigen retrieval was performed using Tris/EDTA buffer (pH 9.0, 10 

mM; 20 min, 100 °C), citrate buffer (pH 6.0, 10 mM; 20 min, 100  °C) or pepsin (0.4% 

in 0.1 HCL; 15 min, 37 °C), respectively. Endogenous peroxidase was blocked with 

0.12% H2O2 in Milli-Q (20 min, RT), followed by incubation with primary antibody 

diluted in 1% BSA in PBS. Primary and secondary antibodies and dilutions are listed 

in Supplementary Table 1. Negative controls for immunohistochemistry included 

normal sera of the same species as the primary antibody. The immunoreactions were 

visualized with 3,3-diaminobenzidine (Dako), counterstained with hematoxylin, 

dehydrated, and mounted. Cell numbers were determined by randomly analysing 25 

glomeruli of each experimental animal. Section stained for fibronectin and collagen I 
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were digitalized and graded blindly on a scale of I to V depending on the staining 

intensity: I, none; II, minute; III, moderate; IV, high; V, very high. 

 

RNA isolation, cDNA synthesis and quantitative RT-PCR 

TRIzol RNA isolation reagent (Thermo Fisher Scientific) was added to the subset of 

cryogenically preserved kidney tissue. The samples were incubated (3 min) with 

chloroform and centrifuged (13,000 rpm; 10 min, 4°C ). The supernatant was isolated 

and RNA was precipitated using isopropanol (20 min, RT) and centrifuged (13,000 

rpm; 10 min, 4°C). The obtained pellet was washed w ith 75% ethanol and centrifuged 

(13,000 rpm; 10 min, 4°C). Thereafter, the pellet w as dried, dissolved in nuclease-

free water and incubated for 10 min at 60°C. The RN A concentration and quality was 

determined with a Nanodrop spectrophotometer (Thermo Scientific). Total RNA was 

reverse-transcribed with AMV-RT (Roche). The RT-PCR was performed with a SYBR 

Green kit (Bio-Rad) on a CFX96  RT-PCR Detection System (Bio-Rad). Primers used 

for detection of mouse fibronectin were GGCAGGCTCAGCAAATCG (forward) and 

CATAGCAGGTACAAACCAGGG (reverse), and for detection of mouse collagen IV 

CGTCTCTGCTGGTCCCCT (forward) and GGCAAGCCTCTTTCTCCCTT (reverse). 

mRNA expression of genes of interest was compared to mRNA expression of 

housekeeping genes (HPRT and GAPDH). 

 

Statistical analysis 

All data are expressed as mean ± SEM. Statistical analysis was performed using 

one-way ANOVA. Significant omnibus results were followed by Fisher’s LSD test, 

which is more powerful than alternatives when testing differences among three 

groups [17]. Two-tailed, Pearson’s correlation was performed to identify correlations 
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using SPSS 20 software package for Windows (SPSS, Chicago, IL). Differences 

were considered statistically significant at p < 0.05. 
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Results  

Carnosine improves diabetes in BTBR ob/ob mice. 

The BTBR ob/ob mouse model (Fig. 1A) has been described as a model of advanced 

obesity-related hyperglycemia due to a lack of the hormone leptin. We assessed the 

course of diabetes over 18 weeks in three groups (wt/ob, ob/ob, carnosine-

supplemented ob/ob). Three BTBR ob/ob mice died before the end of the study, most 

likely caused by their diabetic phenotype. Of these mice, two were untreated and one 

was treated with carnosine. As expected, homozygous mice developed obesity and 

increased in body weight accordingly throughout the whole observation period (Fig. 

1B). In contrast, heterozygous mice increased in body weight according to 

expectations for non-obese healthy mice. As a surrogate for osmotic diuresis, daily 

water intake was assessed. Drinking volume was much higher in homozygous mice 

than in heterozygous mice (Fig. 1C). Interestingly, carnosine-administered ob/ob 

mice showed a significantly lower daily water intake towards the end of the 

experimental period compared with ob/ob control mice (p = 0.001). Fasting plasma 

glucose (FPG) was significantly elevated in BTBR ob/ob mice when compared with 

ob/wt mice. Carnosine treatment resulted in markedly reduced FPG compared to 

ob/ob mice (Fig. 2A, p < 0.01) and random glycemia measured before sacrifice (p < 

0.01) (Fig. 2B). Improvement of glucose metabolism by carnosine was also confirmed 

by determination of glycated hemoglobin percentage (HbA1c) (Fig. 2C). At the 

beginning of the experiment, ob/ob mice already showed significantly increased 

HbA1c percentage when compared to wt/ob mice (p < 0.0001). To this time point, 

carnosine-administered animals did not differ from control ob/ob mice in HbA1c. 

However, after 18 weeks of carnosine administration we observed a significant 

reduction of HbA1c percentage in the treatment group when compared to ob/ob 

control mice (p < 0.05). Being a key factor in all types of diabetes, we determined 
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insulin levels in serum obtained at the end of the observation period (Fig. 2D). We 

discovered elevated serum insulin in ob/ob mice when compared to heterozygous 

controls (p < 0.05). Interestingly, carnosine treatment further raised insulin levels 

significantly by more than twice (p < 0.05), possibly accounting for the attenuated 

metabolic control. Indeed, we found a significant negative correlation of serum insulin 

and glycemia within the carnosine-administered ob/ob group (p < 0.05). The 

correlation between serum insulin and HbA1c did not reach statistical significance 

(Fig. 2E). Since dyslipidemia is associated with diabetes and necessary for the 

diagnosis of metabolic syndrome, we measured non-fasted cholesterol at the end of 

the experiment. Serum cholesterol was significantly higher in homozygous mice (p < 

0.01) (Fig. 2F), but not affected by carnosine administration. As a marker for 

inflammation, C-reactive protein (CRP) was determined in serum (Fig. 2G). 

Homozygous mice had significantly higher CRP when compared to wt/ob mice (p < 

0.05). Carnosine administration had no effect on CRP.  
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Fig. 1 Carnosine attenuates diabetes in BTBR ob/ob mice.  6-week-old BTBR ob/ob mice                 

(n = 15/group) (A) were treated with 4 mmol/l L-Carnosine in drinking water for 18 weeks. 

Wt/ob (n = 5) mice were employed as non-diabetic controls. B: Non-diabetic wt/ob mice 

gained less weight than ob/ob mice. Body weight of ob/ob mice was not affected by 

treatment with L-Carnosine. C: The increase in daily water intake of ob/ob mice relative to 

wt/ob mice was less pronounced in carnosine-administered animals, in particular towards the 

end of the experiment. 
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Fig. 2  A: Course of FPG determined weekly after a 5 hours fasting period. Ob/ob mice 

exhibited overt hyperglycemia. L-Carnosine (CAR) significantly reduced FPG. B: Bar graph 

analysis of random glycemia assessed before perfusion. Glucose levels were significantly 

lower in carnosine-administered ob/ob mice compared with ob/ob control animals. C: Bar 

graph analysis of HbA1c at week 6 and week 24. At week 6, HbA1c levels of ob/ob animals 

were significantly elevated. No difference between both ob/ob groups was observed. 

Treatment with L-Carnosine for 18 weeks significantly reduced HbA1c levels compared with 

the ob/ob control. D: Bar graph analysis of serum insulin at week 24. Hyperinsulinemia was 

detected in ob/ob mice. L-Carnosine treatment further increased serum insulin significantly 

by more than twofold. E: Glycemia correlated with insulin levels in a negative manner in 

carnosine-administered mice. J and K: Bar graph analysis of serum cholesterol and CRP at 

week 24. Cholesterol and CRP were elevated in ob/ob mice. No difference was observed in 

carnosine-treated mice. * p < 0.05, ** p < 0.01, ** p < 0.001 when compared to ob/ob mice. # 

p< 0.05, ## p < 0.01, ### p < 0.001 when compared to wt/ob mice. 
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Carnosine attenuates albuminuria and glomerular hypertrophy. 

We determined the albumin/creatinine ratio (ACR) to assess progress of diabetic 

kidney damage (Fig. 3A). At week 10, no significant differences were observed 

between treated and non-treated mice, whereas at the end of the observation in 

carnosine-treated mice the ACR was reduced remarkably when compared to diabetic 

control mice (p < 0.0001) which developed a 50-fold increase of ACR. To assess 

renal hypertrophy, kidneys were weighted after sacrifice. Kidney weight was 

significantly higher in ob/ob mice when compared to wt/ob mice (p < 0.0001) (Fig. 

3B). Carnosine treatment resulted in significantly reduced kidney weight when 

compared to ob/ob control mice (p < 0.05). Renal function was evaluated by serum 

creatinine (Fig. 3C) and blood urea nitrogen (BUN) (Fig. 3D) levels at the end of the 

experiment. In fact, the highest serum creatinine levels were found in heterozygous 

mice, being significantly different from the lowest levels found in carnosine-

supplemented mice (P < 0.01). However, no significant differences between treated 

and non-treated homozygous mice were observed with respect to both serum 

creatinine and BUN. Renal failure was not present in the mice employed for this 

study.  

At the histological level, changes in surface area of the renal corpuscle were 

quantified for all groups as DN results in distinct structural alterations (Fig. 4). BTBR 

ob/ob mice showed a significant enlargement of Bowman’s capsule (p < 0.0001) (Fig. 

4C), Bowman’s space (p < 0.0001) (Fig. 4D) and glomerular tuft (p < 0.0001) (Fig. 

4E) when compared to their heterozygous littermates. Carnosine administration 

significantly reduced enlargement of Bowman’s capsule (p < 0.05) and space (p < 

0.05). In addition, enlargement of Bowman’s space positively correlated with 

glycemia (p < 0.0001), HbA1c (p = 0.001) and ACR (p < 0.001) (Fig. 4B).  
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Fig. 3 Carnosine protects from diabetic kidney dama ge in BTBR ob/ob mice.  A: Bar 

graph analysis of the albumin-creatinine-ratio. Morning spot urine was collected at week 10 

and 24 in metabolic cages with only water to assess renal function. At week 10, the ACR 

(albumin-creatinine-ratio) in ob/ob mice was significantly elevated compared with wt/ob 

animals. Carnosine administration for 18 weeks significantly reduced the ACR at week 24 by 

more than twofold compared with the ob/ob control group. B and C: Bar graph analyses of 

serum creatinine and BUN (blood urea nitrogen) isolated at sacrifice. No significant 

differences were observed between any of the groups with respect to these parameters. D: 

Bar graph analysis of kidney weights at day of perfusion. Kidney weight was significantly 

increased in ob/ob mice. This increase was diminished by carnosine treatment.  

* p < 0.05, **** p < 0.0001 when compared to ob/ob mice. #### p < 0.0001 when compared 

to wt/ob mice. White bars: wt/ob control, black bars: ob/ob control, striped bars: ob/ob 

carnosine-administered. 
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Fig. 4 Carnosine reduces renal hypertrophy.  A: Representative images of glomeruli (PAS-

stained sections) from wt/ob, ob/ob and ob/ob L-carnosine supplemented mice. The surfaces 

of the glomerular tuft, Bowman’s capsule and Bowman’s space were measured using PAS-

stained sections of each mouse group. B: The surface are of Bowman’s space significantly 

correlated with glycemia, HbA1c (glycated hemoglobin percentage) and ACR (albumin-

creatinine-ratio) in a positive manner. C, D and E: Bar graph analyses of calculated size of 

Bowman’s capsule, Bowman’s space and the glomerular tuft. Ob/ob mice display a 

remarkably increased surface area of Bowman’s capsule (C), Bowman’s space (D) and the 

glomerular tuft (E) compared with non-diabetic wt/ob mice. Carnosine treatment significantly 

reduced the surface are of Bowman’s capsule and space when compared with ob/ob control 

mice. Glomerular tuft surface was also reduced in carnosine-administered mice, but this 

didn’t reach statistical significance. * p < 0.05 when compared to ob/ob mice. #### p < 

0.0001 when compared to wt/ob mice. White bars: wt/ob control, black bars: ob/ob control, 

striped bars: ob/ob carnosine-administered. 
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Carnosine restores glomerular ultrastructure without affecting podocyte number. 

Since podocytes are critical cells for the maintenance of selectivity of the glomerular 

filtration barrier and become less in number with the onset of albuminuria in DN, we 

evaluated podocyte count by WT1 immunostaining (Fig. 5A). BTBR ob/ob mice 

showed a reduction in WT1-positive podocytes when compared to their heterozygous 

littermates (p < 0.001), which was not prevented by treatment with carnosine (data 

not shown). Immunostaining for cleaved caspase-3 showed a significant increase in 

apoptotic glomerular cells in both ob/ob groups as compared to wt/ob (data not 

shown).                                 

At the ultrastructural level (Fig. 5B), all control ob/ob mice demonstrated global 

retraction and effacement of podocytes in their glomeruli. In addition, thickening of 

the GBM was observed. Glomerular endothelial cells from these mice had lost most 

of their fenestrae and had developed a swollen, vacuolized appearance. The 

ultrastructure of the glomerular walls from carnosine-treated mice showed none of 

these ultrastructural abnormalities. Their podocytes had normal slit pores, podocyte 

extensions and fenestrated endothelial cells. 

Mesangial expansion is a key feature of human DN. We evaluated mesangial matrix 

expansion using PAS-stained sections. Kidney tissue was graded blindly on a scale 

of I to IV depending on the amount of mesangial matrix and glomerular sclerosis (Fig. 

5C). BTBR wt/ob mice showed an average grade between I (0-10% mesangial 

matrix) and II (10-50%). Both BTBR ob/ob untreated and carnosine-treated mice 

showed an average grade between II (10-50%) and III (>50%). As expected, 

calculated average mesangial matrix expansion was higher in homozygous animals 

compared to their heterozygous littermates (p < 0.05) (Fig. 5D). However, carnosine 

treatment did not prevent this increase in glomerular sclerosis.  
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Fig. 5 The effect of carnosine on glomerular podocytes and mesangial matrix expansion.                         

A: Representative images of glomeruli immunostained for WT1 (and counterstained with 

hematoxylin) to visualize podocytes (brown) in wt/ob, ob/ob and ob/ob L-carnosine 

supplemented mice. B: Representative electron micrographs (original magnification x 

30.000) of glomeruli from ob/ob and ob/ob carnosine-supplemented mice.  Untreated ob/ob 

mice showed complete podocyte effacement (stars), GBM thickening and swelling of 

glomerular endothelial cells with loss of fenestrae (double arrows). Carnosine-supplemented 

mice displayed a normal capillary wall structure with intact podocyte foot processes, slit 

diaphragms (arrows) and endothelial fenestrae (arrowheads).  C: Representative images of 

glomeruli (PAS-stained sections) from wt/ob, ob/ob and ob/ob L-carnosine supplemented 

mice. Significant mesangial matrix expansion was detected in ob/ob and carnosine-

supplemented mice (quantitation not shown). FP: foot process. GBM: glomerular basement 

membrane. US: urinary space. CL: capillary lumen. Car: carnosine.  
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Carnosine changes the molecular composition of mesangial sclerosis. 

Since in DN increased levels of several extracellular matrix (ECM) proteins are 

observed, we investigated the molecular composition of the mesangial lesions by 

quantitative imunnostaining. Indeed, immunostaining for fibronectin revealed that the 

glomerular lesions contained a substantial amount of fibronectin (Fig. 6A). 

Fibronectin content positively correlated with glycemia (p = 0.03), HbA1c (p = 0.022) 

and ACR (p = 0.014) (Fig. 6B). The quantity of fibronectin was significantly higher in 

BTBR ob/ob mice when compared to their heterozygous littermates (p < 0.01) (Fig. 

6C). We found a trend towards lower levels in the carnosine-administered mice, but 

this was not quite significant (p = 0.09). mRNA expression analysis revealed 

significantly decreased mRNA expression of fibronectin in the carnosine-

supplemented mice relative to their untreated controls (p < 0.05) (Fig. 6D).  

Immunostaining for collagen I showed that in addition to fibronectin, the glomerular 

lesions also contained collagen I (Fig. 7A). Collagen I content positively correlated 

with glycemia (p < 0.001), HbA1c (p < 0.001) and ACR (p < 0.001) (Fig. 7B). The 

quantity of collagen I was significantly increased in ob/ob mice when compared to 

their heterozygous littermates (p < 0.001) (Fig. 7C). Treatment with carnosine 

significantly diminished this increase in collagen (p < 0.01) (Fig. 7C). Collagen I 

mRNA was expressed below the detection limit. Expression of collagen IV mRNA 

was over seven times lower in carnosine-supplemented mice as compared to 

untreated ob/ob mice (p = 0.01) (Fig. 7D). 
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Fig. 6  The effect of carnosine on the amount of fibronecti n present in the mesangial 

matrix.  A: Representative images of glomeruli immunostained for fibronectin (brown) and 

counterstained with hematoxylin in wt/ob, ob/ob and ob/ob L-carnosine supplemented mice. 

B: The amount of fibronectin significantly correlated with glycemia, HbA1c (glycated 

hemoglobin percentage) and ACR (albumin-creatinine ratio). C: Bar graph analysis of 

Fibronectin protein present in the mesangial matrix. Ob/ob mice show a significant increase 

in Fibronectin protein compared to wt/ob mice. A trend was observed towards lower 

fibronectin content in carnosine-treated animals, but this did not reach statistical significance. 

D: Bar graph analysis of Fibronectin mRNA expression. Fibronectin mRNA expression 

relative to the wt/ob group was determined by RT-PCR. Carnosine administration 

significantly diminished Fibronectin mRNA expression compared to ob/ob control mice.  

* p < 0.05, ο p = 0.09 when compared to ob/ob mice. ## p < 0.01 when compared to wt/ob 

mice. White bars: wt/ob control, black bars: ob/ob control, striped bars: ob/ob carnosine-

administered.  
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Fig. 7  The effect of carnosine on the amount of collagen p resent in the mesangial 

matrix.  A: Representative images of glomeruli immunostained for collagen I (brown) and 

counterstained with hematoxylin in wt/ob, ob/ob and ob/ob L-carnosine supplemented mice. 

B: The amount of collagen significantly correlated with glycemia, HbA1c (glycated 

hemoglobin percentage) and ACR (albumin-creatinine ratio). C: Bar graph analysis of 

collagen I protein present in the mesangial matrix. The quantity of collagen I protein was 

significantly higher in ob/ob control animals compared to wt/ob mice. Carnosine 

administration prevented this increase significantly. D: Bar graph analysis of Collagen IV 

mRNA expression. Collagen IV mRNA expression relative to the wt/ob group was 

determined by RT-PCR. Carnosine administration significantly decreased Collagen IV mRNA 

expression to levels even lower than in wt/ob animals.  

* p < 0.05, * p < 0.01 when compared to ob/ob mice. # p < 0,05, ### p < 0.001 when 

compared to wt/ob mice. White bars: wt/ob control, black bars: ob/ob control, striped bars: 

ob/ob carnosine-administered.  
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Discussion  

In this study, we hypothesized that treatment with L-carnosine may ameliorate 

features of DN in the recently established murine T2DM BTBR ob/ob model. Previous 

approaches already indicated a beneficial effect of L-carnosine on several aspects of 

diabetic disease; however, they all failed to verify amelioration of DN at the 

morphological level. These limitations may be attributed to the mouse models, as 

they all represent early features of renal lesions. Moreover, streptozotocin -mediated 

hyperglycemia did not allow an analysis of the effects of carnosine on β-cell function, 

since the insulin-producing cells were eliminated by this cytotoxic compound. We 

sought to overcome these obstacles by employing the BTBR ob/ob mouse model that 

results in the development of progressive renal pathology. The major outcomes of 

our investigation are as follows. Administration of L-carnosine improved both glucose 

metabolism and kidney function, prevented renal hypertrophy and altered the 

molecular composition of the expanded mesangial ECM.  

Carnosine-administered mice showed lower FPG throughout the whole observation 

period, which was confirmed by a lower HbA1c content at the date of perfusion. On 

the contrary, in untreated ob/ob mice glycemia frequently exceeded the detection 

range of our measuring device (>600 mg/dl), so the observed differences in FPG 

may be even more pronounced in reality. Our results are consistent with other 

studies that also report glucose-lowering effects of carnosine administered in various 

murine models of diabetes [18, 19]. In this study, improved glycemia in treated mice 

was accompanied by a doubled amount of serum insulin when compared to non-

treated ob/ob mice. The negative correlation of glycemia and serum insulin in only 

treated mice suggests that elevation of insulin levels contributes significantly to the 

glucose-lowering effects of carnosine. In fact, insufficient islet compensation is a 

crucial factor for the predisposition of the BTBR strain to accelerated diabetes [13]. 
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Moreover, it seems unlikely that hyperinsulinema in the carnosine-administered 

group is a consequence of worse metabolic control, as a positive correlation would 

be expected in that case. An effect of carnosine on β-cell mass was described 

previously [16], however, our histological analysis of pancreatic tissue samples from 

BTBR ob/ob mice showed a focal expansion of β-cells with an extensive individual 

variation. A stimulatory effect on insulin secretion can result from either direct 

internalization of carnosine in pancreatic β-cells or by actions of its two constituent 

amino acids β-alanine and histidine. Carnosine is a substrate of the proton-coupled 

transporter PEPT1 found to be expressed in pancreatic tissue and may activate the 

insulin-signalling cascade [20]. In parallel, a considerable amount of carnosine is 

hydrolyzed upon ingestion in enteral cells by the cytosolic nonspecific dipeptidase 

and released into the circulation via amino acid transporters [21]. It is well known that 

amino acids are capable of stimulating glucose-dependent insulin response; in 

particular both histidine and alanine have been implicated to accelerate insulin 

secretion [22-24]. Β-alanine could enter pancreatic cells via the sodium-dependent 

TauT (taurine transporter) resulting in opening of voltage-activated L-type Ca2+ 

channels [25, 26]. After internalization via LAT1 (L-type neutral amino acid 

transporter 1) [27], histidine could be metabolised into α-ketoglutarate, which enters 

the Krebs cycle following complete oxidization to CO2 hereby raising the ATP/ADP 

ratio and subsequently insulin levels. Secondly as a cationic amino acid, histidine can 

cause gating of voltage-sensitive Ca2+ channels as a result of primary depolarization 

of the plasma membrane. In hypothalamic neurons, carnosine can be metabolized 

into the neuronal transmitter histamine [28] and bind to the presynaptic H3-receptor 

resulting in insulin secretion [29, 30].  

Clinical diagnosis of DN is based on abnormal urinary albumin excretion. At week 24 

of life, we measured a significant increase of the ACR in ob/ob animals, which was 
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reduced more than twofold by carnosine treatment. In fact, after 10 weeks of life 

carnosine treatment stopped further progress of albuminuria. This was accompanied 

by a restored glomerular ultrastructure in carnosine-supplemented mice contrasting 

the advanced injury found in ob/ob control mice, including podocyte effacement, 

GBM thickening and endothelial dysfunction. However, different from previous 

studies, podocyte number remained unaffected by carnosine treatment [9, 10]. This 

may seem contradictory; however, podocyte loss cannot easily be considered a 

necessary consequence of podocyte injury. Studies interpret both events as 

individual processes with different causes and consequences [31]. Indeed, many of 

the podocytes found in urine specimen in experimental and clinical studies of diabetic 

kidney disease are viable [32, 33]. Furthermore, the degree of podocyte loss found at 

week 24 (approximately two/glomerulus) is unlikely to explain the 50x difference in 

proteinuria between ob/ob and wt/ob mice, whereas this difference is very consistent 

with the pronounced abnormalities found ultrastructurally. 

To our knowledge, this is the first study to reveal an impact of carnosine on 

glomerular hypertrophy. BTBR ob/ob mice showed an increased glomerular 

hypertrophy as characterized by a 2.2 times increased Bowman’s capsule surface 

area. A recent patient study illustrated that obese subjects exhibiting proteinuria 

displayed a twofold increase in Bowman’s space volume when compared to lean 

control subjects [34]. In our mouse model, carnosine was able to significantly reduce 

the size of the renal capsule mainly via a decrease in the surface area of Bowman’s 

space. Since we ruled out shrinkage of glomerular capillaries, this reduction in size is 

most likely a consequence of diminished glomerular hyperfiltration. Indeed, the 

presence of hyperfiltration in the BTBR ob/ob mouse has already been described 

recently [35]. Glomerular hyperfiltration is considered one of the key events in the 

development of DN [36]. The clinical importance becomes apparent when realizing 
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that ACE-inhibitors still are the only medication for diabetic patients with nephropathy 

in order to delay progression. A very recent study on D-carnosine-octylester (a 

bioavailable carnosine-derivate) in diabetic mice displayed similar findings with 

reduced renal hypertrophy and albuminuria, but no effect on cholesterol [37]. As 

glycemic control remained unaffected (using STZ-mice), one could speculate that at 

least part of the renoprotection is mediated by carnosine, whereas the insulinotropic 

effect may be mediated by histamine and β-alanine.  

Carnosine treatment reduced the deposition of fibronectin and collagen I by 

mesangial cells and mRNA expression of fibronectin and collagen IV. An in vivo 

effect of carnosine on the composition of the ECM has never been described before. 

This may be due to the fact, that BTBR ob/ob mice exert strongly increased 

accumulations of mesangial matrix even when compared to the C57BLKS/J db/db 

mouse model [11]. The expression of collagen I mRNA was below the detection limit, 

since it is only expressed in advanced glomerulosclerosis [38].  

We speculate that three main mechanisms may be operative by which carnosine 

improves renal morphology and albuminuria. Firstly, the effects on the kidney could 

be secondary to the improvement of glucose metabolism. Studies have shown that 

renal damage rarely occurs in diabetic patients with normoglycemia and HbA1c 

levels below 7.5% [39]. Improved glucose metabolism can also account for less 

hyperfiltration, since according to the tubule-centric view hyperfiltration is the 

consequence of increased glucose and sodium reabsorption [40]. 

Secondly, carnosine may exert a direct protective effect on kidney tissue. In vitro 

studies have shown that carnosine decreases TGF-β signaling in mesangial cells, 

which reduces deposition of collagen and fibronectin as observed in this study [6, 

41]. Since oxidative stress is implicated in the development of DN, carnosine may 
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also operate locally via its anti-oxidative and anti-glycation properties demonstrated 

both in vitro and in vivo [42-44]. 

Thirdly, carnosine may act anti-proteinuric by affecting renal hemodynamics. Studies 

have shown that carnosine can pass the blood-brain barrier and influence the 

sympathetic nervous system [45]. By reducing innervation of the renal sympathetic 

nerve, carnosine may decrease blood pressure and glomerular filtration pressure 

through diminished efferent vasoconstriction [46, 47]. However, it is important to note, 

that systemic hypertension is absent in BTBR ob/ob mice [11]. Nevertheless, the 

efficacy of ACE-inhibitor treatment shown in this model indicates increased 

glomerular capillary pressure [12]. Through lowering this pressure, carnosine may 

improve proteinuria. Evidence for this hypothesis comes from the strong correlation 

between Bowman’s space and ACR and from previous studies demonstrating an 

ACE-inhibiting property of carnosine [48]. Figure 8 provides a model for the observed 

effects of carnosine and summarizes potential mechanisms of action on the basis of 

our data and previous publications. 
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A major limitation of this study results from differences between murine and human 

carnosine metabolism. In contrast to humans, rodents do not secrete carnosinase-1 

in the circulation. However, this enzyme very efficiently breaks down carnosine into 

its two components β-alanine and L-histidine. Therefore, in humans oral 

supplementation only leads to minimal increases [56]. However, we have recently 

shown that the human kidney is able to synthesize its own carnosine after ingestion 

of the individual amino acids [57]. As in mice higher systemic concentrations can be 

achieved, the translational significance using a rodent model is limited. To address 

this obstacle, we currently establish a BTBR ob/ob mouse model transgenic for 

human CN1, which will be subject of a separate report. 

Concluding, we have demonstrated that treatment with carnosine is able to attenuate 

both glucose metabolism and albuminuria in more advanced stages of DN. This was 

mirrored morphologically in restored glomerular ultrastructure, reduced glomerular 

hypertrophy and modifications of the ECM composition. Therefore, carnosine could 

be a promising therapeutic treatment modality to ameliorate both diabetes and the 

development of DN. 

 

Acknowledgements 

The authors thank laboratory technicians K. Prem, A. Breedijk, the animal caretakers 

and the veterinarian Dr. S. Klotz for their appreciated technical assistance. The 

authors acknowledge Professor W. Kriz (Institute of Anatomy, Medical Faculty 

Mannheim of Heidelberg University) for conducting the analytical electron microscopy 

and interpretation. 

 

Funding 



Chapter 6 
 

139 
 

This study was supported by a grant from the Else Kröner-Fresenius Stiftung 

(2012_A243 to S.J.H.) and by grants from the German Research Foundation (DFG). 

T.A. is a member of the International Research Training Group Diabetic 

Microvascular Complications (DIAMICOM) supported by the DFG. 

 

Duality of Interest 

The authors declare that they have no conflict of interests relevant to this article.  

 

Author contributions 

T.A. and M.S. performed the majority of the experiments, analyzed collected data, 

prepared figures and drafted the manuscript. S.Z. and J.B. contributed to animal 

procedures. B.K.K., H.B., E.d.H., G.A., B.A.Y. and S.J.H. designed the study, 

reviewed data, interpreted results and edited, revised and approved the final version 

of the manuscript. S.J.H. is the guarantor of this work and, as such, had full access to 

all the data in the study and takes responsibility for the integrity of the data and the 

accuracy of the data analysis. 

 

Prior presentations   

Data of this study were presented in part at the Diabetes Congress 2015 of the 

German Diabetic Association, Berlin, Germany, 13-16 May 2015, and at the 17th 

International Symposium on Atherosclerosis (ISA) 2015, Amsterdam, the 

Netherlands, 23-26 May 2015. 

  



Chapter 6   

140 
 

References  

1. Gross, J.L., de Azevedo, M.J., Silveiro, S.P., et al., Diabetic nephropathy: diagnosis, 
prevention, and treatment. Diabetes Care, 2005. 28(1): p. 164-176. 

2. Bergrem, H. and Leivestad, T., Diabetic nephropathy and end-stage renal failure: the 
Norwegian story. Adv Ren Replace Ther, 2001. 8(1): p. 4-12. 

3. Gaede, P., Lund-Andersen, H., Parving, H.H., et al., Effect of a multifactorial 
intervention on mortality in type 2 diabetes. N Engl J Med, 2008. 358(6): p. 580-591. 

4. Krolewski, M., Eggers, P.W., and Warram, J.H., Magnitude of end-stage renal 
disease in IDDM: a 35 year follow-up study. Kidney Int, 1996. 50(6): p. 2041-2046. 

5. Schena, F.P. and Gesualdo, L., Pathogenetic mechanisms of diabetic nephropathy. J 
Am Soc Nephrol, 2005. 16: p. S30-33. 

6. Janssen, B., Hohenadel, D., Brinkkoetter, P., et al., Carnosine as a protective factor 
in diabetic nephropathy: association with a leucine repeat of the carnosinase gene 
CNDP1. Diabetes, 2005. 54(8): p. 2320-2327. 

7. Riedl, E., Koeppel, H., Brinkkoetter, P., et al., A CTG polymorphism in the CNDP1 
gene determines the secretion of serum carnosinase in Cos-7 transfected cells. 
Diabetes, 2007. 56(9): p. 2410-2413. 

8. Hipkiss, A.R., Preston, J.E., Himsworth, D.T., et al., Pluripotent protective effects of 
carnosine, a naturally occurring dipeptide. Ann N Y Acad Sci, 1998. 854: p. 37-53. 

9. Peters, V., Riedl, E., Braunagel, M., et al., Carnosine treatment in combination with 
ACE inhibition in diabetic rats. Regul Pept, 2014. 194-195: p. 36-40. 

10. Riedl, E., Pfister, F., Braunagel, M., et al., Carnosine prevents apoptosis of 
glomerular cells and podocyte loss in STZ diabetic rats. Cell Physiol Biochem, 2011. 
28(2): p. 279-288. 

11. Hudkins, K.L., Pichaiwong, W., Wietecha, T., et al., BTBR Ob/Ob mutant mice model 
progressive diabetic nephropathy. J Am Soc Nephrol, 2010. 21(9): p. 1533-1542. 

12. Pichaiwong, W., Hudkins, K.L., Wietecha, T., et al., Reversibility of structural and 
functional damage in a model of advanced diabetic nephropathy. J Am Soc Nephrol, 
2013. 24(7): p. 1088-1102. 

13. Clee, S.M., Nadler, S.T., and Attie, A.D., Genetic and genomic studies of the BTBR 
ob/ob mouse model of type 2 diabetes. Am J Ther, 2005. 12(6): p. 491-498. 

14. Flowers, J.B., Oler, A.T., Nadler, S.T., et al., Abdominal obesity in BTBR male mice is 
associated with peripheral but not hepatic insulin resistance. Am J Physiol Endocrinol 
Metab, 2007. 292(3): p. E936-945. 

15. Drel, V.R., Mashtalir, N., Ilnytska, O., et al., The leptin-deficient (ob/ob) mouse: a new 
animal model of peripheral neuropathy of type 2 diabetes and obesity. Diabetes, 
2006. 55(12): p. 3335-3343. 

16. Sauerhofer, S., Yuan, G., Braun, G.S., et al., L-carnosine, a substrate of carnosinase-
1, influences glucose metabolism. Diabetes, 2007. 56(10): p. 2425-2432. 

17. Levin, J.R., Serlin, R.C., and Seaman, M.A., A controlled, powerful multiple-
comparison strategy for several situations. Psychological Bulletin, 1994. 115: p. 153-
159. 

18. Lee, Y.T., Hsu, C.C., Lin, M.H., 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(1-2): p. 145-150. 

19. Soliman, K., Mohamed, A., and Mewally, N., Attenuation of some metabolic 
deteriorations induced by diabetes mellitus using carnosine. Journal of Applied 
Sciences, 2007. 7(16): p. 2252-2260. 

20. Jappar, D., Hu, Y., and Smith, D.E., Effect of dose escalation on the in vivo oral 
absorption and disposition of glycylsarcosine in wild-type and Pept1 knockout mice. 
Drug Metab Dispos, 2011. 39(12): p. 2250-2257. 

21. Boldyrev, A.A., Aldini, G., and Derave, W., Physiology and pathophysiology of 
carnosine. Physiol Rev, 2013. 93(4): p. 1803-1845. 

22. Sjoholm, A., Histaminergic regulation of pancreatic beta-cell replication and insulin 
secretion. Biochem Biophys Res Commun, 1995. 214(1): p. 224-229. 



Chapter 6 
 

141 
 

23. McClenaghan, N.H., Barnett, C.R., O'Harte, F.P., et al., Mechanisms of amino acid-
induced insulin secretion from the glucose-responsive BRIN-BD11 pancreatic B-cell 
line. J Endocrinol, 1996. 151(3): p. 349-357. 

24. Dunne, M.J., Yule, D.I., Gallacher, D.V., et al., Effects of alanine on insulin-secreting 
cells: patch-clamp and single cell intracellular Ca2+ measurements. Biochim Biophys 
Acta, 1990. 1055(2): p. 157-164. 

25. L'Amoreaux, W.J., Cuttitta, C., Santora, A., et al., Taurine regulates insulin release 
from pancreatic beta cell lines. J Biomed Sci, 2010. 17 Suppl 1 : p. S11. 

26. Jessen, H., Taurine and beta-alanine transport in an established human kidney cell 
line derived from the proximal tubule. Biochim Biophys Acta, 1994. 1194(1): p. 44-52. 

27. Di Gialleonardo, V., Signore, A., Scheerstra, E.A., et al., 11C-hydroxytryptophan 
uptake and metabolism in endocrine and exocrine pancreas. J Nucl Med, 2012. 
53(11): p. 1755-1763. 

28. Otani, H., Okumura, A., Nagai, K., et al., Colocalization of a carnosine-splitting 
enzyme, tissue carnosinase (CN2)/cytosolic non-specific dipeptidase 2 (CNDP2), with 
histidine decarboxylase in the tuberomammillary nucleus of the hypothalamus. 
Neurosci Lett, 2008. 445(2): p. 166-169. 

29. Nagai, K., Niijima, A., Yamano, T., et al., Possible role of L-carnosine in the regulation 
of blood glucose through controlling autonomic nerves. Exp Biol Med (Maywood), 
2003. 228(10): p. 1138-1145. 

30. Nagai, K., Tanida, M., Niijima, A., et al., Role of L-carnosine in the control of blood 
glucose, blood pressure, thermogenesis, and lipolysis by autonomic nerves in rats: 
involvement of the circadian clock and histamine. Amino Acids, 2012. 43(1): p. 97-
109. 

31. Shankland, S.J., The podocyte's response to injury: role in proteinuria and 
glomerulosclerosis. Kidney Int, 2006. 69(12): p. 2131-2147. 

32. Vogelmann, S.U., Nelson, W.J., Myers, B.D., et al., Urinary excretion of viable 
podocytes in health and renal disease. Am J Physiol Renal Physiol, 2003. 285(1): p. 
F40-48. 

33. Petermann, A.T., Pippin, J., Krofft, R., et al., Viable podocytes detach in experimental 
diabetic nephropathy: potential mechanism underlying glomerulosclerosis. Nephron 
Exp Nephrol, 2004. 98(4): p. e114-123. 

34. Tobar, A., Ori, Y., Benchetrit, S., et al., Proximal tubular hypertrophy and enlarged 
glomerular and proximal tubular urinary space in obese subjects with proteinuria. 
PLoS One, 2013. 8(9): p. e75547. 

35. Gembardt, F., Bartaun, C., Jarzebska, N., et al., The SGLT2 inhibitor empagliflozin 
ameliorates early features of diabetic nephropathy in BTBR ob/ob type 2 diabetic 
mice with and without hypertension. Am J Physiol Renal Physiol, 2014. 307(3): p. 
317-325. 

36. Sasson, A.N. and Cherney, D.Z., Renal hyperfiltration related to diabetes mellitus and 
obesity in human disease. World J Diabetes, 2012. 3(1): p. 1-6. 

37. Menini, S., Iacobini, C., Ricci, C., et al., Protection from diabetes-induced 
atherosclerosis and renal disease by D-carnosine-octylester: effects of early vs late 
inhibition of advanced glycation end-products in Apoe-null mice. Diabetologia, 2015. 
58(4): p. 845-853. 

38. Mason, R.M. and Wahab, N.A., Extracellular matrix metabolism in diabetic 
nephropathy. J Am Soc Nephrol, 2003. 14(5): p. 1358-1373. 

39. Nosadini, R. and Tonolo, G., Relationship between blood glucose control, 
pathogenesis and progression of diabetic nephropathy. J Am Soc Nephrol, 2004. 15: 
p. S1-5. 

40. Vallon, V., Blantz, R.C., and Thomson, S., Glomerular hyperfiltration and the salt 
paradox in early [corrected] type 1 diabetes mellitus: a tubulo-centric view. J Am Soc 
Nephrol, 2003. 14(2): p. 530-537. 

41. Köppel, H., Riedl, E., Braunagel, M., et al., L-carnosine inhibits high-glucose-
mediated matrix accumulation in human mesangial cells by interfering with TGF-β 
production and signalling. Nephrol Dial Transplant, 2011. 26(12): p. 3852-3858. 



Chapter 6   

142 
 

42. Alhamdani, M.S., Al-Kassir, A.H., Abbas, F.K., et al., Antiglycation and antioxidant 
effect of carnosine against glucose degradation products in peritoneal mesothelial 
cells. Nephron Clin Pract, 2007. 107(1): p. 26-34. 

43. Boldyrev, A.A., Dupin, A.M., Bunin, A.Y., et al., The antioxidative properties of 
carnosine, a natural histidine containing dipeptide. Biochem Int, 1987. 15(6): p. 1105-
1113. 

44. Pietkiewicz, J., Bronowicka-Szydelko, A., Dzierzba, K., et al., Glycation of the muscle-
specific enolase by reactive carbonyls: effect of temperature and the protection role of 
carnosine, pyridoxamine and phosphatidylserine. Protein J, 2011. 30(3): p. 149-158. 

45. Feng, Z.Y., Zheng, X.J., and Wang, J., Effects of carnosine on the evoked potentials 
in hippocampal CA1 region. J Zhejiang Univ Sci B, 2009. 10(7): p. 505-511. 

46. Tanida, M., Niijima, A., Fukuda, Y., et al., Dose-dependent effects of L-carnosine on 
the renal sympathetic nerve and blood pressure in urethane-anesthetized rats. Am J 
Physiol Regul Integr Comp Physiol, 2005. 288(2): p. 447-455. 

47. Niijima, A., Okui, T., Matsumura, Y., et al., Effects of L-carnosine on renal 
sympathetic nerve activity and DOCA-salt hypertension in rats. Auton Neurosci, 2002. 
97(2): p. 99-102. 

48. Hipkiss, A.R., Carnosine, a protective, anti-ageing peptide? Int J Biochem Cell Biol, 
1998. 30(8): p. 863-868. 

49. Bauchart, C., Savary-Auzeloux, I., Patureau Mirand, P., et al., Carnosine 
concentration of ingested meat affects carnosine net release into the portal vein of 
minipigs. J Nutr, 2007. 137(3): p. 589-593. 

50. Usui, T., Kubo, Y., Akanuma, S., et al., Β-alanine and l-histidine transport across the 
inner blood-retinal barrier: potential involvement in L-carnosine supply. Exp Eye Res., 
2013. 113: p. 135-142. 

51. Lü, Y.Q., He, R.R., Watanabe, H., et al., Effects of a chicken extract on food-deprived 
activity stress in rats. Biosci Biotechnol Biochem. , 2010. 74(6): p. 1276-1278. 

52. Kozan, R., Sefil, F., and Bağirici, F., Anticonvulsant effect of carnosine on penicillin-
induced epileptiform activity in rats. Brain Res. , 2008. 1239: p. 249-255. 

53. Otani, H., Okumura, A., Nagai, K., et al., Colocalization of a carnosine-splitting 
enzyme, tissue carnosinase (CN2)/cytosolic non-specific dipeptidase 2 (CNDP2), with 
histidine decarboxylase in the tuberomammillary nucleus of the hypothalamus. 
Neurosci Lett., 2008. 445(2): p. 166-169. 

54. Peters, V., Riedl, E., Braunagel, M., et al., Carnosine treatment in combination with 
ACE inhibition in diabetic rats. Regul Pept. , 2014. 

55. Köppel, H., Riedl, E., Braunagel, M., et al., L-carnosine inhibits high-glucose-
mediated matrix accumulation in human mesangial cells by interfering with TGF-beta 
production and signalling. Nephrol Dial Transplant, 2011. 26(12): p. 3852-3858. 

56. Everaert, I., Taes, Y., De Heer, E., et al., Low plasma carnosinase activity promotes 
carnosinemia after carnosine ingestion in humans. Am J Physiol Renal Physiol, 2012. 
302(12): p. F1537-1544. 

57. Peters, V., Klessens, C.F., Baelde, H., et al., Intrinsic carnosine metabolism in the 
human kidney. Amino Acids, 2015: p. 1-10. 

 

  



Chapter 7 
 

143 
 

 

 

 

 

Chapter 7 
 

 

Summary and General discussion 

 

7.1 Summary  

7.2 General discussion and future perspectives 

7.3 Nederlandse Samenvatting 

  



Chapter 7   

144 
 

7.1 Summary  

Up till now, diabetic nephropathy (DN) accounts for approximately 40% of end stage 

renal disease (ESRD) worldwide. This is mainly due to the increasing incidence of 

diabetes, as well as the longer life expectancy of diabetic patients [1]. Patients with 

DN have a higher mortality risk, which is explained by an increased incidence of  

cardiovascular events and stroke [2]. Although intensive glycemic therapy delays the 

onset or progression of diabetic nephropathy (DN) in its early stages [3], controversy 

remains as to whether intensive therapy slows the progression of established DN [4, 

5].  In addition, severe hypoglycemia has been associated with intensive glycemic 

therapy [6, 7], raising safety concerns that may be of particular relevance for patients 

with decreased kidney function. Improvement of diabetes management is therefore 

still warranted. 

Angiotensin converting enzyme (ACE) inhibitors and angiotensin-2 receptor blockers 

(ARB) are the mainstay of first-line therapy for DN because of their anti-proteinuric 

effect. In addition, ACE inhibitors reduce the risk of acute myocardial infarction, 

cardiovascular events and all-cause mortality [8]. However, since ACEI do not 

completely block the production of Angiotensin II [9] and the current therapeutic 

modality is incomplete, there is still much room for improvement. One of the options 

could be the intervention in the carnosinase-carnosine system. Based on the 

postulated association between a polymorphism in the CNDP1 gene, the studies 

performed in this thesis are meant to provide a better understanding of the 

carnosinase-carnosine system and to evaluate if this system might be a target for the 

treatment of DN.  

We have previously reported that CN-1 may exist in different conformations 

depending on whether the dinuclear Zn centers are occupied by divalent metal ions. 

In Chapter 2 we characterized the epitope of monoclonal antibody RYSK173, which 
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recognizes CN-1 in the presence of EDTA or after denaturation, to further 

substantiate the findings that not all CN-1 homodimers are complexed with Zn. 

Indeed we demonstrate by making use of myc-tagged CN-1 fragments and 

overlapping peptides that the RYSK173 epitope contains both Zn centers of the 

catalytic domain of CN-1. Although recognition of recombinant rCN-1 by RYSK173 

strongly declined when it was spiked into human serum as compared to PBS or fetal 

calf serum, neither addition of Zn2+ nor Cu2+ impaired binding of RYSK173 to rCN-1. 

While in serum of healthy controls RYSK173 recognized less than 0.5% of total CN-

1, in patients with ESRD this was significantly higher. The CN-1 RYSK173 proportion 

seems to be increased in ESRD patients, possibly due to deficiency in zinc and other 

trace elements [10]. In contrast, the RYSK173 proportion was decreased in post-

dialysis as compared to pre-dialysis serum and was paralleled by a concomitant 

increase in serum Zn2+ and Cu2+ concentrations.  

While some studies have shown that the CNDP1 gene is associated with DN in 

T2DM patients, others have claimed that this association is sex specific and not 

present in all ethnicities. In Chapter 3 we assessed if the frequency of the protective 

CNDP1 genotype, i.e. the (CTG)5 homozygous genotype, remains gender specific 

when the diagnosis of DN is based on clinical inclusion criteria (CIC-DN) or when the 

diagnosis is based on biopsy material (biopsy proven DN (BP-DN)) only. It also 

assessed if the frequency of the protective genotype is changed with time on dialysis.  

To this end, 145 T2DM patients without DN (no-DN), 110 T2DM patients with CIC-

DN, 30 T2DM with BP-DN, 22 patients with biopsy proven non-diabetic renal disease 

(BP-NDRD) and additional 85 uremic patients on hemodialysis were studied. Overall 

frequencies of the (CTG)5 homozygous genotype in the different groups were 36% 

(no-DN), 38% (CIC-DN), 17% (BP-DN) and 32% (BP-NDRD) (p<0.05 for no-DN vs. 

BP-DN and for BP-DN vs. BP-NDRD). Gender stratification revealed a lower 
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frequency of the protective genotype in the female CIC-DN as compared to the no-

DN group (38% vs. 31%, no-DN vs. CIC-DN), yet this difference was only statistical 

significant in female for the comparison with the BP-DN group (38% vs. 0%, no-DN 

vs. BP-DN, p<0.05). No evidence for a significantly decreased frequency of the 

protective genotype was found in male T2DM patients. The proportion of (CTG)5 

homozygous patients on hemodialysis (HD) increased with time on dialysis from 

26%, 39%, to 48% for time on dialysis of: <18 months; 18-120 months; >120 months 

respectively. Our study confirms that the association between the CNDP1 genotype 

and DN is most likely gender specific and clearly pronounced in BP-DN. It also 

suggests that (CTG)5 homozygous patients may have a survival advantage when 

hemodialysis is required. Yet, it remains to be addressed why the frequency of 

(CTG)5 homozygous patients is increased with time on dialysis. 

Even though T2DM patients without DN are more frequently homozygous for (CTG)5 

allele, a significant number of (CTG)5 homozygous T2DM patients still develop DN. 

Why this occurs is at present unknown. In Chapter 4  we therefore tested the 

hypothesis that CNDP1 (CTG)5 homozygous T2DM patients with nephropathy have 

higher serum CN-1 activities and concentrations as compared to those without 

nephropathy. From a total of 272 T2DM patients (with DN n=127, without DN n=145) 

92 patients (with DN: n=45, without DN: n=47) were homozygous for the (CTG)5 

allele. CNDP1 (CTG)5 homozygous T2DM patients with DN had significantly lower 

CN-1 concentrations (30.4 ± 18.3 vs 51.2 ± 17.6 µg/ml, p<0.05) and activity (1.25 ± 

0.5 vs 2.53 ± 1.1 µmol/ml/h, p<0.05) than those without nephropathy. Univariate 

analysis confirmed significant lower CN-1 concentrations and activity in all T2DM 

patients with DN. In multivariate regression analyses, estimated renal function 

(eGFR) and to a lesser extent genotype were significantly associated with serum CN-

1 concentrations (95% CI of regression coefficients: eGFR: 0.10 – 1.94 (p=0.001); 
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genotype: -0.05 – 5.79 (p=0.055)). In a separate small group (n=12) of subsequently 

recruited patients with micro- or macro-albuminuria (range 39-836 ng/ml), 

carnosinasuria was detected, correlated inversely with serum albumin (r: 0.90) and 

positively with albuminuria (r: 0.83). Immuno-histology on sections of kidney biopsies 

retrieved from our archives suggested that CN-1 expression in proximal tubules is 

increased in patients with proteinuria as compared to healthy controls (controls: 

0.014 ± 0.021, patients with proteinuria: 0.102 ± 0.130). Hence, our data suggest that 

serum CN-1 concentrations in T2DM patients with DN might be decreased as a 

consequence of carnosinasuria.  

Iron has been suggested to affect the clinical course of type 2 diabetes (T2DM) as 

accompanying increased intracellular iron accumulation may provide an alternative 

source for reactive oxygen species (ROS). Although carnosine has proven its 

therapeutic efficacy in rodent models of T2DM, little is known about its efficacy to 

protect cells from iron toxicity. In Chapter 5  we sought to assess whether high 

glucose (HG) exposure makes cultured human umbilical vein endothelial cells 

(HUVEC) and renal proximal tubular epithelial cells (PTEC) more susceptible to metal 

induced toxicity and if this is ameliorated by L-carnosine. Cell viability was neither 

impaired under HG conditions nor did HG increase susceptibility to FeCl3. HG did not 

change the expression of divalent metal transporter 1 (DMT-1), ferroportin (IREG), 

transferrin receptor protein 1 (TFRC)). Irrespective of glucose concentrations L-

carnosine prevented toxicity in a dose dependent manner, only if it was present 

during the FeCl3 challenge. Our study indicates that iron induced cytotoxicity is not 

enhanced under HG conditions. L-carnosine displayed a strong protective effect, 

most likely by chelation of iron. 

In Chapter 6  we examined the effect of carnosine treatment in vivo in BTBR (Black 

and Tan, BRachyuric) ob/ob mice, which develop a phenotype that closely resembles 
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advanced human DN. BTBR ob/ob mice were supplemented for 18 weeks with L-

carnosine (4 mM) in drinking water. Treatment of BTBR ob/ob mice with carnosine 

reduced plasma glucose and HbA1c levels, probably caused by elevated insulin 

secretion. Also, albuminuria and kidney weights were reduced in carnosine-treated 

mice. In the treated mice less glomerular hypertrophy was observed and the 

molecular composition of the expanded mesangial matrix was modified, while 

hyperglycemia-induced reduction of glomerular podocytes remained unaffected. Our 

data suggest that treatment with carnosine is able to improve glucose metabolism, 

kidney function and pathology in BTBR ob/ob mice.  
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7.2 General discussion and future perspectives  

DN is histologically characterized by mesangial expansion, glomerular basement 

membrane thickening, nodular sclerosis (Kimmelstiel-Wilson), and advanced diabetic 

glomerulosclerosis [11]. Renal biopsy is thus a golden standard for diagnosis of DN, 

but only performed in a minority of T2DM patients. DN is diagnosed in these patients 

mainly on the basis of clinical criteria, e.g. persistent macro-albuminuria in at least 2 

independent measurements (albumin excretion rate > 300 mg/d or > 200 mg/l or 

ACR (albumin/creatinine ratio) > 300 mg/g). Along with albuminuria glomerular 

filtration rate (GFR) also gradually declines as DN progresses. Thus the combination 

of albuminuria and estimated (e)GFR is commonly used to predict DN according to 

the Kidney Disease Outcomes Quality Initiative (KDOQI) (shown in Tab. 1) [12]. It is 

however worthwhile to emphasize that up to 25% - 50% diabetic patients may 

develop renal diseases other than DN [13-15].  

 

Tab. 1 DN diagnosis (based on KDOQI guideline [12]).  

  Albuminuria 

GFR (ml/min) CKD stage Normoalbuminuria Microalbuminuria Macroalbuminuria 

>60 1 + 2 At risk Possible DN DN 

30-60 3 Unlikely DN Possible DN DN 

<30 4 + 5 Unlikely DN Unlikely DN DN 

 

Genetic studies that use clinical inclusion criteria (CIC) for group allocation therefore 

may wrongly assign patients to the DN group, which partly could underlie different 

outcomes on susceptibility for a particular genetic trait in different studies. Although 

our study described in Chapter 3  includes only a small number of biopsy proven DN 
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(BP-DN) patients, the results are compatible with previous studies that suggest the 

association of CNDP1 and DN is sex specific. Recent efforts for classification of DN 

have suggested 5 different stages on the basis of histo-pathological findings: i.e. mild 

or nonspecific light microscopic changes and electronic-microscope-proven GBM 

thickening (stage I), mild mesangial expansion (stage IIa), severe mesangial 

expansion (stage IIb), nodular sclerosis (Kimmelstiel–Wilson lesion, stage III) and 

advanced diabetic glomerulosclerosis (stage IV). At present it is not clear if the 

genotype distribution (i.e. the relative proportion of (CTG)5 homozygous individuals) 

is changed with severity of the classification. It might be that (CTG)5 homozygous 

individuals may progress to the early stages (I, IIa and IIb) but not to the more severe 

ones (stage III and IV). Clearly this requires further studies using renal biopsies from 

diabetic patients. These studies could also help to address whether in male diabetic 

patients there is no influence of the (CTG)5 genotype at all or whether it is just more 

pronounced in female as suggested in our small sample size. An interesting finding in 

Chapter 3  was the observation that the proportion of homozygous (CTG)5 T2DM 

patients increased with time on dialysis, while gender distribution remained equal. 

Because the annual mortality rate for patients on maintenance hemodialysis (HD) are 

several times higher than those of the general population [16], “enrichment” for 

homozygous (CTG)5 T2DM  patients in the group of patients with a long history of HD 

may indicate a survival benefit for such patients. These findings are to some extent 

unexpected since in a recent prospective cohort study on T2DM patients Alkhalaf et 

al suggested that homozygous (CTG)5 female T2DM patients have higher risk for 

cardiovascular mortality as compared to males [17]. Since sudden cardiac death is 

the single most common form of death in dialysis patients, accounting for 20% to 

30% of all deaths [18, 19], it would be expected that the proportion of homozygous 

(CTG)5 female patients would be less in the group of patients with a long history 
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(>120 months) of HD. It should be emphasized however that out of the 27 individuals 

with a long history of dialysis only 9 patients had T2DM, yet, the majority of which 

were carrying the (CTG)5 genotype. Clearly the small group size of this cross-

sectional study impedes drawing firm conclusions and warrants further prospective 

analysis to test if the (CTG)5 genotype indeed exerts a survival benefit in HD patients.  

 

The cause of DN is so far not fully understood. Risk factors involved in DN 

progression include genetic make-up, blood pressure, glycemic control, the extent of 

proteinuria and AGEs formation. Although homozygous (CTG)5 CN-1 T2DM patients 

(particularly females) may have a relative protection to develop DN, there is still a 

significant number of such patients that progress to DN. Interestingly, serum CN-1 

concentrations, activity and conformation in (CTG)5 homozygous T2DM with DN are 

significantly lower as compared to those without DN. This might be explained by the 

relative large proportion of dialysis patients in the group of T2DM with DN, as time on 

dialysis negatively correlates with CN-1 activity and concentrations. As demonstrated 

in Chapter 2 , the RYSK173 monoclonal antibody recognized an epitope on CN-1 in 

the vicinity of Zn2+ centers. We also show that the relative proportion of CN-1 

recognized by RYSK173 is higher in post- as compared to pre-dialyses serum 

samples, which is paralleled by an increased concentration of divalent metal ions. 

Based on this, and the finding that in the T2DM patients with DN a large number was 

on HD, it was expected that the relative proportion would be larger in this group as 

compared to the group without DN. In a separate small group of patients with micro- 

or macro-albuminuria we observed a significant correlation between albuminuria and 

carnosinasuria, raising the possibility that the low serum CN-1 concentrations in 

T2DM patient with DN might be a consequence of CN-1 loss via the urine. It should 

also be emphasized that HD patients may suffer from protein energy wasting, which 
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explains the reduced BMI in patients with poor renal function, and therefore may not 

sufficiently replenish CN-1 in serum. It might be that CN-1 is partly reabsorbed from 

the urine in the proximal tubules resulting in an increased CN-1 staining in proximal 

tubules. Yet, formal proof for reabsorption is lacking and thus the increase tubular 

staining could also be a consequence of de novo CN-1 production in the kidney. To 

assess the role of serum CN-1 and carnosinasuria on renal function deterioration, we 

have currently collected urine and serum samples of approximately 2835 Caucasian 

T2DM patients (DIAbetes COhoRtE (DIACORE) study). The study design of 

DIACORE study was described in detail by Dörhöfer et al. [20]. These patients will be 

followed up for approximately 10 years. Although most of these patients 

(approximately 66%) are normo-albuminuric patients with good eGFR, an ad hoc 

analysis suggested that the prevalence of carnosinasuria is increased in normo-

albuminuric patients with poor eGFR. The extent of carnosinasuria was increased in 

the macro-albuminuric patients (approximately 34%) and showed a significant 

correlation with albuminuria (unpublished data, study is ongoing).  

The salutary effects of carnosine have already been demonstrated in a large variety 

of in vivo and in vitro experiments [21-24]. Our findings in Chapter 5  and Chapter 6  

are in line with the protective properties of carnosine in the setting of diabetes. 

Although the efficacy of carnosine to protect cells against iron mediated toxicity in 

vitro and its beneficial effect on albuminuria in vivo has clearly been shown it remains 

to be assessed if such protection may also be observed in human T2DM patients. 

The in vivo efficacy of carnosine could be overestimated since mice do not express 

CN-1 in serum. We therefore have generated CN-1 transgenic mice in a diabetic 

susceptible genetic background. These mice will enable us to 1) assess the influence 

of serum CN-1 on hyperglycemia and albuminuria 2) assess if carnosine feeding is 

still effective in these animals and 3) assess if carnosinase is an attractive target in 
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the treatment of DN. Although most of these studies are currently on the way, 

preliminary results already suggest that 1) hyperglycemia and albuminuria are much 

more severe in the CN-1 transgenic mice, 2) carnosine feeding seems to reduce 

hyperglycemia but not albuminuria in these mice, 3) renal carnosine concentration 

are significantly reduced in transgenic mice and can only marginally be increased by 

carnosine supplementation. In cooperation with Sanofi we also have identified a CN-

1 inhibitor, which strongly inhibits CN-1 activity in our transgenic mice over a period 

of 24 hrs when applied subcutaneously. The influence of this inhibitor on 

hyperglycemia and albuminuria will be tested in our model by repeated 

administration.     

 

In conclusion, our studies indicate that the carnosinase-carnosine system may play a 

significant role in either hyperglycemia and or the renal complications hereof. In 

human the salutary effects of carnosine might be lost as a consequence of CN-1 

activity. Yet, the preliminary findings in CN-1 transgenic mice are promising, and may 

help to address the question as to whether this system is an attractive target in the 

treatment of DN in human.  
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7.3 Nederlandse Samenvatting  

Door de toegenomen incidentie van diabetes, voornamelijk type 2, is ook de 

incidentie van de verschillende micro- en macrovasculaire complicaties t.g.v. 

diabetes in de afgelopen decenia fors toegenoemen. Eén van deze complicaties is 

diabetische nephropathie (DN) hetgeen zich bij circa een derde van diabetes 

patienten ontwikkeld. Er zijn sterke aanwijzingen dat naast omgevingsfaktoren zoals 

bloeddruk en bloedglukose instelling ook genetisch faktoren bijdragen aan de 

gevoeligheid om DN te ontwikkelen. Een polymorphisme in het gen van serum 

carnosinase, ook wel CN-1 genoemd, is één van deze genetische faktoren die 

mogelijk in betrekking staan met DN. CN-1 is een enzym dat de dipeptiden 

carnosine, homocarnosine en anserine als substraat herkent. Deze substraten 

hebben als gemeenschappelijk kenmerk dat ze alle L-histidine als aminozuur 

bevatten in combinatie met ß-alanine (carnosine) of gamma-aminobutyraat zuur 

(GABA) (homocarnosine). In het geval van anserine, bestaat de dipeptide uit ß-

alanine en een gemethyleerde vorm van histidine. Histidine bevattende dipeptiden 

worden bepaalde eigenschappen toegeschreven die met name bij hyperglycaeme 

patienten mogelijk gunstig kunnen werken op eventuele micro- en macrovasculaire 

complicaties.  

De belangstelling voor CN-1 is primair ontstaan door genetische studies die op een 

samenhang tussen een polymorphisme in het CN-1 gen en DN duiden.  Op grond 

van een signifikante verschuiving in de verdeling van genotypen tussen type 2 

diabetes patienten met of zonder DN werd gepostuleerd dat het zogenaamde 

Mannheim-allel (CNDP1 (CTG)5) een recessief allel is en in beperkte mate 

bescherming biedt tegen DN. Hoewel een associatie in meerdere studies is 

aangetoond, lijkt het er op dat de deze afhankelijk is van etniciteit, het type van 

diabetes (alleen bij type 2) en vooral voor vrouwen geldt.  De studies beschreven in 
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dit proefschrift hebben enerzijds getracht de associatie tussen CN-1 en DN beter te 

begrijpen en anderzijds de vraag of carnosine bescherming bieden kan tegen DN te 

beantwoorden.  

De belangrijkste uitkomsten van dit onderzoek zijn: 1) De associatie tussen CN-1 en 

DN in type 2 diabetes pateinten lijkt inderdaad sterker te zijn bij vrouwen als bij 

mannen. 2) Naast genotype lijkt ook de nierfunctie een  onafhankelijk variabele te 

zijn die de concentratie van carnosinase in serum bepaald. 3) Carnosinase is 

aanwezig in urine van patienten met proteinurie, maar dit is niet specifiek voor DN. 

De expressie van carnosinase in nierweefsel neemt toe bij patienten met proteinurie 

hetgeen mogelijk een gevolg is van reabsorptie uit urine of de novo synthese van 

CN-1 in de proximale tubuli van de nier. 4) Hyperglycaemie verandert de toxische 

werking van ijzer niet. Zowel onder normo als ook hyperglycaeme condities 

beschermt carnosine endotheel - en nierepitheel cellen tegen de toxische werking 

van ijzer. 5) Het toevoegen van carnosine aan drinkwater verbetert de 

hyperglycaemie en proteinurie bij muizen die spontaan type 2 diabetes ontwikkelen.                         
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1. List of abbreviations  

°C   grad Celcius 

µ   Micro (10-6) 

4-HNE                     4-hydroxynonenal 

5L/5L  homozygous for 5-leucin-repeats at micro-satellite marker  

 

A adenine or alanine 

AA amino acid 

AAT  amino acid transporter 

Ab                            antibody 

ACE   Angiotensin Converting Enzyme  

ACR                        albumin creatinine ratio 

ADP   adenosine diphosphate 

AGEs   advanced glycosylation end products 

AHM                        anti-hypertensive medication 

Al   aluminum 

ALEs                       advanced lipoxidation end products 

Ang-2   angiopoetin-2 

APS   ammoniumpersulfate 

ATLAS                     anti-CNDP1 antibody produced in rabbit from Sigma-Aldrich 

ATP   adenosine triphosphate 

 

BMI                          body mass index 

bp   base pair 

BP-DN  biopsy proven diabetic nephropathy 

BSA   bovine serum albumin  

BTBR   Black and Tan, BRachyuric 

BUN                         blood urea nitrogen 

 

C   cystein or cytosine 

cAMP                      cyclic adenosine monophosphate 

CARNS                   carnosine synthase  

c-CN-1                     CN-1 complexed with metal ions 

Cd   cadmium 
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cDNA   complementary DNA 

CIC   clinical inclusion criteria 

CKD                        chronic kidney disease 

Cl                             chloride 

CL   capillary lumen 

CN-1    serum carnosinase 

CN-2    tissue carnosinase 

CNDP1  carnosinase dipeptidase 1 gene 

Co   cobalt 

Cr                             creatinine 

CTG   cytosine-thymine-guanine 

CVD                        cardiovascular disease 

CVOs   circumventricular organs 

 

D   asparagine 

DaKo   3,3-diaminobenzidine 

dATP   deoxy-adenosine triphosphate 

db   diabetic allel 

DFO                         deferoxamine 

dCTP   deoxy-cytidinetriphosphate 

ddH2O             double-destilled water  

de-G                        de-glycosylation 

DEPC   diethyl-Pyrocarbonate 

dGTP   deoxy-guanosinetriphosphate 

DM   diabetes mellitus 

DMEM  Dulbecco´s modified eagle medium  

DMSO  dimethylsulfoxide 

DMT-1                     divalent metal transporter 1 

DN   diabetic nephropathy 

DNA   deoxyribonucleic acid  

dNTP   dideoxy-nucleoside triphosphate 

D-PBS  Dulbecco´s PBS 

DR                           diabetic retinopathy  

DTT    1,4-Dithio-DL-threitol Solution  
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E   glutamine 

E. coli   Escherichia coli 

ECM   extracellular matrx 

EDTA   ethylene diaminetetraacetic acid  

EGF                         epidermal growth factor 

eGFR                       estimated glomerular filtration rate 

ELISA   enzyme linked immunosorbent assay  

ESRD   end stage renal disease  

 

F   forward or phenylalanine 

FAM                         6-carboxyfluorescein 

FCS   fetal calf serum  

Fe   iron 

Fig.                          figure 

FP            foot process 

FPG                        fasting plasma glucose 

FSGS                      focal segmental glomerulosclerosis 

 

g   gram 

G   glycine or guanine or G-force 

GABA   γ-aminobutyric acid 

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 

GBM                        glomerular basement membrane  

GC   guanine and cytosine 

GFP                         green fluorescent protein 

GFR   glomerular filtration rate 

GlcNAc                    N-Acetylglucosamine 

GLT                         glutamate transporter 

GSK                        Glycogen synthase kinase  

 

H   histidine 

H2O2   hydrogen peroxide 

HbA1c                     glycated hemoglobin 
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HCD                        histidine containing peptide 

HCl                          hydrogen chloride 

hCN-1   human CN-1 

HDC   histidine decarboxylase 

hom                         homozygous 

HPLC   high performance liquid chromatography 

HPRT   Hypoxanthine-guanine phosphoribosyltransferase 

Hr                             hour 

HR                            histamine receptor 

HRP    horseradish peroxidase 

HSA    human serum albumin 

HSPG                       heparin sulfate proteoglycans 

HUVEC                     human umbilical cord vein endothelial cells 

HUVEC-CN-1            wild type HUVECs 

HUVEC+CN-1           HUVECs transduced with CN-1 

 

I             isoleucine 

IF                             immunofluorescence 

IgAn                         immunoglobulin A nephropathy 

IGFBP1                    insulin like growth factor binding protein 1  

IgG   immunoglobulin G 

IU   international units 

 

K   lysine 

kb   kilo base pair 

KCl   potassium chloride 

kDa   kilo-dalton 

kg   kilo gram 

Km    Michaelis-Menten constant 

 

l   liter 

L   leucin or cell lysate 

LAT1   L-type neutral amino acid transporter 1 

LB   lysogeny broth medium 
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LDL   low density lipoprotein 

LRP2                       Low density lipoprotein-related protein 2 

Lupus Nephro          lupus nephritis 

 

M   Milli (10-3)  

M   methionine or molar (mol/l) 

MAPK                      mitogen-activated protein kinase 

MDA                        malondialdehyde 

MgCl2   magnesiumchloride 

min   minute 

Mn   manganese 

MP   milk powder 

mRNA   messenger RNA  

MTT                         tetrazolium dye colorimetric assay for assessing cell proliferation  

 

n   nano (10-9) 

N   asparagine 

Na   sodium 

NaCl   sodium chloride 

Nc-CN-1                  non-complexed CN-1 

NDRD   non-diabetic renal disease 

NF                           nuclease free 

NF-κB   nuclear factor kappa-light-chain-enhancer of activated B cells 

Ni   nickel 

ns                            not significant 

nt   nucleotide 

NOD                        N-octanoyl-dopamine 

 

OD   optical density 

ODC     Octyl-D-carnosine  

 

P   proline 

Pauci Imm.Nephr    pauci immune glomeulonephritis 

PBS   phosphate buffered saline  
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PCR   polymerase chain reaction  

PEPT   peptide transporter 

PHT   phosphate transporter  

PMA                        phorbol 12-myristate 13-acetate 

PNGase  peptide -N-glycosidase  

POD                        3,3'-5,5'-Tetramethylbenzidine (TMB) 

PrD                          IgG and albumin depletion 

P/S   penicillin / streptomycin 

PS   parasympathetic system 

PTEC                      proximal tubule epithelial cells  

PVDF   polyvinylidene fluoride 

 

R   arginine or reverse 

RLU                         relative light unit 

rCN-1   recombinant CN-1 

RNA   ribonucleic acid  

RNAse  ribonuclease 

ROS    reactive oxygen species  

rpm   revolutions per minute  

RT   room temperature 

RTC   (R)-trolox-L-carnosine 

RT-PCR  reverse transcription polymerase chain reaction  

RYSK173                anti-CNDP1 antibody produced in mice (in house made) 

 

s   second 

S   serine or cell supernatant or sympathetic system 

sAlb                         serum albumin 

sCr                          serum creatinine  

SDS   sodium dodecyl sulfate  

SDS-PAGE  SDS-Polyacrylamide-Gel-electrophoresis 

SEM   standard error of the mean  

seq   sequence 

SGLT2  sodium/glucose cotransporter 2 

SOC               Super optimal broth with Catabolite repression  
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STC   (S)-trolox-L-carnosine  

STZ   streptozotocin 

 

T   threonine or thymine 

T25, T75  cell culture flasks with 25cm2 or 75cm2 

T1DM                      type 1 diabetes 

T2DM                      type 2 diabetes 

Tab.    tabel 

TAE   Tris-Acetat-EDTA 

Taq-Polymerase thermostable DNA-polymerase  

TauT   taurine transporter 

TBS   Tris buffered saline  

TBS-T   Tris buffered saline with 0,01% Tween20 

TBT                         thiazolyl blue tetrazolium bromide 

TEMED   N,N,N´,N´-Tetramethylethylenediamine 

TGF-β             transforming growth factor β 

Tris   Tris(hydroxymethyl)-aminoethane 

Tm   melting temperature 

TMB                        3,3'-5,5'-Tetramethylbenzidine 

TPU                         total protein in urine 
 

uAlb                         urine albumin 

uCr                          urine creatinine 

UMM                       Clinical Faculty Mannheim (Universitätsklinikum Mannheim) 

UV   ultraviolet 

US   urinary space 

USA   United States of America  

 

V   valine or voltage 

 

W   tryptophan or watt 

wt   wild type 

WT-1   Wilms tumor protein 1  
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