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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. 

 

  




