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Abstract

The metabolic syndrome is a risk factor that increases the risk for development of renal and vascular complications. This study
addresses the effects of chronic administration of the endogenous dipeptide carnosine (�-alanyl-L-histidine, L-CAR) and of its enan-
tiomer (�-alanyl-D-histidine, D-CAR) on hyperlipidaemia, hypertension, advanced glycation end products, advanced lipoxidation end
products formation and development of nephropathy in the non-diabetic, Zucker obese rat. The Zucker rats received a daily dose of 
L-CAR or D-CAR (30 mg/kg in drinking water) for 24 weeks. Systolic blood pressure was recorded monthly. At the end of the treatment,
plasma levels of triglycerides, total cholesterol, glucose, insulin, creatinine and urinary levels of total protein, albumin and creatinine
were measured. Several indices of oxidative/carbonyl stress were also measured in plasma, urine and renal tissue. We found that both
L- and D-CAR greatly reduced obese-related diseases in obese Zucker rat, by significantly restraining the development of dyslipidaemia,
hypertension and renal injury, as demonstrated by both urinary parameters and electron microscopy examinations of renal tissue.
Because the protective effect elicited by L- and D-CAR was almost superimposable, we conclude that the pharmacological action of 
L-CAR is not due to a pro-histaminic effect (D-CAR is not a precursor of histidine, since it is stable to peptidic hydrolysis), and prompted
us to propose that some of the biological effects can be mediated by a direct carbonyl quenching mechanism.
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Introduction

Obesity and overweight are linked with a cluster of metabolic and
vascular disorders that have been termed the metabolic syn-
drome, characterized by impaired insulin sensitivity, hypergly-
caemia, dyslipidaemia, obesity and hypertension. It has been esti-
mated [1] that the syndrome affects a substantial percentage
(10–20%) of the middle-aged and elderly populations of most

European countries, and confers increased risk for type 2 diabetes
(2–8.8-fold) and cardiovascular disease (1.5–6-fold), that ulti-
mately will lead to economically unsustainable costs of health care
in the next 10–20 years [2, 3]. The metabolic syndrome might be
also an important factor in the cause of chronic kidney disease
which is a major risk factor for end-stage renal disease and pre-
mature death [4]. Preventive strategies are required to slow the
progression of the metabolic syndrome complications, and the
research in this field has been facilitated by the availability of a
hyperlipidaemic, non-diabetic animal model of nephropathy, the
Zucker fa/fa rat. This rat model, showing many features of human
syndrome X [5, 6] is not only hyperlipidaemic and obese (result-
ing from a homozygous defect in the leptin heparin receptor) but
also hypertensive, insulin resistant and highly susceptible to the
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development of chronic renal disease in the absence of hypergly-
caemia [7, 8].

Using this animal model, Alderson et al. [9] demonstrated that
a long-term administration of pyridoxamine, a potent inhibitor of
advanced lipoxidation end products (ALEs), restrained ALEs and
advanced glycation end product (AGE) formation and hyperlipi-
daemia, preventing renal and vascular injury. This protective effect
is explained by taking into account that the chemical modification
of proteins by lipoxidation breakdown products is considered a
primary cause of vascular and renal disease in fa/fa rats, even in
the absence of hyperglycaemia.

An excessive or sustained increase in reactive oxygen species
(ROS) and lipoxidation products (reactive carbonyl species, RCS)
has indeed been implicated in the pathogenesis of several dis-
eases, as well as in the co-morbidity of atherosclerosis and dia-
betes mellitus associated with obesity [10]. Lipid peroxides and 8-
epi-PGF2�, a specific marker of oxidative stress, were doubled in
the plasma of Zucker rats as compared to lean controls [11]. More
recently, the involvement of lipid peroxidation in the renal injury of
Zucker rats has been immunohistochemically demonstrated by
the heavy deposition of 4-hydroxy-trans-2-nonenal (HNE) adducts
with proteins in glomeruli and renal arteries [12, 13], and by the
increased urinary excretion of carbonylation biomarkers, such as
1,4-dihydroxynonane mercapturic acid (DHN-MA), carnosine-HNE
(CAR-HNE), His-1,4-dihydroxynonane (His-DHN), all arising by
Michael adduction of HNE to cysteine and histidine-containing
peptides [14]. In particular, the increased urinary amount of CAR-
HNE, recognized in previous in vitro studies as a new potential
biomarker of carbonyl stress [15], represents the first evidence of
the in vivo ability of endogenous CAR to act as detoxifying agent
of HNE. This finding definitively confirms CAR-HNE as a stable and
reliable biomarker of lipid peroxidation and carbonylation in vivo.

Therefore RCS, (mainly HNE) along with the corresponding
adducts with peptides and proteins, not only represent useful and
predictive biomarkers of lipid peroxidation and, in general, of
oxidative stress, but also a biological target for drug discovery in
light of the convincing evidence supporting their pathogenic role
in diabetic-related diseases, age-dependent tissue dysfunction
and metabolic distress syndrome [10, 16, 17]. In this context, the
most promising therapeutic approach to prevent/inhibit carbonyl
stress-related diseases is based on those compounds able to
deactivate the intermediate products of lipid peroxidation (as
shown for pyridoxamine) or to scavenge/neutralize RCS, leading
to non-reactive and non-cytotoxic reaction products. The clinical
evidence that aldehyde-sequestering agents act as protective
drugs is still limited to pyridoxamine (being now on the FDA ‘fast
track’ to phase III clinical trials for prevention of diabetic
nephropathy), and for this reason the development of novel alde-
hyde sequestering agents represents an emerging field of interest
in medicinal chemistry. Although there is ample experimental evi-
dence demonstrating the protective effects of several RCS scav-
engers in in vitro models and in some animal models, greater
effort is required to confirm their carbonyl trapping capacity in
vivo [10, 16, 17]. In previous studies we have demonstrated that
L-CAR, besides its ability to act as an antioxidant, metal chelator,

free radical scavenger and/or inhibitor of protein glycosylation, is
an efficient and selective quencher of reactive and cytotoxic car-
bonyl species generated by lipooxidation, such as HNE and
acrolein (ACR) [15, 18–21]. Up to now several studies reported a
beneficial effect of CAR. Hipkiss reviewed the possible beneficial
effects of CAR and related structures on protein carbonyl stress,
AGE formation, secondary diabetic complications and age-related
neuropathology [22]. Over the last 5 years, two independent stud-
ies have found an association between a trinucleotide repeat in
exon 2 of the carnosine dipeptidase (CNDP)1 gene, which encodes
carnosinase and diabetic nephropathy [23, 24]. A link between low
serum concentrations of CAR and the risk for this late complica-
tion of diabetes has been proposed. Higher expression of carnosi-
nase causes enhanced CAR degradation, resulting in a lower renal
protective effect by CAR, because serum and urine CAR concen-
trations depend on carnosinase activity. Moreover, CAR was found
to be effective in preventing several diseases associated to the car-
bonylation process, such as ageing [25], diabetes-related dis-
eases [26, 27], brain, heart and renal ischemia damage [28–31]
and bleomycin-induced lung injury [32]. However, no pharmaco-
logical studies to date have been conducted to demonstrate the
carbonyl quenching activity of L-CAR. This represents the first aim
of the current study, which was undertaken to determine whether
a long-term administration of L-CAR can inhibit the carbonylation
damage and the development of renal disease in Zucker fa/fa rat.
In addition, recent findings seem to indicate that the reno-protec-
tive effect of L-CAR on ischemia/reperfusion-induced renal injury
in rats is not explained by its antioxidant activity, but rather to a
histamine dependent pathway. In particular, it has been proposed
that L-CAR is enzymatically hydrolysed by carnosinase to form the
two constitutive aminoacids, �-alanine and L-histidine, the latter
converted to histamine which may be involved in the protective
effect through the activation of histamine H3 receptors in the cen-
tral nervous system [33]. Hence, to gain a deeper insight into the
mechanism of action of CAR, we used a molecular modelling
approach for designing a novel derivative which, maintaining the
trapping activity and safety of the parent compound, is resistant to
the enzymatic hydrolysis catalysed by serum carnosinase. The
enantiomer �-alanyl-D-histidine (D-CAR) was chosen as a candi-
date and was evaluated, in parallel to L-CAR, for its carbonyl
quenching activity and plasma stability in vitro, as well as for its
protective effects (long-term administration) in the same hyperlip-
idaemic, non-diabetic animal model of nephropathy.

Materials and methods

Chemicals

All chemicals and reagents were of analytical grade and purchased from
Sigma-Aldrich Chemical Co. (Milan, Italy). High-performance liquid chro-
matography (HPLC) grade and analytical-grade organic solvents were from
Sigma-Aldrich Chemical Co.. HPLC-grade water was prepared with a 
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Milli-Q water purification system (0.22 �m filter, Millipore, Milan, Italy). 
L-Carnosine (�-alanyl-L-histidine, L-CAR), D-carnosine (�-alanyl-
D-histidine, D-CAR) and the internal standard (IS) H-His-Tyr-OH were a
generous gift from Flamma S.p.A (Chignolo d’Isola, Bergamo, Italy).
Heptafluorobutyric acid (HFBA), ACR, 2,4-dinitrophenylhydrazine and the
protease inhibitor cocktail were purchased from Sigma-Aldrich Chemical
Co.; thiopentone sodium (Pentothal®) was obtained from Abbott S.p.A
(Campoverde, Latina, Italy).

The enzymatic-colorimetric kits for total cholesterol (#17644), triglyc-
erides ((#17624), glucose (#17630), creatinine (#17609), proteins
(#17275) and albumin (#17600) determinations were obtained from
Sentinel Diagnostic (Milan, Italy); enzyme immunoassay kits for 8-iso-
prostane (#516351), thromboxane B2 (TXB2; #519031) and insulin
(#589501) determinations were obtained from Cayman Chemical Company
(Ann Arbor, MI, USA).

HNE was prepared by acid hydrolysis of 4-hydroxy-non-2-enal-diethy-
lacetal (HNE-DEA) (1 mM HCl, for 1 hr at room temperature), synthesized
as previously described [15] and quantified by UV spectroscopy (�max

224 nm; ε � 13.75 � 104/cm/M). The CAR-HNE adduct was prepared
according to the published method [15].

Instrumentation

Spectrophotometric and spectrofluorimetric measurements were carried
out with a computer-aided Perkin Elmer UV-VIS Lambda 16 spectropho-
tometer and a computer-aided Perkin Elmer LS50B luminescence 
spectrometer (Perkin Elmer Life and Analytical Science Monza, Milan, Italy).
Arterial blood pressure was measured using a modified BP-Recorder
sphygmomanometer (Ugo Basile, Varese, Italy).

HPLC analyses for evaluating the HNE/ACR quenching ability were
carried out on a Thermo Finnigan Surveyor LC system equipped with a
quaternary pump, a Surveyor UV-Vis Diode Array (DAD) programmable
detector 6000LP, a vacuum degasser, a thermostated column compart-
ment and a Surveyor autosampler. HPLC-ESI-MS/MS analyses were per-
formed on a ThermoFinnigan Surveyor LC system (see above) connected
to a TSQ Quantum Triple Quadruple Mass Spectrometer (ThermoFinnigan
Italia, Milan Italy) with electrospray ionization (ESI) source. Data acquisi-
tion and processing were performed by the Xcalibur 1.4 version software.

All observations in light microscopy were performed with a Leitz
Laborlux S microscope (Leica Microsystems GmbH, Wetzlar, Germany).
Electron microscopy examinations were carried out on a Jeol JEM 1010
instrument (Tokyo, Japan).

Computational studies

The homology model for human serum carnosinase was obtained based
on �-alanine synthetase, as previously described [34]. L- and D-carnosine
were built using the VEGA software (Molecular Modeling Toolkit, Milan,
Italy). Carboxylic and amino groups were ionized, whereas the histidine
imidazole ring was neutral (Nε-H tautomer). After a preliminary minimiza-
tion, partial charges attribution and geometry optimization were
performed by MOPAC 6.0. The ligand underwent a MonteCarlo conforma-
tional search using the VEGA, which generated 1000 conformers by
randomly rotating the rotors. All conformers were minimized to avoid
high-energy interactions, and the lowest energy one was used in docking
calculations. All geometries obtained as such were optimized and clus-
tered according to similarity (in order to discard redundant ones). In

detail, two geometries were considered as non-redundant if they differed
by more than 60 degrees in at least one torsion angle.

The docking and scoring procedure involved extensive rigid-body sam-
pling with the OpenEye Scientific Software package FRED (OpenEye
Scientific Software, Santa Fe, NM, USA). The FRED-based sampling was
performed in 15 Å side box around the catalytic zinc ions. The obtained
complexes were then refined focusing the minimization on the atoms
inside a 10 Å sphere around the bound ligand.

In vitro studies

HNE and ACR quenching ability
The HNE and ACR quenching ability of L- and D-CAR was studied in homog-
enous solution by HPLC analysis, monitoring the time-dependent consump-
tion of the aldehydes. HNE or ACR (200 �M) was incubated with L-CAR or
D-CAR (2 mM) in 100 mM phosphate buffer (pH 7.4) for 60 min. and 24 hrs
at 37	C. Some experiments were also performed by incubating ACR and L-
or D-CAR at final concentrations of 50 �M and 500 �M, respectively. Sample
aliquots relative to the different incubation times were directly analysed by
HPLC in the following experimental conditions: reverse-phase elution with a
Fusion-RP column (150 � 2 mm; particle size 4 �m) protected by a Fusion-
RP guard column (4 � 2 mm; particle size 4 �m) (Chemtek Analytica, Anzola
Emilia, Italy); isocratic mobile phase: 60% A (water/acetonitrile/formic acid;
9:1:0.01, v/v/v) and 40% B (water/acetonitrile; 1:9, v/v), at a flow rate of 
0.2 ml/min.; UV detection set at 223 nm. Calibration plots in the 5–200 �M
concentration range were used for quantization. Aldehydes quenching by 
L- and D-CAR was confirmed by ESI-MS/MS analysis of the incubates by
detecting the HNE-CAR and ACR-CAR Michael adducts, according to the
method previously published [18, 20].

Serum, liver and renal metabolic stability of L- and D-carnosine
Stability of D-CAR versus L-CAR was studied by incubating 90 �l of human
serum (from 25–30-year-old healthy volunteers), human liver or S 9000 rat
kidney fraction (0.25 g/ml) with 10 �l of 1 mM L- or D-CAR solution in 
10 mM PBS (pH 7.4), or PBS (control). Matrices were pre-incubated at
37	C for 10 min. before adding the peptides. After incubation for different
time periods (0, 15, 30, 60 and 120 min. and 24 hrs for serum; 0, 15, 30,
60 and 120 min. for liver and kidney), samples were spiked with 10 �l I.S.
(500 �M solution in 1 mM PBS, pH 7.4) and then deproteinized by adding
110 �l of a 700 mM perchloric acid solution. After 15 min. at 4	C, the sam-
ples were centrifuged (17,000 rpm, 10 min.), and the supernatants were
diluted (1:1 v/v) with the mobile phase A (water/acetonitrile/HFBA;
90:10:0.1, v/v/v), filtered and analysed by LC-MS/MS for L-CAR and D-
CAR quantization as previously described [15].

In vivo studies

Pharmacokinetic profile of L-CAR and D-CAR in the rat
L-CAR or D-CAR was orally administered at a dose of 100 mg/kg to three
male Sprague-Dawley rats/test compound. The compounds, dissolved in
tap water, were given by gastric gavage. Approximately 3 days before treat-
ment and while under anaesthesia, animals were fitted with a cannula
implanted in the superior vena cava via the jugular vein. At the day of the
experiment, approximately 150 �l of blood/sampling time were taken from
the cannula in heparinized syringes, transferred immediately into tubes
(pre-cooled in an ice/water bath) and centrifuged at 10,000 g for 3 min. at
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4	C. Plasma was stored at –80	C until analysis. Blood was taken at the
following times: pre-dose, 0.25, 0.5, 1, 2, 4, 6 and 24 hrs after dosing.
Plasma samples were analysed by the LC-MS/MS method previously
described [15] and the pharmacokinetics of both compounds were evalu-
ated using a non-compartmental approach with the aid of WinNonlin 
version 3.1 (Pharsight Corporation, Mountain View, CA, USA) and Excel
spreadsheet (Microsoft Inc., Seattle, WA, USA).

Pharmacokinetic profile of L-CAR was calculated by subtracting the pre-
dose concentration of the dipeptide (endogenous content) to each plasma
concentration determined after the oral dosing. Because in our experimen-
tal conditions L- and D-CAR are not separated, the same approach was also
used for calculating the pharmacokinetic profile of D-CAR.

Cmax as well as tmax in plasma were read from the raw data as the coor-
dinates of the highest concentration observed. The corresponding area
under the plasma concentration versus time curve to finite time, 
AUC0 – t(last) was determined by the linear trapezoidal rule up to the last
detectable concentration.

Animals and treatment

All experiments were carried out maintaining the animals in compliance with
the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85–23, revised in 1996).

Male Zucker obese (fa/fa) rats (ZK, n � 36) and lean littermates (Fa/Fa)
(LN, n � 12) were purchased at 5 weeks of age from Charles River
Laboratories (Calco, Lecco, Italy). The animals were housed individually in
a conditioned environment (22 
 1	C, 55 
 5% relative humidity, 12 hr
light/dark cycles), and were fed standard laboratory rat chow (#C-52;
Laboratorio Dottori Piccioni s.n.c, Gessate, Milano, Italy) and water. After
1 week of acclimation period, Zucker obese fa/fa rats were randomly
divided into three groups of 12 each: untreated obese control (ZK), L-CAR-
treated (ZK � L) and D-CAR-treated (ZK � D) animals. D-CAR and L-CAR
were administered to fa/fa rats in the drinking water. Water consumption
was monitored, and the concentration of both L- and D-CAR in the drink-
ing water was adjusted weekly with the intended 24 hr drug dose of 30
mg/kg. The fa/fa rats received both D-CAR and L-CAR starting from the
sixth week of age and the treatment continued until the 30th week of age.
The dose of both the CAR enantiomers was chosen to be lower than that
of pyrydoxamine (more than 2.5-folds on molar level), used by Alderson 
et al. in the same experimental model [9].

Plasma, urine and tissue sampling

At baseline, 12 hr fasting blood samples were collected from the tail vein
in heparinized capillary tubes. At the end of the experiment, rats were
anaesthetized with 60 mg/kg i.p. thiopentone sodium and blood was col-
lected from the inferior cava vein. Blood samples were centrifuged for 15
min. (5000 rpm at 4	C), and plasma samples (500 �l aliquots) stored at
–80	C until analysis. The animals were then killed by decapitation for kid-
ney, liver, heart, lung, brain, muscles, aorta, cerebellum and tail collagen
harvesting. For tissue analysis, only six rats within each group were ran-
domly used because the other 6 rats within each group were killed for car-
diovascular experiments, with isolated perfused rat hearts submitted to
ischemia-reperfusion damage (manuscript in preparation). One kidney
from each animal was cut in half transversely: one half was fixed in forma-
lin for light microscopy and the other half was prepared for electron
microscopy examination. The second kidney was immediately frozen in 

liquid nitrogen, and stored at –80	C until assayed. Just before analysis, tis-
sue samples were thawed, rinsed in ice-cold physiological saline, weighed
and minced. A 25% homogenate (w/v) of kidney was prepared in 0.15 M
KCl buffer (pH 7.4), containing the protease inhibitor cocktail (50 �l/g wet
tissue), and centrifuged at 12,000 � g for 10 min. The pellet was discarded
and the supernatant used for determination of CAR levels and total PCOs.

At 6 (basal) and 30 weeks of age, six rats within each group were
placed in individual metabolic cages (#3600M021; Tecniplast S.p.A,
Buguggiate, Varese, Italy) for urine collections while continuing to have
access to food and water. After a 24 hr acclimation period, urines were col-
lected for a 24 hr period, and then the animals were returned to their usual
cages. During the 24 hr period spent in the metabolic cage, the animals did
not receive L- or D-CAR. One millilitre of a 360 mM BHT ethanolic solution
was added to the urine conical collection tubes (maintained at 4	C), and 5
ml aliquots were frozen and stored at –80	C until analysis.

Indirect systolic blood pressure (SBP) and heart
rate measurements

At baseline and throughout the experiment, SBP was measured monthly in
conscious rats by tail-cuff plethysmography [35]. The animals where pre-
warmed at 37	C for 30 min., and the measurements were obtained with the
rats restrained in a plastic chamber without anaesthesia. A pneumatic
pulse transducer positioned on the ventral surface of the tail distal to the
occlusion cuff detected the return of the pulse after a slow deflation of the
cuff. Cuff pressure was determined by a pneumatic pulse transducer with
a programmed electrosphygmomanometer (mod 58500; U. Basile,
Comerio, Varese, Italy). SBP values for individual rats were obtained from
the average of three consecutive measurements and were considered valid
only when these readings did not differ by more than 5 mmHg. At the same
time, heart rate was measured from the arterial pulse wave.

Plasma parameters

Plasma levels of cholesterol, triglycerides, glucose, creatinine and insulin
were measured using available and specific enzymatic-colorimetric kits,
and in accordance with the manufacturer’s instructions. Homeostatic
model assessment of insulin resistance (HOMA-IR) was calculated from
fasting glucose and insulin levels as a measure of insulin resistance [36].
Lipofuscins were spectrofluorimetrically determined according to the
method reported by [37], setting the excitation/emission wavelengths at
330 nm and 455 nm, respectively.

Urinary parameters

Renal disease was assessed by measuring the 24 hr urinary excretion of
albumin, total urinary protein and creatinine, using commercially available
kits. The glomerular filtration rate (GFR; ml/min.) was calculated based on
24-hr urine creatinine clearance, using the standard formula C �

U*V/P*1440, where U is the creatinine concentration in urine (mg/ml), V
is the 24-hr urine volume, and P is the plasma creatinine concentration
(mg/ml). The levels of 8-epi-prostaglandin F2� (8-epi-PGF2�; a marker of
oxidative stress) and thromboxane B2 (TXB2; a stable metabolite of throm-
boxane A2) in urine were measured using the enzyme immunoassay
according to the manufacturer’s instructions.
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Low molecular weight AGE levels were determined by measuring AGE-
specific fluorescence (�ex 370 nm; �em 440 nm) according to the method
reported by Kirschbaum [38]. AGE values were expressed as fluorescence
units/mg urinary creatinine.

The Michael adduct of HNE to carnosine (CAR-HNE) was used as sta-
ble biomarker for lipid peroxidation and carbonyl stress, and was deter-
mined in urines by the LC-ESI-MS/MS method recently developed and val-
idated [14]. Quantitations were performed in multiple reaction monitoring
mode (MRM), at 2.00 kV multiplier voltage, and data processing was per-
formed by Xcalibur 1.4 version software.

Renal tissue parameters

Morphology and morphometry
Renal histology and morphometry were conducted on formalin fixed 
and paraffin-embedded renal sections from half kidney for each animal.
Four-micrometer sections were stained with haematoxylin and eosin, PAS
(periodic acid-Schiff), PAS-m, Gomori and Masson trichrome.
Glomerulosclerosis, defined as increases in glomerular matrix, segmental
collapse, obliteration of capillary lumina and accumulation of hyaline PAS
positive material, was estimated performing a semi-quantitative score
[39]. In each specimen 100 glomeruli were examined at 400� magnifica-
tion and the percentage of glomerular involvement was graded from 0 to
4� according to the following scores: 0 (absent); 1� (1→25%); 
2� (26→50%); 3� (51→75%) and 4� (�76%). Glomerulosclerosis data
were expressed as a percentage of the number of glomeruli considered.
Tubulointerstitial injury, defined as inflammatory cell infiltrates, tubular
dilatation and/or atrophy (epithelial cell attenuation and tubular cystic
dilatation), and interstitial fibrosis were assessed on 10 consecutive micro-
scopic fields at 100� magnification, and the severity of the injury was
graded as mild, moderate or severe according to the number of micro-
scopic fields involved. Thus, mild lesion represented an involvement of 1
to 3 microscopic fields, moderate 4 to 6 and severe 7 to 10. The mean
glomerular corpuscle diameter for each rat was measured in 10 glomeruli
per kidney at �400 magnification.

The cortical kidney from four rats within each group were cut in small
samples (2 � 2 � 1 mm) fixed in 2.5% glutaraldehyde (in 0.13 M phop-
sphate buffer), routinely processed and embedded in epoxy resin for elec-
tron microscopy examination. The Marquez simplified method was applied
in order to assess the median glomerular basement membrane (GBM)
thickness in each group of rats [40]. Briefly: about five points per glomeru-
lar loop at a distance of 4 mm on micrographs taken at 4000� microscope
magnification, printed at 16,000� final magnification, were measured.
Three to five glomeuli per rat and four to five capillary loop per glomerulus
were considered.

Protein carbonylation
Protein carbonyl content (PCOs) was quantified by reaction with 2,4-dinitro-
phenylhydrazine (2,4-DNPH) according to [41] with slight modifications
(increased washings to quantitatively remove un-reacted DNPH). Total PCOs
were determined from the absorbance at 366 nm using a molar absorption
coefficient of 22,000/M/cm [41], and expressed as nmoles/mg protein.

Cholesterol and triglycerides content
Total cholesterol and triglycerides content (�g/mg protein) in S 9.000 kid-
ney fraction (0.25 g/ml) were determined by using commercial kits

(Sentinel Diagnostic) and following the procedure described by Allain CC
et al. [42].

Plasma, urine and tissue levels of carnosine

Plasma and urine levels of L- and D-CAR were determined by the HPLC-
MS/MS method previously developed and validated [15]. Briefly, renal tis-
sue homogenates (0.1 ml aliquots) were spiked with the internal standard
(final concentration 5 �M), deproteinized with perchloric acid, centrifuged
and the L- and D-CAR concentrations (expressed as nmoles CAR/g wet 
tissue) were determined in the supernatants.

Tail tendon collagen

Tail tendons were removed surgically, cleaned free of bone segments,
debris and fat. After washing with ice-cold phosphate buffer (pH � 7.00; 
75 mM), samples were frozen in liquid nitrogen and then lyophilized.
Collagen solubility was determined on 10 mg samples as described by
Yang et al. [43], with determination of hydroxyproline content by the
method of Reddy and Enwemeka [44] following acid hydrolysis [45].
Collagen amount in tail tendon samples was calculated assuming 14%
content of hydroxyproline [46, 47]. For the determination of collagen fluo-
rescence and Ehrich’s adducts, 50 mg aliquots of lyophilized collagen were
enzymatically hydrolysed and analysed as reported by Stefek et al. [46].
Aliquots of pepsin-digested samples were used to assay hydroxyproline,
as above described. Fluorescence was measured at excitation and emis-
sion wavelengths of 365 and 416 nm, respectively. All fluorescence values
were corrected for the fluorescence of a blank of pepsine and expressed
per milligram of collagen. Erlich’s adducts absorbance, following reaction
of digested collagen with p-dimethylaminobenzaldehyde, was normalized
to collagen content.

Statistical analysis

Data are expressed as mean 
 S.E.M unless stated otherwise. For statis-
tical analysis, ANOVA, followed by the Tukey’s post-test for multiple group
comparison was performed with the GraphPad Prism software 4.00
(GraphPad Prism Software, Inc., San Diego, CA, USA), with statistical sig-
nificance set at P � 0.05. Student’s unpaired t-test was used wherever
appropriate to compare variations between the groups.

Results

In silico studies

Figure 1 compares the best position of L- and D-CAR within the
catalytic site of serum carnosinase as obtained by docking calcu-
lations which unveiled that the two carnosine isomers similarly
accommodate the imidazole ring which contacts Leu254 and
Thr424 in both cases, whereas the ionized groups are arranged 
in a totally different way. In detail, the carboxyl group in L-CAR
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interacts with Zn�� ion and the ammonium head stabilizes 
ion-pairs with Asp116 and Glu451, whereas in D-isomer the car-
boxylate cannot generate significant interactions and the ammo-
nium head clashes against the Zn�� ion. In the considered D-CAR
complex, the peptidic carbonyl is accommodated near to Zn�� ion
in a position plausibly conducive to the catalysis, but the bad con-
tacts of carboxyl and ammonium functions prevent a stable com-
plex with carnosinase. When analysing all computed positions,
one can also find complexes in which the ionized groups of D-CAR
are suitably arranged but the amidic carbonyl cannot approach the
Zn�� ion. This suggests that D-CAR cannot bind the enzyme in a
position catalytically efficient thus justifying its marked stability in
plasma as reported below.

In vitro studies

HNE and ACR quenching
The quenching ability of L-CAR towards HNE and ACR was found
to be similar to that of the enantiomer, indicating that the chiral
carbon configuration does not affect the quenching reactivity. In
particular, the residual amount of HNE incubated for 60 min. with
L-CAR (1:10 molar excess) was of 46.2 
 2.73%, and not signif-
icantly different (P � 0.5, t-test) when using D-CAR (46.9 


2.3%). Both the enantiomers quenched almost 100% HNE after 24
hrs of incubation. When ACR (200 �M) was incubated with L-CAR
or D-CAR (1:10 molar excess), almost 100% of the aldehyde dis-
appeared after 60 min. of incubation, and this is well explained by
considering the higher electrophilic reactivity of ACR compared to

that of HNE. In order to compare the reactivity of L- versus D-CAR
towards ACR, the reaction rate was reduced by lowering the ACR
concentration to 50 �M, maintaining the molar ratio aldehyde :
quencher unmodified (1:10). In these conditions, after 60 min. of
incubation, the percentage amount of ACR quenched by L-CAR
was 63.8 
 3.5% not statistically different to the effect elicited by
D-CAR (65.0 
 3.3%; P � 0.05 t-test).

Serum and liver/kidney stability
The kinetics of the enzymatic hydrolysis of L-CAR and D-CAR in
human serum was followed over 24 hrs, and the results are shown
in Figure 2A. The resistance of the two enantiomers to serum
carnosinase was significantly different: although L-CAR rapidly
disappeared in human serum at the first time-point (60 min.), D-
CAR remained unchanged until 6 hrs incubation, and decreased by
only 6% after 24 hrs of incubation. It should be noted that L-CAR
is rapidly hydrolized in human serum within 5 min. of incubation,
as recently reported [48].

The same experiment was then done in rat kidney (Fig. 2B) and
human liver S 9.000 fraction (Fig. 2C). In the human liver, both the
compounds were found to be hydrolized by almost 30% within 15
min. and then remained unchanged until 120 min. incubation. In
the rat kidney, L-CAR was completely hydrolized in a few minutes
(about 93% of hydrolysis during the sample processing time)
whereas D-CAR remained almost unchanged for at least up to 120
min. of incubation (91% remaining).

In vivo studies

Pharmacokinetic profile of L-CAR and D-CAR in the rat
Figure 3 reports the PK profiles of L- and D-CAR. Endogenous con-
centration of L-CAR before the treatment was 0.193 
 0.04
nmoles/ml. After an oral administration of L-CAR (100 mg/kg), the
maximal plasma level of the compound was reached 1 hr after
dosing (Cmax 147.7 
 6.50 nmoles/ml). The plasma concentration
declined rapidly and returned to the baseline at 2 hrs after dosing.
The half-life of the compound was estimated to be 0.24 
 0.02 hrs.
The systemic exposure up to infinite time was 118.45 


9.24 nmoles*hr/ml. The variability (CV%) of the systemic expo-
sures descriptors, Cmax and AUC(0 – 
), was 8.97% and 12.04%,
respectively.

After an oral administration of D-CAR (100 mg/kg), the maxi-
mal plasma concentration of the compound (Cmax) was 52.86 

2.86 nmoles/ml, reached at 2 hrs after dosing. The plasma con-
centration declined with an apparent terminal half-life of 3.36 hrs 

0.74 and was above the baseline level until 24 hrs after 
dosing. The systemic exposure up to infinite time was 318.62 

24.75 nmoles*hr/ml. The variability (CV%) of the systemic expo-
sures descriptors, Cmax and AUC(0 – 
), was 7.64% and 11.01%,
respectively.

Hence, the two enantiomers of carnosine showed a different
pharmacokinetic behaviour. L-CAR was more rapidly absorbed, as
well as more rapidly cleared from the circulation, than the D-form.

© 2011 The Authors
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Fig. 1 Comparison of the best pose for L- (white) and D- (red) carnosine.
The figure shows that the imidazole ring is accommodated in a very simi-
lar mode, but the charged groups assume totally different arrangements,
thus explaining the incapacity of D-carnosine to assume a pose conducive
to the catalysis.
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Effect of L- and D-CAR supplementation 
on metabolic syndrome risk factors

Water and food intake
All the 12 LN (Fa/Fa) and 36 ZK (fa/fa) rats participating in the
study survived up to the end of the experiment and appeared gen-
erally healthy. The water intake was not significantly different
among the four groups (data not shown), although food intake
significantly increased from 24 
 5 g/day in LN rats to 35 


5 g/day in ZK rats (P � 0.05). Food intake was also increased in 
ZK � D (33 
 4 g/day) and ZK � L rats (30 
 6 g/day) (P � 0.01
versus LN; not significant versus ZK) (data not shown).

Anti-obesity effect
At the beginning of the study, the 6-week-old LN animals weighed
significantly less than ZK rats (Table 1). All animals gained weight
throughout the study period, and at the end of the experiment 
(30 weeks) the body weight of ZK rats was significantly higher
(�53.5%) than that of LN animals (Fig. 4A). In both the groups
supplemented with L-CAR and D-CAR the body weight gain was
significantly restrained compared to ZK (�35.8% and �40%
respectively versus LN; –12% and –9% versus ZK), indicating a
significant anti-obesity effect of both the enantiomers.

Hypolipidaemic effect
Plasma – Table 1 summarizes the plasma parameters relative to
LN and ZK rats at the beginning of the study. Among all the con-
sidered parameters, only the body weight was found significantly
different between the two groups. In line with previous results 
[9, 49], the age-dependent increase of body weight in ZK was
associated to a significant increase in plasma cholesterol and
triglycerides, but not in plasma glucose, over the 24 week period
(Fig. 4). In particular, in ZK rats, the plasma cholesterol and
triglycerides levels were elevated by 2.4- and 7.0-fold, respec-
tively, compared to LN animals. The changes in metabolic param-
eters that occurred in L- and D-carnosine-fed rats after 24 weeks
are shown in Figure 4. As compared to ZK rats, plasma cholesterol
(Fig. 4B) and triglycerides (Fig. 4C) levels were significantly
reduced in both ZK � L and ZK � D animals. Although D-CAR was
slightly more effective than L-CAR in decreasing cholesterol
(–45% versus –40%) and triglycerides (–43% versus –35%),
overall, no statistically significant differences were observed
between the two treated ZK groups.

© 2011 The Authors
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Fig. 2 In vitro studies: kinetics of the enzymatic hydrolysis of L-CAR 
(triangle) and D-CAR (square) in (A) human serum, (B) rat kidney and (C)
human liver.

Fig. 3 Time course of L-CAR (triangle) and D-CAR (square) in rat plasma,
after oral administration of 100 mg/kg.
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Kidney – The total cholesterol content (�g/mg protein) in kidney
was 2.4-fold increased in ZK (9.757 
 0.895) compared to LN rats
(LN: 4.095 
 0.125; P � 0.05), and significantly restrained in both
groups of treated animals, by 35–32% and in particular: ZK � L:
6.31 
 0.5115 (P � 0.05 versus ZK); ZK � D: 6.668 
 0.5087 
(P � 0.05 versus ZK, data not shown). Similar results were obtained
for triglycerides content (�g/mg protein): the levels in ZK rats (17.92

 2.135) was 2.3-fold compared to LN rats (7.893 
 1.387; P �

0.05), with a significant restraint (33–41%) in both groups of treated
animals: ZK � L: 12.01 
 0.9528 (P � 0.05 versus ZK); ZK � D:
10.66 
 0.3616 (P � 0.05 versus ZK, data not shown).

Insulin/glucose levels
In agreement with previous studies [9, 49], despite the large
differences in body weights, the mean fasting blood glucose con-
centration between LN and ZK groups did not significantly change,
ranging from 6.2 to 8.4 mmol/l throughout the entire experiment
(LN 6.5 
 0.8 mmol/l; ZK 8.4 
 0.9 mmol/l). Treatment with L- or
D-CAR did not significantly affect the plasma glucose levels 
(Fig. 4D). At the beginning of the study (6 weeks), plasma insulin
concentrations were 47.5 
 6.3 pmol/l and 75.8 
 5.5 pmol/l in
LN and ZK rats, respectively (Table 1). At the end of the experiment,

plasma insulin concentration did not change significantly in LN
(64.4 
 3.5 pmol/l), whereas it dramatically increased in ZK rats
(608.3 
 12.7 pmol/l) (Fig. 4E), as reported by other authors [13,
50]. L- and D-CAR treatment significantly restrained the develop-
ment of hyperinsulinaemia (28.08% and 33.03% reduction,
respectively) (Fig. 4E).

As expected, the ZK rats had greater insulin resistance, expressed
as HOMA-IR, than did the LN rats and this parameter was signifi-
cantly improved in both the ZK � L and ZK � D animals (Fig. 4F).

Anti-hypertensive effect
At the baseline, mean SBP was almost superimposable in
all the experimental groups, ranging from 118 
 4 to 126 

4 mmHg (Fig. 5). In accordance with the literature data [39], the
monthly evaluation showed a time-dependent increase of SBP in
ZK but not in LN rats (Fig. 5). At the end of the study 
(30 weeks), the untreated ZK rats developed a significant hyper-
tensive status, as demonstrated by the significant rise in SPB
(�42%) compared to LN animals.

The magnitude of SBP elevation was significantly restrained in
ZK rats treated with either L- and D-CAR, and the extent of
decrease was quite similar and not significantly different at all the
time-points. In particular, the SBP values measured at the end of
the experiment in ZK � L and ZK � D treated animals (Fig. 5) were
reduced by 11.5% (145 
 3 mmHg) and 15.7% (137 
 4 mmHg),
respectively. No changes in heart rate measurements were
observed in the four experimental groups, neither at the start nor
at the end of the study (data not shown).

Renal function
The onset and progression of the renal damage in obese rats, as
well as the protective effect of L- and D-CAR, were evaluated by
considering several indicators such as plasma and urine creatinine
levels (24 hrs), urinary excretion of total proteins and albumin 
(24 hrs), as well as by light and electron microscopy analysis of
the kidney tissue.

A 2.4-fold increase in plasma creatinine concentration was
observed in ZK compared to LN rats (P � 0.001), an effect that was
significantly restrained by both L-CAR (–31.7% versus ZK; 
P � 0.001) and D-CAR (–36% versus ZK; P � 0.001) (data not
shown). A similar protective trend was also observed by consider-
ing the urinary albumin, creatinine and protein excretions, which
were increased 14-fold (P � 0.001), 2.5-fold (P � 0.001) and 
6.8-fold (P � 0.001), respectively, in ZK rats compared to the LN
animals. Both L-CAR and D-CAR provided a significant protection
against the development of proteinuria/albuminuria/creatininuria,
which was restrained by approximately 50% (data not shown). The
overall renoprotective effect of both the compounds is well
described by the parameters reported in Figure 6. Creatinine clear-
ance (expressed as GFR), was reduced by 45.8% in ZK compared
to LN rats, and was significantly improved by both L-CAR (�28.3%
versus ZK) and D-CAR (�25.1% versus ZK) (Fig. 6A). A more pro-
nounced protective effect was induced by both the compounds on

© 2011 The Authors
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Table 1 Plasma and urinary parameters at baseline (6 weeks)

All values are expressed as means 
 S.E.M. (N � 12 for plasma values;
n � 6 for urinary values).
*P � 0.05 versus LN group; not significant if no indications are reported.

LN ZK

Rat weight (g) 144 
 2 174 
 2*

Food intake (g/day) 13 
 1 15 
 2

SBP (mmHg) 118 
 4 126 
 4

Plasma cholesterol (mg/dl) 84 
 9 105 
 6

Plasma triglycerides (mg/dl) 69 
 5 80 
 6

Plasma glucose (mmol/l) 6.2 
 0.5 7.0 
 0.5

Plasma insulin (pmol/l) 47.5 
 6.3 78.5 
 5.5

Plasma creatinine (mg/dl) 0.75 
 0.05 0.82 
 0.03

Urinary creatinine (mg/ml) 6.7 
 0.4 6.6 
 0.4

Urinary albumin (mg/ml) 2.1 
 0.3 2.5 
 0.2

Urinary proteins (mg/ml) 5.0 
 0.4 5.6 
 0.3

Urinary volume (ml/day) 15.3 
 0.5 15.8 
 0.8

Urinary creatinine (mg/day) 102.5 
 6.1 104.3 
 6.3

Urinary albumin (mg/day) 32.1 
 4.1 39.5 
 3.1

Urinary proteins (mg/day) 76.5 
 6.3 88.5 
 4.8
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the urinary albumin-to-creatinine ratio, which is the early, easily
measurable and reliable biomarker of nephropathy [51] (Fig. 6C).
The 35-fold increase observed in ZK compared to LN animals was,
in fact, restrained by 65–70% in both L- and D-CAR treated animals.

As previously reported for plasma parameters D-CAR was
slightly, but not significantly, more effective than L-CAR in reduc-
ing all the indicators of renal impairment.

Light microscopy examinations clearly indicate the development
of glomerulosclerosis (mild degree) and tubulointerstitial damage in
30 week ZK rats when compared with those of age-matched control
LN, in accordance with the literature data [52] (data not shown).
These glomerular and interstitial changes, although appearing less
common in ZK � L and ZK � D versus ZK rats, were not signifi-
cantly modified by both treatments (data not shown), which con-
versely were able to slightly but significantly restrain the increase in
the mean glomerular diameter (Fig. 6B), from 1.098 
 0.05 in ZK to
1.023 
 0.02 (L-CAR) and 1.042 
 0.005 (D-CAR).

At the ultrastructural level, the increase in GBM thickness in ZK
rats compared to LN animals (5.8 
 0.6 nm versus 3.9 
 0.5 nm;
P � 0.01) is another important morphologic modification in renal
disease linked to metabolic syndrome, already reported in Zucker
obese rats [52] and in FVBdb/db diabetic mice [51]. Although
measurements were done on only four animals for each group, the
results reported in Figure 6D clearly indicate the ability of both the

treatments to prevent GBM alteration, with D-CAR being able to
maintain the GBM thickness in the range of the LN controls 
(3.75 
 0.8 nm). Furthermore, in treated rats, glomeruli foot
processes of podocytes show normal appearance whereas in ZK
they are swollen, as clearly shown in Figure 7A–D.

Fig. 4 Body weight and plasma analytical deter-
minations in LN, ZK and Zucker treated animals
(ZK � L; ZK � D). Values are expressed as mean

 S.E.M. relative to six animals/group. All ZK val-
ues statistically different from LN (P � 0.001),
except for glucose (not statistically different). All
ZK � L and ZK � D values not statistically differ-
ent. *P � 0.05 versus ZK, ***P � 0.001 versus
ZK.

Fig. 5 Evolution of SBP, during the study, in LN (circle), ZK (square) and
Zucker treated animals (ZK � L, triangle up; ZK � D, triangle down). (A) 
P � 0.001 versus LN; (B) P � 0.001 versus ZK; (C) P � 0.05 versus LN.
ZK � L and ZK � D values not statistically different.
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Oxidative/carbonyl stress indices

The urinary excretion rate of cyclooxygenase metabolites, deter-
mined at the end of experiments, is reported in Table 2. The levels
of TXB2 increased 2.6-fold in ZK rats compared to LN animals.
Likewise, urinary excretion rates of 8-epi-PGF2� were 3.9-fold

higher in ZK rats compared to LN animals. Treatment with L-CAR
and D-CAR largely prevented the increase in the specific urinary
marker of oxidative stress, but did not affect urinary TXB2 excre-
tion rates. This confirms the involvement of both the CAR enan-
tiomers in attenuating the oxidative stress, and excludes any effect
in the inflammation pathway.

© 2011 The Authors
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Fig. 6 Renal functions and histological alter-
ations in LN, ZK and Zucker treated animals 
(ZK � L; ZK � D). Values are expressed as mean

 S.E.M. relative to six animals/group. All ZK 
values statistically different from LN (P � 0.001).
All ZK � L and ZK � D values not statistically 
different. *P � 0.05 versus ZK, **P � 0.01 
versus ZK, ***P � 0.001 versus ZK.

Fig. 7 Glomerular capillary loops in LN (A), ZK
(B) and Zucker treated animals (ZK � L, C; ZK �
D, D). Arrows point to GBM. Up left: LN rat with
normal GBM thickness, podocyte and foot
processes; up right: ZK rat with thick GBM, ede-
matous podocyte and foot processes; down left
and down right: ZK � L and ZK � D rats with
almost normal GBM thickness, podocyte and foot
processes. GBM: glomerular basement mem-
brane; P: podocyte, FP: foot processes.
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Studies on urine fluorescence have been previously reported to
correlate with the concentrations of AGEs, and increased levels of
AGEs have been associated with aging and with the onset and
development of chronic and degenerative diseases, renal injury
included [38, 53]. The results of this study show that the 24 hr uri-
nary excretion of AGEs (FU/mg creatinine/24 hr), as determined by
the measurement of their typical fluorescence, was 3.3-fold
increased in ZK compared to LN rats, despite the reduced GFR,
and were significantly reduced in both the treated groups, by
45–47% (Table 2).

By applying a recently developed LC-MS/MS method [14], we
have shown that the Michael adduct between CAR and HNE is a
stable and reliable biomarker of lipid peroxidation and carbonyla-
tion in vivo. By demonstrating higher levels of this adduct in urine
from ZK rats compared to LN animals, we confirmed HNE over-
production in obese animals and the role of CAR as an endoge-
nous detoxifying agent of RCS. The same analytical approach was
applied in this study to confirm the in vivo RCS-trapping ability of
exogenous L- and D-CAR. Figure 8 summarizes these results and
shows typical LC-ESI-MS/MS profiles of urine, relative to the four
groups of animals, acquired in MRM by setting the precursor ion
at m/z 383.1 (CID@40.00 V). As reported in Table 2, the CAR-HNE
levels increased 6.3-fold in ZK rats compared with LN animals.
The treatment with L-CAR provides a further 1.7-fold increase in
CAR-HNE levels compared to ZK rats, and D-CAR was slightly, but
not significantly, more effective (2.2-fold increase).

Solubility of collagen isolated from tail tendon of control and
obese rats was taken as an indicator of the extent of collagen
crosslinking. As shown in Table 2, tail collagen from ZK rats was
significantly more crosslinked than that of control animals, based
on its decreased solubility in acetic acid (56.1% reduction). The
treatment with L-CAR resulted in a significantly increased solubil-
ity compared to ZK rats (66.4% increase), whereas D-CAR was
slightly, but not significantly, more effective in respect to the L-
enantiomer.

The lower ZK collagen solubility was not associated to an
increase of collagen fluorescence (ZK 8.8 
 1.8 UF/mg versus LN
8.0 
 2.0 UF/mg; P � 0.05) (data not shown). Conversely, we
found more than a 3-fold increase in the content of Ehrlich posi-
tive material in ZK compared to LN animals (Table 2), reflecting a
higher degree of protein pyrrolization as a consequence of lipid
peroxidation and oxidative stress [54]. D-CAR and L-CAR slightly,
but not significantly, reduced these changes by almost 21.7% and
9.1%, respectively.

The results obtained by the analysis of the protein carbonyls
content in kidney homogenates are shown in Table 2. The levels
of PCOs in ZK rats were nearly doubled than those found in LN
rats. The treatment with L-CAR provided a 23.4% reduction,
whereas D-CAR was significantly more effective (42.61%
decrease).

Carnosine levels in plasma, urine and renal tissue

Plasma, urine and tissue concentration of L- and D-CAR were
determined at the end of the experiment in the four experimental
groups (Table 3). Plasma concentration of endogenous CAR was
reduced, but not significantly, in ZK compared to LN animals and
was not statistically different following the chronic treatment
with L-CAR. By contrast, more than a 10-fold increase was
observed in ZK � D treated animals. As expected, the urinary
concentration of D-CAR was found to be greatly increased in ZK
� D rats, in respect to LN and ZK � L rats. The kidney content
of carnosine in ZK rats was slightly, but not significantly, reduced
in respect to LN rats. Treatment with L-CAR provided a slight
increase in CAR content compared to ZK rats (1.6-fold increase),
and D-CAR was markedly more effective, providing a 14.4-fold
increase in tissue levels.

The higher amount of D-CAR in respect to L-CAR in urine and
plasma are explained by considering that during the 24 hrs in
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Table 2 Oxidative/carbonyl stress parameters at the end of the experiment

All values are expressed as means 
 S.E.M. †N � 12 animals/group; ‡n � 6 animals/group.
*P � 0.05, **P � 0.01, ***P � 0.001 versus ZK.
°P � 0.05, °°P � 0.01, °°°P � 0.001 versus LN.
Not significant if no indications are reported.

LN ZK ZK � L ZK � D

TXB2 level (ng/day)† 12.8 
 1.6 32.8 
 4.2°° 35.3 
 3.3** 27.4 
 3.1**

8-epi-PGF2� level (ng/day)† 15.8 
 2.3 62.4 
 5.2°° 37.6 
 4.3* 42.1 
 3.9*

AGEs (FU/mg creatinine/day)‡ 182.9 
 24.4 610.1 
 36.6°°° 337.2 
 28.7** 324.4 
 21.8***

CAR-HNE level (nmol/day)‡ 0.069 
 0.01 0.436 
 0.07°° 0.749 
 0.37 0.982 
 0.33

Kidney PCOs (nmol/mg prot)‡ 5.94 
 0.76 11.52 
 1.59° 8.83 
 1.91* 6.61 
 1.52**

Ehrlich adducts (µmol/mg)‡ 0.275 
 0.09 0.955 
 0.31°° 0.868 
 0.39 0.747 
 0.384

Collagen solubility (%)‡ 89.4 
 2.83 39.3 
 2.87°°° 65.4 
 2.58** 71.4 
 3.14***
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metabolic cages, the rats were not treated with the compounds.
As reported in the pharmacokinetic studies (see above), L-CAR is
rapidly absorbed and also rapidly excreted (half-life � 0.24 


0.02 hrs). Hence, it is reasonable to suppose that the amount 
of L-CAR absorbed by the rats was rapidly eliminated before
entering into the metabolic cage, and this explains the lack of
CAR increase in plasma after 24 hrs, as well as the slight increase
of L-CAR in the urine and in the kidney tissue in respect to ZK
rats. By contrast, D-CAR reached the Cmax after 3.36 hrs and was
more stable in plasma, reaching pre-dose plasma concentration
after 24 hrs. Hence, the D-CAR absorbed by the rats prior to
entering the metabolic cage was absorbed and then slowly
excreted during the 24 hrs spent into the metabolic cage, thus
explaining the significant amount of D-CAR in the plasma, urine
as well as in the kidney.

Discussion
In this study we found that CAR greatly reduced obese-related
diseases in obese Zucker rats, significantly restraining the devel-
opment of dyslipidaemia, hypertension and renal injury. We here
propose that some of the biological effects of CAR in Zucker obese
rat can be mediated by a direct carbonyl quenching mechanism.
This hypothesis is firstly sustained by the in vivo capacity of 
supplemented CAR to quench RCS, as demonstrated by detecting 
CAR-HNE Michael adduct in the urine of obese rats, following 
CAR treatment. In addition, the higher CAR-HNE levels found 
in obese untreated animals compared to the lean counterpart, 
further confirm a systemic overproduction of RCS (and HNE in
particular) in this animal model. Hence, the obese Zucker rat can
be considered a suitable animal model of carbonylation damage
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Table 3 Carnosine levels in plasma, urine and renal tissue at the end of the experiment

All values are expressed as means 
 S.E.M. a n � 6 animals/group.
***P � 0.001 versus ZK.
°°°P � 0.001 versus ZK � L and LN.

LN ZK ZK � L ZK � D

Plasma (nmol/ml) 1.42 
 0.50 0.364 
 0.11 0.473 
 0.13 5.37 
 3.04

Urine (nmol/day) 28.88 
 1.46 10.48 
 0.59 32.62 
 1.25 10,069 
 1844***/°°°

Kidney (nmol/g wet tissue) 10.67 
 0.42 8.89 
 0.24 14.67 
 2.09 127.7 
 17.00***/°°°

Fig. 8 Selected Reaction Monitoring (SRM)
chromatogram, relative to CAR-HNE parent ion
→ product ions transition, in LN (A), ZK (B)
and Zucker treated animals (ZK � D, C; ZK �
L, D) and CAR-HNE structure.
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involved in obese-related diseases, and that CAR acts as a RCS
detoxifying agent.

Further evidence suggesting a RCS-quenching mechanism is
that the diseases inhibited by CAR have a common pathogenetic
route, i.e. the oxidative/carbonyl stress, which represents the
molecular target of CAR itself. CAR was found to significantly
restrain kidney damage by reducing the urine albumin-to-creati-
nine ratio, as well as the increase in glomerular base membrane
thickness. The improved renal function is confirmed by the ultra-
structural analysis, showing reduction of podocytes swelling and
GBM thickness. In obese Zucker rats, the renal damage can be
induced by several oxidative-based mechanisms. Dominguez et al.
[12] proposed that nephropathy can be in part caused by renal
lipid peroxidation. Renal injury was found to be linked to expres-
sion of glomerular oxidized low-density lipoprotein receptor 1, to
renal inflammatory cell infiltrates, and to heavy accumulation of
HNE, which is thought to be a causal agent of renal injury, as indi-
cated by its inhibitory action on 3-hydroxyisobutyrate dehydroge-
nase, a redox-sensitive mitochondria enzyme that is rate limiting
for valine catabolism and critical in gluconeogenic flow. In partic-
ular, oxidized lipoproteins cleared by the kidney release ROS
species, including HNE, and damage glomerular endothelium.
Carbonylation damage and accumulation of HNE-protein adducts
in the kidney of obese Zucker rats has been further confirmed by
several other authors. Namikoshi T et al. [13] recently found an
HNE accumulation in glomeruli, arterioles and renal arteries of
Zucker obese rats, accompanied by an increased expression of
reduced form of nicotinamide adenine dinucleotide phosphate
[NADP(H)] oxidase components in the renal cortex. Hence, one
possible protective effect induced by CAR can be ascribed to a
direct HNE-quenching mechanism in the vasculature and the kid-
ney. This is confirmed by the significant reduction of RCS-protein
adducts deposition afforded by the CAR treatment. Moreover, as
discussed by Alderson et al. [9], dyslipidaemia and hyperlipi-
daemia are recognized as independent risk factors for develop-
ment of renal diseases. Glomerulosclerosis infiltration by
macrophages preceeds albuminuria in the kidney of Zucker rats,
possibly the result of a lipid-induced inflammatory process. The
extremely high levels of cholesterol and triglycerides in obese rats
likely contributed to the marked elevations of circulating hydroper-
oxides. Thus, assuming that hyperlipidaemia causes renal injury
via inflammation and associated lipid peroxidation reactions, CAR
may protect kidney by both its lipid-lowering effect and RCS
quenching mechanism.

Beside nephropathy, CAR treatment was effective in reducing
other Zucker obese related-diseases, which have a common
pathogenetic oxidative stress/carbonylation route. In particular,
causative link between RCS and development of hypertension has
been recently found [55, 56]. RCS are well known to induce chem-
ical modification and crosslinking of renal and vascular collagen,
thus to induce thickening and loss of elasticity of vascular wall,
contributing to hypertension development [57, 58]. Protein
crosslinks can be induced by �,�-unsaturated aldehydes, di-alde-
hydic compounds such as glyoxal or malondialdehyde, as well as
by keto-aldehyde such as methylglyoxal [17]. Zucker rats under-

goes a massive RCS-induced collagen crosslinks. In particular,
Alderson et al. [9] reported a significant increase of malondialde-
hyde and HNE adducts to lysine (ALEs) in rat skin collagen of
Zucker obese in respect to lean rats, beside to AGEs (pentosidine)
and AGEs/ALEs such as Nε-(carboxymethyl)lysine and Nε-(car-
boxyethyl)lysine. In vitro experiments previously reported demon-
strated the ability of CAR to quench all the different RCS inducing
collagen crosslinks. Hipkiss first demonstrated the ability of CAR
to react with electrophilic aldehydes and ketons and to inhibit pro-
tein crosslinking induced by a range of potential toxic aldehydes,
including aldose and ketose sugars, trioses, malondialdehyde,
acetaldehyde and formaldehyde, presumably acting as a sacrificial
nucleophile [26, 59]. This would explain the ability of the CAR
treatment in reducing collagen crosslinks in tail tendon and hence
the remarkable anti-hypertensive effect. Furthermore, HNE pro-
motes endothelial oxidative stress, nitric oxide release and metab-
olism impairment, leading to a reduced bioavailability of nitric
oxide, resulting in increased vascular resistance [60, 61]. This sit-
uation is worsened in obese Zucker rats, because obesity
markedly reduces renal nitric oxide synthase (NOS) activity (cor-
tex and outer medulla), and cortical endothelial NOS (eNOS)
expression [62]. In particular, HNE was found to inhibit eNOS by
modifying endothelial guanosine triphosphate (GTP) cyclohydro-
lase I GTP cyclohydrolase 1 (GTPCH) and hsp90 resulting in
tetrahydrobiopterin depletion and inhibition of phosphorylated
eNOS-serine 1179. Also, HNE increased superoxide anion radical
release thus inactivating released nitric oxide and inducing
nitrosative damage [60]. The inhibitory effect of HNE on endothe-
lial nitric oxide production is also mediated by a significant
dimethylarginine dimethylaminohydrolase enzyme activity, leading
to an increased bioavailability of nitric oxide synthase inhibitors
[61, 63]. Hence, the antihypertensive effect could be also ascribed
to the effect of CAR in maintaining nitric oxide release and metab-
olism by a direct HNE-quenching effect.

L- and D-CAR were found to significantly reduce hyperlipi-
daemia in Zucker rats. Up to now there are some convincing data
reporting a causative link between oxidative/carbonylation with
dyslipidaemia. In particular, Tamamizu-Kato et al. [64] found that
ACR causes oxidative modification of apoE and tertiary confor-
mational alteration and impairs the ability of apoE to interact with
heparin and the LDL receptor. Furthermore, ACR modified apoE
displayed a 5-fold decrease in its ability to interact with lipid sur-
faces. Hence ACR disrupts the key role of apoE in regulating
plasma cholesterol and triglycerides levels. Beside ACR, also HNE
has been shown to cause greater crosslinking of apoE [65].
Although we do not have any direct evidence of apoE carbonyla-
tion and dysfunction in Zucker rats, we can suggest that the effect
of CAR on lipid content may be mediated by an increased
detoxification of unsaturated aldehydes, which have been found
to affect plasma cholesterol and triglycerides levels through apoE
dysfunction.

Most of the pharmacological properties of CAR, including the
anti-ischemic and anti-hypertensive activity, have been ascribed to
a pro-histaminic effect [33, 66, 67]. To understand whether this
mechanism can be involved in the pharmacological effects
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reported herein, an analogue of CAR, resistant to carnosinase and
characterized by the same RCS sequestering effect of the parent
compound has been designed and supplemented. Among several
CAR derivatives designed to be resistant to carnosinase, D-carno-
sine (�-alanyl-D-histidine), the L-CAR enantiomer characterized
by D-histidine instead of L-histidine was found to be stable to the
enzymatic hydrolysis and characterized by a quenching reactivity
towards �,�-unsaturated aldehydes superimposable to that of L-
CAR. The bioavailability of L- and D-CAR was then compared in
rats. D-CAR is less absorbed in respect to L-CAR, but being more
metabolically stable it reaches an AUC value even higher in respect
to that of L-CAR. D-CAR showed a protective effect in Zucker rats
superimposable to that of L-CAR. Taken together, these data well
indicate that the pharmacological action of L-CAR is not due to a
pro-histaminic effect (D-CAR is not a pre-cursor of histidine since
it is stable to peptidic hydrolysis), nor to a plausible receptor-
mediated mechanism (L- and D-CAR have a different 3D arrange-
ment of the key functional groups), but more likely to a RCS
detoxyfication mechanism, which is a property common to both
the two enantiomers.

Interestingly, it should be noted that the two well-known RCS-
sequestering agents, pyridoxamine and CAR, although belonging
to different chemical classes, posses a common RCS quenching
mechanism and a similar effect in the Zucker model, thus
strengthening the causal role of RCS in this animal model.

By considering the effect of L- and D-CAR in reducing the
oxidative stress as measured by urinary isoprostanes, it could 
be suggested that besides a RCS sequestering mechanism, the
protective effect of CAR is also partially mediated by a radical
scavenging activity and/or transition metal chelating effect.
Carnosine has been shown to inactivate ROS, scavenge free 
radicals and chelate prooxidant metals [68]. However, it has been
recently reported that carnosine has a relatively lower binding
constant with Cu(II) ions as compared to histidine, which seems
to exclude a metal ion chelating mechanism [69]. Also, a 
mechanism based on a direct radical scavenging should be
excluded. The real antioxidant/radical scavenging activity of CAR
is controversial and in particular it has been suggested that 
CAR cannot be as effective in vivo as other antioxidants such as
�-tocopherol [68]. To further exclude a radical scavenging/
antioxidant mechanism of CAR, it has been recently observed that
a fortified antioxidant diet designed to incorporate direct radical
scavenging antioxidants (vitamin E, ascorbic acid, �-carotene)
and substances acting to fortify oxidative stress-reducing
enzymes (selenium, zinc, copper, manganese) were ineffective 
in reducing arterial pressure, cholesterol, insulin resistance 
and nephropathy in male obese Zucker rats [70]. The in vivo
antioxidant activity of CAR could be addressed to the RCS
quenching activity and to the inhibition of AGE formation, a well-
known pro-oxidant species. In fact, it is well known that RCS
such as HNE act as a pro-oxidant by inducing the formation of
ROS [71], peroxides and by depleting endogenous antioxidants
such as GSH [72].

Hence, L-CAR, a diet component devoid of toxicity (2–2.5 mg
carnosine/g of meat) represents a prototype of a RCS sequestering

agent potentially effective for the treatment of metabolic syn-
drome-related diseases. However, great care should be taken to
extrapolate these data to human studies. Firstly, it should be con-
sidered that the pharmacological effects reported in this study
have been obtained using rodents which lack serum carnosinase,
a specific dipeptidase present in human serum and mainly respon-
sible for the plasma instability of carnosine (in rodents, the cat-
alytical activity of carnosine mainly takes place in kidney where is
located the tissue carnosinase). In vitro studies conducted in our
laboratories confirmed the rapid disappearance of L-CAR in
human serum within 5 min. and a significant stability in rat serum
(no significant reduction within at least 6 hrs). However, to be
effective in metabolic syndrome, CAR should quench RCS in blood
and kidney, and hence should be metabolically stable in these
locations. This happens in rodents but not in human beings. The
metabolic instability of supplemented CAR was verified in human
beings receiving 450 mg of CAR. No CAR was detected in serum
specimens, already after 15 min. from the oral supplementation
and for all the time-points considered (up to 300 min.), to indicate
that it is rapidly hydrolysed in human serum by carnosinase [48].
Similar results have been obtained by Harris et al. [73]. D-CAR
was used in this study as a tool to better understand the mecha-
nism of CAR and in particular to exclude a pro-histamine and
receptor-mediated mechanism. D-CAR was designed to be signif-
icantly stable to carnosinase, as confirmed in in vitro experiments,
showing a significant stability in human serum. However, the drug
likeness of D-CAR is significantly limited due to the reduced
absorption in respect to L-CAR. This different behaviour could be
explained by considering that CAR is readily absorbed intact, pri-
marily in the jejunum by a carrier-mediated transport system. The
uptake of CAR across the intestinal mucosa has been compared
with the permeability of sugars. By contrast, D-CAR, is probably
less recognized by transport carrier due to the inverted stereocen-
ter. Hence D-CAR, although stable to carnosinase, has a limited
drug-likeness due to the reduced intestinal absorption. We are
currently focusing our efforts to design and develop L-CAR deriv-
atives characterized by a selective quenching activity towards
RCS, stable to carnosinase and characterized by a suitable
bioavailability.
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