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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 



Chapter 1 
 

11 
 

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 



Chapter 1   

12 
 

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. 

  



Chapter 1 
 

17 
 

Reference 

1. Selvin, E., Marinopoulos, S., Berkenblit, G., et al., Meta-analysis: glycosylated 
hemoglobin and cardiovascular disease in diabetes mellitus. Ann Intern Med., 2004. 
141(6): p. 421-431. 

2. Reutens, A.T. and Atkins, R.C., Epidemiology of diabetic nephropathy. Contrib 
Nephrol., 2011. 170: p. 1-7. 

3. Abdel-Rahman, E.M., Saadulla, L., Reeves, W.B., et al., Therapeutic modalities in 
diabetic nephropathy: standard and emerging approaches. J Gen Intern Med., 2012. 
27(4): p. 458-468. 

4. UKPDS group, Intensive blood-glucose control with sulphonylureas or insulin 
compared with conventional treatment and risk of complications in patients with type 
2 diabetes (UKPDS 33). UK Prospective Diabetes Study (UKPDS) Group. Lancet., 
1998. 352(9131): p. 837-853. 

5. Fioretto, P., Bruseghin, M., Berto, I., et al., Renal protection in diabetes: role of 
glycemic control. J Am Soc Nephrol., 2006. 17(4 Suppl 2): p. S86-S89. 

6. Cerveny, J.D., Leder, R.D., and Weart, C.W., Issues surrounding tight glycemic 
control in people with type 2 diabetes mellitus. Ann Pharmacother., 1998. 32(9): p. 
896-905. 

7. Gerstein, H.C., Miller, M.E., Byington, R.P., et al., Effects of intensive glucose 
lowering in type 2 diabetes. N Engl J Med., 2008. 358(24): p. 2545-2559. 

8. Dluhy, R.G. and McMahon, G.T., Intensive glycemic control in the ACCORD and 
ADVANCE trials. N Engl J Med., 2008. 358(24): p. 2630-2633. 

9. Anderson, S., Rennke, H.G., Garcia, D.L., et al., Short and long term effects of 
antihypertensive therapy in the diabetic rat. Kidney Int., 1989. 36(4): p. 526-536. 

10. Fliser, D., Wagner, K.K., Loos, A., et al., Chronic angiotensin II receptor blockade 
reduces (intra)renal vascular resistance in patients with type 2 diabetes. J Am Soc 
Nephrol. , 2005. 16(4): p. 1135-1140. 

11. Andersen, A.R., Christiansen, J.S., Andersen, J.K., et al., Diabetic nephropathy in 
Type 1 (insulin-dependent) diabetes: an epidemiological study. Diabetologia, 1983. 
25(6): p. 496-501. 

12. Lewis, E.J., Hunsicker, L.G., Bain, R.P., et al., The effect of angiotensin-converting-
enzyme inhibition on diabetic nephropathy. The Collaborative Study Group. N Engl J 
Med., 1993. 329(20): p. 1456-1462. 

13. Lewis, E.J., Hunsicker, L.G., Clarke, W.R., et al., Renoprotective effect of the 
angiotensin-receptor antagonist irbesartan in patients with nephropathy due to type 2 
diabetes. N Engl J Med., 2001. 345(12): p. 851-860. 

14. Brenner, B.M., Cooper, M.E., de Zeeuw, D., et al., Effects of losartan on renal and 
cardiovascular outcomes in patients with type 2 diabetes and nephropathy. N Engl J 
Med, 2001. 345(12): p. 861-869. 

15. Tan, X. and Hu, J., Combination therapy for type 2 diabetes: dapagliflozin plus 
metformin. Expert Opin Pharmacother., 2015. Dec. 8: p. 1-10. 

16. Fioretto, P., Giaccari, A., and Sesti, G., Efficacy and safety of dapagliflozin, a sodium 
glucose cotransporter 2 (SGLT2) inhibitor, in diabetes mellitus. Cardiovasc Diabetol., 
2015. 14: p. 142. 

17. Falk, R.J., Scheinman, J.I., Mauer, S.M., et al., Polyantigenic expansion of basement 
membrane constituents in diabetic nephropathy. Diabetes., 1983. 32(Suppl 2): p. 34-
39. 

18. Nerlich, A. and Schleicher, E., Immunohistochemical localization of extracellular 
matrix components in human diabetic glomerular lesions. Am J Pathol., 1991. 139(4): 
p. 889-899. 

19. Tamsma, J.T., van den Born, J., Bruijn, J.A., et al., Expression of glomerular 
extracellular matrix components in human diabetic nephropathy: decrease of heparan 
sulphate in the glomerular basement membrane. Diabetologia., 1994. 37(3): p. 313-
320. 



Chapter 1   

18 
 

20. Woodrow, D., Moss, J., Shore, I., et al., Diabetic glomerulosclerosis--immunogold 
ultrastructural studies on the glomerular distribution of type IV collagen and heparan 
sulphate proteoglycan. J Pathol. , 1992. 167(1): p. 49-58. 

21. Chen, S., Wassenhove-McCarthy, D.J., Yamaguchi, Y., et al., Loss of heparan sulfate 
glycosaminoglycan assembly in podocytes does not lead to proteinuria. Kidney Int. , 
2008. 74(3): p. 289-299. 

22. Sugar, T., Wassenhove-McCarthy, D.J., Esko, J.D., et al., Podocyte-specific deletion 
of NDST1, a key enzyme in the sulfation of heparan sulfate glycosaminoglycans, 
leads to abnormalities in podocyte organization in vivo. Kidney Int. , 2014. 85(2): p. 
307-318. 

23. Parving, H.H., Smidt, U.M., Friisberg, B., et al., A prospective study of glomerular 
filtration rate and arterial blood pressure in insulin-dependent diabetics with diabetic 
nephropathy. Diabetologia., 1981. 20(4): p. 457-461. 

24. Hasslacher, C., Stech, W., Wahl, P., et al., Blood pressure and metabolic control as 
risk factors for nephropathy in type 1 (insulin-dependent) diabetes. Diabetologia. , 
1985. 28(1): p. 6-11. 

25. Mogensen, C.E., Long-term antihypertensive treatment inhibiting progression of 
diabetic nephropathy. Br Med J (Clin Res Ed). 1982. 285(6343): p. 685-688. 

26. Parving, H.H., Andersen, A.R., Smidt, U.M., et al., Early aggressive antihypertensive 
treatment reduces rate of decline in kidney function in diabetic nephropathy. Lancet., 
1983. 1(8335): p. 1175-1179. 

27. Gansevoort, R.T., de Zeeuw, D., and de Jong, P.E., Dissociation between the course 
of the hemodynamic and antiproteinuric effects of angiotensin I converting enzyme 
inhibition. Kidney Int., 1993. 44(3): p. 579-584. 

28. Kohzuki, M., Yasujima, M., Kanazawa, M., et al., Antihypertensive and renal-
protective effects of losartan in streptozotocin diabetic rats. J Hypertens., 1995. 13(1): 
p. 97-103. 

29. Gall, M.A., Hougaard, P., Borch-Johnsen, K., et al., Risk factors for development of 
incipient and overt diabetic nephropathy in patients with non-insulin dependent 
diabetes mellitus: prospective, observational study. BMJ, 1997. 314(7083): p. 783-
788. 

30. Tervaert, T.W., Mooyaart, A.L., Amann, K., et al., Pathologic classification of diabetic 
nephropathy. J Am Soc Nephrol. , 2010. 21(4): p. 556-563. 

31. Hasslacher, C., Ritz, E., Wahl, P., et al., Similar risks of nephropathy in patients with 
type I or type II diabetes mellitus. Nephrol Dial Transplant., 1989. 4(10): p. 859-863. 

32. William, J., Hogan, D., and Batlle, D., Predicting the development of diabetic 
nephropathy and its progression. Adv Chronic Kidney Dis. , 2005. 12(2): p. 202-211. 

33. Lizicarova, D., Krahulec, B., Hirnerova, E., et al., Risk factors in diabetic nephropathy 
progression at present. Bratisl Lek Listy., 2014. 115(8): p. 517-521. 

34. Seaquist, E.R., Goetz, F.C., Rich, S., et al., Familial clustering of diabetic kidney 
disease. Evidence for genetic susceptibility to diabetic nephropathy. N Engl J Med, 
1989. 320(18): p. 1161-1165. 

35. Freedman, B.I., Bowden, D.W., Sale, M.M., et al., Genetic susceptibility contributes to 
renal and cardiovascular complications of type 2 diabetes mellitus. Hypertension., 
2006. 48(1): p. 8-13. 

36. Bowden, D.W., Colicigno, C.J., Langefeld, C.D., et al., A genome scan for diabetic 
nephropathy in African Americans. Kidney Int, 2004. 66(4): p. 1517-1526. 

37. Freedman, B.I., Bostrom, M., Daeihagh, P., et al., Genetic factors in diabetic 
nephropathy. Clin J Am Soc Nephrol, 2007. 2(6): p. 1306-1316. 

38. Vardarli, I., Baier, L.J., Hanson, R.L., et al., Gene for susceptibility to diabetic 
nephropathy in type 2 diabetes maps to 18q22.3-23. Kidney Int, 2002. 62(6): p. 2176-
2183. 

39. Winnick, T. and Winnick, R.E., Pathways and the physiological site of anserine 
formation. Nature, 1959. 183(4673): p. 1466-1468. 



Chapter 1 
 

19 
 

40. Drozak, J., Veiga-da-Cunha, M., Vertommen, D., et al., Molecular identification of 
carnosine synthase as ATP-grasp domain-containing protein 1 (ATPGD1). J Biol 
Chem., 2010. 285(13): p. 9346-9356. 

41. Williams, H.M. and Krehl, W.A., The microbiological determination of carnosine and 
its formation by rat liver slices. . J Biol Chem, 1952. 196(1): p. 443-448. 

42. Harris, R.C., Tallon, M.J., Dunnett, M., et al., The absorption of orally supplied beta-
alanine and its effect on muscle carnosine synthesis in human vastus lateralis. Amino 
Acids, 2006. 30(3): p. 279-289. 

43. Baslow, M.H., Suckow, R.F., Berg, M.J., et al., Differential expression of carnosine, 
homocarnosine and N-acetyl-L-histidine hydrolytic activities in cultured rat macroglial 
cells. J Mol Neurosci., 2001. 17(3): p. 351-359. 

44. Boldyrev, A.A., Aldini, G., and Derave, W., Physiology and pathophysiology of 
carnosine. Physiol Rev., 2013. 93(4): p. 1803-1845. 

45. Derave, W., Everaert, I., Beeckman, S., et al., Muscle carnosine metabolism and 
beta-alanine supplementation in relation to exercise and training. Sports Med. , 2010. 
40(3): p. 247-263. 

46. Dunnett, M. and Harris, R.C., Influence of oral beta-alanine and L-histidine 
supplementation on the carnosine content of the gluteus medius. Equine Vet J Suppl, 
1999. 30: p. 499-504. 

47. Sale, C., Saunders, B., and Harris, R.C., Effect of beta-alanine supplementation on 
muscle carnosine concentrations and exercise performance. Amino Acids., 2010. 
39(2): p. 321-333. 

48. Smith, E.C., The buffering of muscle in rigor; protein, phosphate and carnosine. J 
Physiol., 1938. 92(3): p. 336-343. 

49. Tanokura, M., Tasumi, M., and Miyazawa, T., 1H nuclear magnetic resonance studies 
of histidine-containing di- and tripeptides. Estimation of the effects of charged groups 
on the pKa value of the imidazole ring. Biopolymers. , 1976. 15(2): p. 393-401. 

50. Baguet, A., Koppo, K., Pottier, A., et al., Beta-alanine supplementation reduces 
acidosis but not oxygen uptake response during high-intensity cycling exercise. Eur J 
Appl Physiol., 2010. 108(3): p. 495-503. 

51. Suzuki, Y., Ito, O., Mukai, N., et al., High level of skeletal muscle carnosine 
contributes to the latter half of exercise performance during 30-s maximal cycle 
ergometer sprinting. Jpn J Physiol, 2002. 52(2): p. 199-205. 

52. Baguet, A., Everaert, I., Hespel, P., et al., A new method for non-invasive estimation 
of human muscle fiber type composition. PLoS One., 2011. 6(7): p. e21956. 

53. 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. 

54. 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. 

55. 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. 

56. Oda, T., Morikawa, N., Saito, Y., et al., Molecular cloning and characterization of a 
novel type of histamine receptor preferentially expressed in leukocytes. J Biol Chem. , 
2000. 275(47): p. 36781-36786. 

57. Zhu, Y.Y., Zhu-Ge, Z.B., Wu, D.C., et al., Carnosine inhibits pentylenetetrazol-
induced seizures by histaminergic mechanisms in histidine decarboxylase knock-out 
mice. Neurosci Lett., 2007. 416(3): p. 211-216. 

58. Li, Y.F., He, R.R., Tsoi, B., et al., Anti-stress effects of carnosine on restraint-evoked 
immunocompromise in mice through spleen lymphocyte number maintenance. PLoS 
One. , 2012. 7(4): p. e33190. 

59. Shen, Y., He, P., Fan, Y.Y., et al., Carnosine protects against permanent cerebral 
ischemia in histidine decarboxylase knockout mice by reducing glutamate 
excitotoxicity. Free Radic Biol Med. , 2010. 48(5): p. 727-735. 



Chapter 1   

20 
 

60. Petroff, O.A., GABA and glutamate in the human brain. Neuroscientist. , 2002. 8(6): 
p. 562-573. 

61. Petroff, O.A., Rothman, D.L., Behar, K.L., et al., Low brain GABA level is associated 
with poor seizure control. Ann Neurol., 1996. 40(6): p. 908-911. 

62. Behar, K.L., Rothman, D.L., Petersen, K.F., et al., Preliminary evidence of low cortical 
GABA levels in localized 1H-MR spectra of alcohol-dependent and hepatic 
encephalopathy patients. Am J Psychiatry., 1999. 156(6): p. 952-954. 

63. Goddard, A.W., Mason, G.F., Rothman, D.L., et al., Family psychopathology and 
magnitude of reductions in occipital cortex GABA levels in panic disorder. 
Neuropsychopharmacology. , 2004. 29(3): p. 639-640. 

64. Sanacora, G., Mason, G.F., Rothman, D.L., et al., Increased cortical GABA 
concentrations in depressed patients receiving ECT. Am J Psychiatry. , 2003. 160(3): 
p. 577-579. 

65. Gulewitsch, W.I. and Amiradzibi, S., Über das Carnosin, eine neue organische Base 
des Fleischextractes. . Ber. Deutsch. Chem. Ges., 1900. 33(2): p. 1902-1903. 

66. Kamal, M.A., Jiang, H., Hu, Y., et al., Influence of genetic knockout of Pept2 on the in 
vivo disposition of endogenous and exogenous carnosine in wild-type and Pept2 null 
mice. Am J Physiol Regul Integr Comp Physiol., 2009. 296(4): p. R986-991. 

67. 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. 

68. Freedman, B.I., Hicks, P.J., Sale, M.M., et al., A leucine repeat in the carnosinase 
gene CNDP1 is associated with diabetic end-stage renal disease in European 
Americans. Nephrol Dial Transplant, 2007. 22(4): p. 1131-1135. 

69. Ahluwalia, T.S., Lindholm, E., and Groop, L.C., Common variants in CNDP1 and 
CNDP2, and risk of nephropathy in type 2 diabetes. Diabetologia. , 2011. 54(9): p. 
2295-2302. 

70. Mooyaart, A.L., Zutinic, A., Bakker, S.J., et al., Association between CNDP1 genotype 
and diabetic nephropathy is sex specific. Diabetes, 2010. 59(6): p. 1555-1559. 

71. Mooyaart, A.L., Valk, E.J., van Es, L.A., et al., Genetic associations in diabetic 
nephropathy: a meta-analysis. Diabetologia., 2011. 54(3): p. 544-553. 

72. Sauerhöfer, 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. 

73. Everaert, I., Mooyaart, A., Baguet, A., et al., Vegetarianism, female gender and 
increasing age, but not CNDP1 genotype, are associated with reduced muscle 
carnosine levels in humans. Amino Acids. , 2011. 40(4): p. 1221-1229. 

74. Bellia, F., Calabrese, V., Guarino, F., et al., Carnosinase levels in aging brain: redox 
state induction and cellular stress response. Antioxid Redox Signal., 2009. 11(11): p. 
2759-2775. 

75. Lenney, J.F., George, R.P., Weiss, A.M., et al., Human serum carnosinase: 
characterization, distinction from cellular carnosinase, and activation by cadmium. 
Clin Chim Acta, 1982. 123(3): p. 221-231. 

76. Riedl, E., Koeppel, H., Pfister, F., et al., N-glycosylation of carnosinase influences 
protein secretion and enzyme activity: implications for hyperglycemia. Diabetes, 2010. 
59(8): p. 1984-1990. 

77. Sigal, R.J., Kenny, G.P., Boulé, N.G., et al., Effects of aerobic training, resistance 
training, or both on glycemic control in type 2 diabetes: a randomized trial. Ann Intern 
Med. , 2007. 147(6): p. 257-369. 

78. Madian, A.G. and Regnier, F.E., Proteomic identification of carbonylated proteins and 
their oxidation sites. J Proteome Res. , 2010. 9(8): p. 3766-3780. 

79. LoPachin, R.M., Gavin, T., Petersen, D.R., et al., Molecular mechanisms of 4-
hydroxy-2-nonenal and acrolein toxicity: nucleophilic targets and adduct formation. 
Chem Res Toxicol. , 2009. 22(9): p. 1499-1508. 

80. Brownlee, M., Biochemistry and molecular cell biology of diabetic complications. 
Nature, 2001. 414(6865): p. 813-820. 



Chapter 1 
 

21 
 

81. Daroux, M., Prévost, G., Maillard-Lefebvre, H., et al., Advanced glycation end-
products: implications for diabetic and non-diabetic nephropathies. Diabetes Metab., 
2010. 36(1): p. 1-10. 

82. Tan, A.L., Forbes, J.M., and Cooper, M.E., AGE, RAGE, and ROS in diabetic 
nephropathy. Semin Nephrol., 2007. 27(2): p. 130-143. 

83. Bohlender, J.M., Franke, S., Stein, G., et al., Advanced glycation end products and 
the kidney. Am J Physiol Renal Physiol, 2005. 289(4): p. F645-659. 

84. Kikuchi, Y., Imakiire, T., Hyodo, T., et al., Advanced glycation end-product induces 
fractalkine gene upregulation in normal rat glomeruli. Nephrol Dial Transplant. , 2005. 
20(12): p. 2690-2696. 

85. Jensen, L.J., Østergaard, J., and Flyvbjerg, A., AGE-RAGE and AGE Cross-link 
interaction: important players in the pathogenesis of diabetic kidney disease. Horm 
Metab Res., 2005. 37(Suppl 1): p. 26-34. 

86. Thallas-Bonke, V., Lindschau, C., Rizkalla, B., et al., Attenuation of extracellular 
matrix accumulation in diabetic nephropathy by the advanced glycation end product 
cross-link breaker ALT-711 via a protein kinase C-alpha-dependent pathway. 
Diabetes. , 2004. 53(11): p. 2921-2930. 

87. Velez, S., Nair, N.G., and Reddy, V.P., Transition metal ion binding studies of 
carnosine and histidine: biologically relevant antioxidants. Colloids Surf B 
Biointerfaces., 2008. 66(2): p. 291-294. 

88. Dobbie, H. and Kermack, W.O., Complex-formation between polypeptides and 
metals. 2. The reaction between cupric ions and some dipeptides. Biochem J., 1955. 
59(2): p. 246-257. 

89. Tamba, M. and Torreggiani, A., A pulse radiolysis study of carnosine in aqueous 
solution. Int J Radiat Biol., 1998. 74(3): p. 333-340. 

90. Aldini, G., Orioli, M., Rossoni, G., et al., The carbonyl scavenger carnosine 
ameliorates dyslipidaemia and renal function in Zucker obese rats. J Cell Mol Med, 
2011. 15: p. 1339-1354. 

91. Price, D.L., Rhett, P.M., Thorpe, S.R., et al., Chelating activity of advanced glycation 
end-product inhibitors. J Biol Chem., 2001. 276(52): p. 48967-48972. 

92. Hipkiss, A.R., Brownson, C., and Carrier, M.J., Carnosine, the anti-ageing, anti-
oxidant dipeptide, may react with protein carbonyl groups. Mech Ageing Dev. , 2001. 
122(13): p. 1431-1445. 

93. 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. 

94. Mozdzan, M., Szemraj, J., Rysz, J., et al., Antioxidant properties of carnosine re-
evaluated with oxidizing systems involving iron and copper ions. Basic Clin 
Pharmacol Toxicol, 2005. 96(5): p. 352-360. 

95. Tamba, M. and Torreggiani, A., Hydroxyl radical scavenging by carnosine and Cu(II)-
carnosine complexes: a pulse-radiolysis and spectroscopic study. Int J Radiat Biol., 
1999. 75(9): p. 1177-1188. 

96. Achyuthan, K.E., Enhancement of aminophthalhydrazides chemiluminescence by N-
beta-alanyl-L-histidine (L-carnosine). Luminescence, 1999. 14(2): p. 75-81. 

97. Shi, X., Dalal, N., and Kasprzak, K.S., Enhanced generation of hydroxyl radical and 
sulfur trioxide anion radical from oxidation of sodium sulfite, nickel(II) sulfite, and 
nickel subsulfide in the presence of nickel(II) complexes. Environ Health Perspect, 
1994. 102(Suppl 3): p. 91-96. 

98. Hou, W.C., Chen, H.J., and Lin, Y.H., Antioxidant peptides with Angiotensin 
converting enzyme inhibitory activities and applications for Angiotensin converting 
enzyme purification. J Agric Food Chem, 2003. 51(6): p. 1706-1709. 

99. Nakagawa, K., Ueno, A., and Nishikawa, Y., Interactions between carnosine and 
captopril on free radical scavenging activity and angiotensin-converting enzyme 
activity in vitro. Yakugaku Zasshi, 2006. 126(1): p. 37-42. 



Chapter 1   

22 
 

100. Chen, S.L., Marino, T., Fang, W.H., et al., Peptide hydrolysis by the binuclear zinc 
enzyme aminopeptidase from Aeromonas proteolytica: a density functional theory 
study. J Phys Chem B. , 2008. 112(8): p. 2494-2500. 

101. Jackson, M.C., Kucera, C.M., and Lenney, J.F., Purification and properties of human 
serum carnosinase. Clin Chim Acta, 1991. 196(2-3): p. 193-205. 

102. Jackson, M.C., Scollard, D.M., Mack, R.J., et al., Localization of a novel pathway for 
the liberation of GABA in the human CNS. Brain Res Bull., 1994. 33(4): p. 379-385. 

103. Pegova, A., Abe, H., and Boldyrev, A., Hydrolysis of carnosine and related 
compounds by mammalian carnosinases. Comp Biochem Physiol B Biochem Mol 
Biol., 2000. 127(4): p. 443-446. 

104. Perry, T.L., Hansen, S., and Love, D.L., Serum-carnosinase deficiency in 
carnosinaemia. Lancet., 1968. 1(7554): p. 1229-1230. 

105. Perry, T.L., Hansen, S., Tischler, B., et al., Carnosinemia. A new metabolic disorder 
associated with neurologic disease and mental defect. N Engl J Med, 1967. 277(23): 
p. 1219-1227. 

106. Terplan, K.L. and Cares, H.L., Histopathology of the nervous system in carnosinase 
enzyme deficiency with mental retardation. Neurology., 1972. 22(6): p. 644-655. 

107. Murphey, W.H., Lindmark, D.G., Patchen, L.I., et al., Serum carnosinase deficiency 
concomitant with mental retardation. Pediatr Res., 1973. 7(7): p. 601-606. 

108. Lunde, H., Sjaastad, O., and Gjessing, L., Homocarnosinosis: hypercarnosinuria. J 
Neurochem. , 1982. 38(1): p. 242-245. 

109. Teufel, M., Saudek, V., Ledig, J.P., et al., Sequence identification and 
characterization of human carnosinase and a closely related non-specific dipeptidase. 
J Biol Chem, 2003. 278(8): p. 6521-6531. 

110. Lenney, J.F., Peppers, S.C., Kucera-Orallo, C.M., et al., Characterization of human 
tissue carnosinase. Biochem J, 1985. 228(3): p. 653-660. 

111. Rawlings, N.D., Waller, M., Barrett, A.J., et al., MEROPS: the database of proteolytic 
enzymes, their substrates and inhibitors. Nucleic Acids Res., 2014(42 (Database 
issue)): p. D503-509. 

112. Everaert, I., Taes, Y., de Heer, E., et al., Low plasma carnosinase activity promotes 
carnosinemia following carnosine ingestion in humans. Am J Physiol Renal Physiol, 
2012. 302(12): p. F1537-1544. 

113. 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. 

114. Peters, V., Kebbewar, M., Jansen, E.W., et al., Relevance of allosteric conformations 
and homocarnosine concentration on carnosinase activity. Amino Acids, 2010. 38(5): 
p. 1607-1615. 

115. Aoki, A., Shibata, Y., Okano, S., et al., Transition metal ions induce carnosinase 
activity in PepD-homologous protein from Porphyromonas gingivalis. Microb Pathog., 
2012. 52(1): p. 17-24. 

116. Wang, T.Y., Chen, Y.C., Kao, L.W., et al., Expression and characterization of the 
biofilm-related and carnosine-hydrolyzing aminoacylhistidine dipeptidase from Vibrio 
alginolyticus. FEBS J., 2008. 275(20): p. 5007-5020. 

117. Peters, V., Jansen, E.E., Jakobs, C., et al., Anserine inhibits carnosine degradation 
but in human serum carnosinase (CN1) is not correlated with histidine dipeptide 
concentration. Clin Chim Acta, 2011. 412(3-4): p. 263-267. 

118. Baguet, A., Everaert, I., Yard, B., et al., Does low serum carnosinase activity favor 
high-intensity exercise capacity? J Appl Physiol (1985). 2014. 116(5): p. 553-559. 

119. Adelmann, K., Frey, D., Riedl, E., et al., Different conformational forms of serum 
carnosinase detected by a newly developed sandwich ELISA for the measurements 
of carnosinase concentrations. Amino Acids, 2012. 43(1): p. 143-151. 

120. Wanic, K., Placha, G., Dunn, J., et al., Exclusion of polymorphisms in carnosinase 
genes (CNDP1 & CNDP2) as cause of diabetic nephropathy in type 1 diabetes 
mellitus. Results of large case - control and follow - up studies. Diabetes, 2008. 57(9): 
p. 2547-2551. 



Chapter 1 
 

23 
 

121. Kurashige, M., Imamura, M., Araki, S., et al., The influence of a single nucleotide 
polymorphism within CNDP1 on susceptibility to diabetic nephropathy in Japanese 
women with type 2 diabetes. PLoS One. , 2013. 8(1): p. e54064. 

122. McDonough, C.W., Hicks, P.J., Lu, L., et al., The influence of carnosinase gene 
polymorphisms on diabetic nephropathy risk in African-Americans. Hum Genet, 2009. 

123. Poon, P.Y., Szeto, C.C., Kwan, B.C., et al., Relationship between carnosinase gene 
CNDP1 leucine repeat polymorphism and the clinical outcome of Chinese PD 
patients. Clin Nephrol., 2010. 74(5): p. 343-345. 

124. Mooyaart, A.L., van Valkengoed, I.G., Shaw, P.K., et al., Lower frequency of the 5/5 
homozygous CNDP1 genotype in South Asian Surinamese. Diabetes Res Clin Pract, 
2009. 85(3): p. 272-278. 

125. Chandie Shaw, P.K., Baboe, F., van Es, L.A., et al., South-Asian type 2 diabetic 
patients have higher incidence and faster progression of renal disease compared with 
Dutch-European diabetic patients. Diabetes Care., 2006. 29(6): p. 1383-1385. 

 

 



Chapter 1   

24 
 

  




