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Background: Lipid peroxidation generates unsaturated aldehydes that form conjugates with histidyl dipeptides.
Results: Carnosine-aldehyde conjugates form covalent adducts with proteins and are reduced by aldose reductase.
Conclusion: Detoxification of carnosine-aldehyde by aldose reductase prevents protein carnosinylation.
Significance: Aldose reductase prevents tissue injury due to aldehyde-carnosine conjugates.

Oxidation of unsaturated lipids generates reactive aldehydes
that accumulate in tissues during inflammation, ischemia, or
aging. These aldehydes form covalent adducts with histidine-con-
taining dipeptides such as carnosine and anserine, which are pres-
ent in high concentration in skeletal muscle, heart, and brain. The
metabolic pathways involved in the detoxification and elimination
of these conjugates are, however, poorly defined, and their signif-
icance in regulating oxidative stress is unclear. Here we report
that conjugates of carnosine with aldehydes such as acrolein are
produced during normal metabolism and excreted in the urine
of mice and adult human non-smokers as carnosine-propanols.
Our studies show that the reduction of carnosine-propanals is
catalyzed by the enzyme aldose reductase (AR). Carnosine-pro-
panals were converted to carnosine-propanols in the lysates of
heart, skeletal muscle, and brain tissue from wild-type (WT) but
not AR-null mice. In comparison with WT mice, the urinary
excretion of carnosine-propanols was decreased in AR-null
mice. Carnosine-propanals formed covalent adducts with
nucleophilic amino acids leading to the generation of carnosi-
nylated proteins. Deletion of AR increased the abundance of
proteins bound to carnosine in skeletal muscle, brain, and heart
of aged mice and promoted the accumulation of carnosinylated
proteins in hearts subjected to global ischemia ex vivo. Perfusion
with carnosine promoted post-ischemic functional recovery in WT
but not in AR-null mouse hearts. Collectively, these findings reveal
a previously unknown metabolic pathway for the removal of car-
nosine-propanal conjugates and suggest a new role of AR as a crit-
ical regulator of protein carnosinylation and carnosine-mediated
tissue protection.

Short-chain aliphatic aldehydes are generated by several bio-
chemical reactions such as the peroxidation of unsaturated
fatty acids and phospholipids, glycation of proteins, and oxida-
tion of amino acids (1, 2). Some of these aldehydes, e.g. 4-hy-

droxy-trans-2-nonenal (HNE),” malondialdehyde, methylg-
lyoxal, and acrolein are highly reactive (3) and cytotoxic (4).
These aldehydes react readily with cellular nucleophiles such as
glutathione, histidine, lysine, or arginine residues in proteins
and guanosine bases in DNA. Previous studies have shown that
aldehyde-modified proteins accumulate in diseased tissue during
atherosclerosis (5, 6), myocardial ischemia (7, 8), arteritis (9), dia-
betes, and Alzheimer (10) and Parkinson (11, 12). Increased accu-
mulation of aldehyde-modified DNA bases has also been associ-
ated with oxidative stress (13—15). Although the presence of
aldehydes and aldehyde adducts is indicative of oxidative stress, it
is unclear whether these aldehydes mediate and amplify the inju-
rious effects of oxidative stress.

Because aldehydes are highly reactive, they are rapidly metabo-
lized. In most cells aldehydes are either oxidized by aldehyde dehy-
drogenases or reduced by aldehyde reductases (16). In addition,
unsaturated aldehydes such as acrolein and HNE form covalent
conjugates with reduced glutathione (GSH). This conjugative
reaction is further enhanced by glutathione S-transferases. Our
previous studies have shown that the glutathione conjugates of
aldehydes are further metabolized by a reductive transforma-
tion catalyzed by aldose reductase (AR) (17, 18) and that inhi-
bition of this metabolic transformation increases aldehyde
accumulation and exacerbates ischemic injury (19) and athero-
sclerotic lesion formation (6). These observations support the
view that reduction diminishes the ability of aldehyde-glutathi-
one conjugates to induce tissue toxicity.

In addition to glutathione, aldehydes also form stable conju-
gates with carnosine (20 —-22). Carnosine (histidyl-B-alanine) is
an endogenous dipeptide. It is synthesized in tissues with high
rates of glycolysis such as the anaerobic white skeletal muscle of
birds, horses, and pigs. It is currently believed that during high
anaerobic activity carnosine prevents tissue acidification by
buffering changes in intracellular pH (23). Nevertheless, high
levels of carnosine and related histidyl peptides (anserine,
homocarnosine) are also present in aerobic tissues such as the
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heart and the brain, suggesting that carnosine might have other
functions as well. Previous studies have shown that carnosine pro-
tects against ischemic injury (24 —26), hyperglycemia (27), neuro-
degenerative diseases (28), and aging (29, 30). Collectively, these
findings indicate that in addition to buffering intracellular pH,
carnosine might have an antioxidant role in removing alde-
hydes (31). However, the metabolic fate of aldehyde-carnosine
conjugates is unknown, and it is unclear whether, like glutathi-
one-aldehyde conjugates, the carnosine-aldehyde conjugates are
also enzymatically reduced and whether this metabolism regulates
the antioxidant effects of carnosine. Accordingly, the current
study was designed to elucidate the metabolism of carnosine-alde-
hyde conjugates. Our results show that carnosine-derived conju-
gates are major urinary products of unsaturated aldehydes such
as acrolein and that these conjugates are reduced by AR before
excretion in urine. Moreover, we found that enzymatic reduc-
tion by AR prevents these conjugates from modifying proteins
and inducing tissue injury.

EXPERIMENTAL PROCEDURES

Materials—Carnosine, pL-glyceraldehyde, dithiothreitol (DTT),
NADPH, EDTA, tyrosine-histidine, homocarnosine, anserine,
hydralazine, pyridoxamine, aminoguanidine, and nonafluoro-
pentanoic acid were obtained from Sigma. Anti-protein-acro-
lein antibody was purchased from U. S. Biological. The anti-
protein-carnosine antibody was raised against carnosine
conjugated to bovine serum albumin (BSA) that was a kind gift
from Dr. Frank Margolis, University of Maryland. Synthetic
model peptides Ac-RVAAKH, Ac-RVCAKH, and Ac-MCAAR
and the chemical analogues of carnosine, octyl-p-carnosine, were
purchased from AAPPTec, LLC (Louisville, KY). Enhanced
chemiluminescence (ECL Plus) reagents and horseradish peroxi-
dase-linked secondary anti-mouse and anti-rabbit antibodies were
obtained from Amersham Biosciences. All other reagents were of
analytical grade.

Animals—Adult male C57BL/6 mice were obtained from
The Jackson Laboratory (Bar Harbor, ME). The AR-null mice
were obtained from Dr. Stephen S. Chung, University of Hong
Kong. Mice were treated in accordance with the Declaration of
Helsinki and with the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, 1996) as
adopted and promulgated by the National Institutes of Health.
Treatment protocols were approved by the University of Lou-
isville Institutional Animal Care and Use Committee.

Preparation and Purification of Conjugates—For all the
experiments, acrolein was freshly prepared by the acid hydrol-
ysis of diethyl acetal (pH 3.0) for 1 h at room temperature. To
synthesize conjugates, acrolein was incubated with an equimo-
lar concentration of carnosine, anserine, homocarnosine, ami-
noguanidine, hydralazine, or pyridoxamine in 10 mm KH,PO,
(pH 7.0) at 37 °C for 3—24 h and purified by HPLC as described
previously (32, 33). Briefly, the conjugates were separated using
a C18 column (250 X 4.6 mm; particle size 5 um) with a Waters
(Milford, MA) 1525 Binary HPLC equipped with a Waters 2487
Dual wavelength detector. The conjugates were eluted using a
gradient consisting of 100% water containing 5 mm nonafluo-
ropentanoic acid (solvent A) and 100% acetonitrile (solvent B)
at a flow rate of 1 ml/min. The gradient was established such
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that solvent B reached 15% in 10 min and was then held at this
value for 50 min. The absorbance of the eluate was measured at
210 and 234 nm.

Mass Spectrometry—The conjugates of carnosine were ana-
lyzed using a Micromass ZMD mass spectrometer (Manchester
UK) in the positive ion mode. The spectrometer was calibrated
using NaCsl with the calibration routine included in the Mass-
Lynx 3.4 software. Samples were diluted in 70% water, 30% ace-
tonitrile, and the solution was infused into the mass spectrom-
eter using a glass syringe and a Harvard infusion pump at a rate
of 10 wl/min. Tuning conditions were as follows: capillary 2.9 kV,
cone 34'V, extractor 9V, R lens 0.9 V, source temperature 100 °C,
desolvation gas 200 °C, low mass resolution 15 relative setting,
high mass resolution 15.2, ion energy 0.3 V, multiplier 650 relative
setting. For accurate mass data, HPLC-purified fractions were
minimally diluted with 70% water, 30% acetonitrile and analyzed
using a Thermo Scientific LTQ XL mass spectrometer coupled
with a LTQ Orbitrap XL mass spectrometer. Samples were ana-
lyzed by chip-based electrospray ionization using an Advion
(Ithaca, NY) TriVersa NanoMate under the control of CHIP SOFT
instrument control software. The ionization parameters were as
follows: sample volume 6 pl, spray duration 3.5 min, N, pressure
0.50 p.s.i., voltage 1.6 kV, and positive polarity.

Measurement of Urinary Mercapturic Acids—The 3-hydroxypro-
pyl mercapturic acid (HPMA) conjugate in urine was measured as
described previously (34). Briefly, the human urine was spiked with
internal standard [**C,]JHPMA and applied to solid-phase extraction
cartridge. Fractions containing HPMA conjugates were separated
on an HPLC column fitted with a UV detector. HPMA was
detected after derivatization with bistrimethylsilytrifluoroacet-
amide for 1 h at 70 °C by GC/MS (Agilent Technologies). Ions of
m/z 366 (endogenous) and 369 (['*C;JHPMA, internal standard)
were monitored for measuring HPMA.

LC-MS/MS Analysis of Carnosinylated Proteins—Proteins
immunoprecipitated by anti-carnosine antibody from ischemic
hearts were separated on SDS-PAGE and identified by silver
staining. Individual protein bands were excised and de-stained
with 15 mMm potassium ferricyanide, 50 mm sodium thiosulfate
in water. The gel pieces were then washed twice with water and
cut in half. One half of the band was digested with 60 ng of
trypsin (Promega) as described previously (35); the other half of
each band was digested with 60 ng of Arg-C (Sigma) in 50 mm
triethylammonium bicarbonate. After digestion, peptides were
sequentially extracted from the gel pieces using 5% v/v formic
acid and acetonitrile (36). The extracts were dried, redissolved
in 25 ul of 2% acetonitrile, 0.1% formic acid and filtered through
0.2-um cellulose syringe filters.

The proteolytic digests were separated by a linear 30-min
gradient (2—60% acetonitrile) using a Proxeon Easy nL.C-1000
UPLC fitted with an Acclaim PepMap 100 (75 um X 2 cm,
nanoViper; C18, 3 um, 100 A) trap and Acclaim PepMap RSLC
(50 um X 15 cm, nanoViper; C18, 2 um, 100 A) separating
column before MS data collection using a Thermo Scientific
LTQ-Orbitrap ELITE hybrid mass spectrometer (Thermo
Fisher Scientific, San Jose, CA) interfaced with a nanospray
FLEX ion source operated in a data-dependent manner. MS
data were collected on the Orbitrap ELITE with the MS scan
from 300 to 2000 m1/z in FTMS and a normal mass range with
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120,000 resolution, full scan, positive polarity, and centroided
data. The chromatography option was enabled on MS scans
with an expected peak width at full width half mass (FWHM) of
10 s and a minimum signal threshold of 1000; the correlation
option was used with a maximum area ratio to previous scan of
one. Monoisotopic precursor selection was enabled. For MS2
data collection, dynamic exclusion was used with a repeat count
of 1, 30-s repeat duration, exclusion list size of 50, and exclusion
duration of 180 s; exclusion was +1.5 by mass. The “Predict ion
injection time” and “Enable preview mode for FTMS master
scans” options were enabled. Dependent MS2 scans were col-
lected on the top three peaks of the MS scan with both high
energy collision dissociation (HCD) and electron-transfer dis-
sociation (ETD) fragmentation. The three HCD scans were
acquired before the three ETD scans. The MS2 scans were
acquired in FTMS with normal mass range, 60,000 resolution,
and centroid data type. For collection of HCD data, the follow-
ing instrument settings were used: normalized collision energy
of 35, activation time of 0.1 ms, isolation width 2.0 m/z, default
charge state of 2, minimum signal threshold for fragmentation
of 500, and first mass in spectrum fixed at 100 m/z. For collec-
tion of ETD MS2 data, the activation time was 100 ms, isolation
width 2.0 m/z, default charge state 2, minimum signal threshold
for fragmentation 500. The first mass in spectrum was fixed at
100 m/z.

The MS2 data were analyzed by the Proteome Discoverer
(Version 1.3.0.339). Spectra were filtered by mass range (350 —
5000 Da), total intensity threshold (500 ion counts), and mini-
mum peak counts (3). Scan event filters were used to define
HCD and ETD spectra. The Fourier transform-only spectra
were filtered with a signal/noise ratio threshold of 4. Non-frag-
ment filters were used to clip precursor spectra from 2.5 Da
before and 5.5 Da after precursor masses. Non-fragment filters
were used to remove charge reduced precursors and to remove
FT-precursor overtones. All spectra were normalized, and a
Top N Peaks filter of 10 within a 100-Da mass window was used
to simplify data submitted for analysis. For Mascot analysis a
SwissProt database selected for the Mus musculus taxanomy
was used with Arg-C or trypsin enzyme designation, precursor
mass tolerance of 10 ppm, fragment mass tolerance of 0.05 Da,
and a peptide ion score cutoff of 10 was used to filter peptide
assignments. Dynamic modifications to amino acids were
selected for three adducts including C,,H, N,O, (+264.122
Da), C,sH,,N,O, (+302.138Da), and C, H,,N,O, (+320.148
Da). All assigned peptide spectra were filtered for false discovery
rates of 0.01 using Peptide Validator and again using a decoy data-
base. For Sequest analysis, a mouse refseq database (Version
20120611.fasta) was downloaded from UniProt, and using either
Arg-C or trypsin enzymes, 500 maximum peptides were consid-
ered with a maximum peptide output of 10. The absolute XCorr
threshold was set to 0.4, and fragment ion cutoff at 0.1%. All other
settings were similar to Mascot searches. Protein identification
was accepted if it could be established at >95.0% probability and
contained at least 1 or more identified peptides below the 1% false
discovery rate. Data were aggregated and used to make lists of high
probability/high confidence peptide/protein assignments.

Carnosinylation of Proteins and Peptides—To generate car-
nosinylated protein, purified carnosine-propanal conjugates
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were incubated with 1 mg of fat-free BSA at 37 °C for 24 h. After
incubation, the samples were filtered through 3000 M, cutoff
filters, and the carnosinylated proteins were visualized on
Western blots developed using anti-protein-carnosine and
anti-propanal antibodies. For studying the reactivity of carnos-
ine-propanals, the synthetic model peptide Ac-RVCAKH (10
nmol) was dissolved in 25 ul of 100 mm NH,HCO; (pH 7.4)
containing 1 mMm DTT. The reaction mixture was incubated at
70 °C for 30 min. The samples were then cooled and incubated
with 3 mum purified carnosine-propanals or carnosine-propanol
for indicated times. The products were then identified by elec-
trospray ionization/mass spectrometry (ESI"/MS).

Global Ischemia-Reperfusion ex Vivo—After anesthesia
(sodium pentobarbital, 60 mg/kg body weight; heparin, 10
units/g body weight), the thorax of mice (8 —12 weeks of age)
was opened, and the hearts were removed and immediately
placed in ice-cold modified Krebs-Henseleit buffer. The com-
position of the Krebs-Henseleit buffer was 118 mm NaCl, 4.7
mM KCl, 1.25 mm MgCl,, 2.5 mm CaCl,, 1.25 mm KH,PO,, 25
mM NaHCO,, and 11 mm glucose (pH 7.4). The buffer was
heated to 37 °C and continuously gassed (95% O,, 5% CO,).
Hearts were continuously perfused at a constant pressure of 80
mm Hg in the Langendorff mode and after 30 min of perfusion
subjected to 30 min of ischemia and 45 min of reperfusion in the
absence or presence of carnosine (1 mm). After the experimen-
tal protocol, the hearts were removed and snap-frozen in liquid
N,. Functional recovery of the hearts was measured by placing
a food-grade plastic wrap, fluid-filled balloon in the left ventri-
cle through an incision in the left atrium and inflating the bal-
loon to a pressure of 5— 8 mm Hg. Left ventricular pressure was
recorded using an APT300 pressure transducer (Harvard
Apparatus, Holliston, MA) connected to a ML221 bridge
amplifier, a PowerLab 16/30 A/D board, and a PC running Lab-
Chart Pro v7 (ADInstruments, Colorado Springs, CO). Perfu-
sion flow rate was monitored using a 1PXN inline probe and
TS410 flowmeter (Transonic Systems Inc., Ithaca, NY) and was
typically between 1.5 and 2 ml/min. Left ventricle developed
pressure was derived from the pressure trace as the difference
between systolic and diastolic pressures. Perfusates were col-
lected on ice, and the levels of creatinine kinase (CK) and lactate
dehydrogenase were measured using kits purchased from
Thermo-Electron. In a separate series of experiments, WT
hearts were perfused 15 min and then perfused another 10 min
without or with acrolein (10 uMm). Hearts were removed and
immediately snap-frozen.

Immunoprecipitation and Western Blot Analysis—Tissues
were homogenized in 10 mm HEPES (pH 7.2) containing 0.5
mM EDTA, 0.5 mm EGTA, 10 mm NaF, 10 mm Naz;VO,, 1%
Nonidet P-40, 0.1% SDS containing a protease and phosphatase
inhibitor mixture (1:100). The homogenates were centrifuged
for 25 min at 13,000 X g, and the supernatants were incubated
with the anti-protein-carnosine antibody overnight and then
with agarose A beads for 3 h at4 °C. Immunoabsorbent proteins
were recovered by centrifugation at 1000 X g and washed with
cell lysis buffer. Proteins were separated by SDS-PAGE and
then transferred onto PVDF membranes. Western blots were
developed using anti-protein-carnosine or anti-protein-pro-
panal antibodies and the ECL Plus reagent (Amersham Biosci-
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ences) and detected with a Typhoon 9400 variable mode imager
(Amersham Biosciences). Band intensity was quantified by
using Image Quant TL software (Amersham Biosciences), and
bands were normalized to actin or Amido Black staining as
appropriate. For quantification, individual bands were selected,
and the background intensity was subtracted from the band
intensity using rolling-ball averaging. Western blots shown are
representative of at least » = 3—4 samples.

Measurement of AR Activity—The human recombinant AR
protein was generated as described previously (17). For mea-
suring enzyme activity, the protein was reduced with 100 mm
DTT for 1 h at 37 °C in 100 mm Tris-Cl (pH 8.0). The catalytic
activity was measured in 150 mm potassium phosphate (pH 6.0)
containing 0.15 mm NADPH and substrate (1 mMm carnosine-
aldehyde conjugates). To measure AR activity, hearts were rap-
idly snap-frozen using clamps precooled in liquid N,. Other
tissues extracted were frozen in liquid N,. Tissue aliquots were
thawed and homogenized in 3 volumes (30% v/v) of 150 mm
KH PO, (pH 6.0) containing 1 mm EDTA, 1 mm DTT, and the
protease inhibitor mix (1:100). The homogenates were centri-
fuged at 13,000 X g for 20 min, and the supernatant containing
1-2 mg of protein (0.1 ml tissue homogenate) was incubated
with 1 mM carnosine-propanal conjugates. Protease inhibitors
and NADPH (0.5-1.0 mm) were added to the mixture at regular
time intervals, and the mixture was incubated at 37 °C in 150
mM potassium phosphate buffer (pH 6.0). Aliquots were with-
drawn after 2, 6, and 24 h to measure conjugate reduction by
ESI*/MS. Control samples contained all the components of the
reaction mixture except NADPH.

Analysis of Urinary Metabolites—Adult (8 —10 weeks old)
WT and AR-null mice were housed in metabolic cages, and the
urine was collected for 24 h. In some experiments, both the WT
and AR-null mice were administered a single dose of octyl-p-
carnosine (5 wmol) by oral gavage, and the urine collected was
stored at —20 °C. During this time mice had free access to water
and food. For Orbitrap analysis, urine samples were spiked with
the internal standard tyrosine-histidine or histidine-[**C]pro-
panal and deproteinized by the addition of 15 ul perchloric acid
(70%) to 500 ul of the sample. After 15 min at 4 °C, the samples
were centrifuged at 21,000 X g for 10 min. Urine samples col-
lected from normal, healthy, non-smoking human volunteers
were analyzed using the protocol described above. Cotinine
concentrations in human urine samples were determined by a
monoclonal antibody based ELISA kit (International Diagnos-
tics). Urinary metabolites were measured by mass spectrometry
as described above. The collection of urine from humans was
approved by the University of Louisville, Institutional Review
Board (IRB #10.0350).

Statistical Analysis—In all cases best fits to the data were
chosen on the basis of the S.E. of the fitted parameters. All data
are expressed as the mean * S.E. Data were analyzed by one-
way analysis of variance for multiple comparisons and by Stu-
dent’s t test for unpaired data. Statistical significance was
accepted at p < 0.05.

RESULTS

Carnosine-Aldehyde Metabolites in Human Urine—Previous
studies have shown that carnosine forms stable conjugates with
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unsaturated aldehydes such as HNE and acrolein (20-22).
These aldehydes are generated upon oxidation of unsaturated
lipids. In addition, acrolein is generated during the metabolism
of biogenic amines (37) or by the oxidation of amino acids by
myeloperoxidase (38). Acrolein is also present in a variety of
food products and in cotton, wood, and tobacco smoke as well
as automobile exhaust (39). To determine the role of carnosine
in the systemic metabolism of these aldehydes, samples of urine
from normal, healthy, non-smoking adult humans were ana-
lyzed. Exposure to tobacco smoke was estimated from mea-
surements of urinary cotinine. Cotinine was not detected in any
urine samples. Individual samples were separated by HPLC and
analyzed by high precision mass spectrometry using methods
optimized for the collection and identification of the aldehyde
conjugates of carnosine. Because carnosine could be hydro-
lyzed to histidine and $-alanine, some of the aldehyde-carnos-
ine conjugates could be excreted as histidyl conjugates (40).
Therefore, histidine conjugates of HNE and acrolein were
measured as well. On the basis of exact mass (<0.001 m/z dif-
ference from reagent standards), several ions in the urine could
be assigned to carnosine or histidine conjugates of HNE and
acrolein (Fig. 1A4). In addition, corresponding reduced metabo-
lites with m/z +2 were also detected. The most abundant
reduced metabolites were carnosine-propanol (m1/z 285), histi-
dine propanal (m/z 212, His-propanal), and histidine-propanol
(m/z 214, His-propanol) (Fig. 1B). These metabolites are likely
to be derived from the hydrolysis of carnosine-propanal and/or
enzymatic reduction of histidine conjugates. Reduced metabo-
lites were present in high abundance (36% of the histidine and
75% of the carnosine conjugates of acrolein were in the reduced
form), indicating that reduction is an important transformative
step in the metabolism of these conjugates. Moreover, the aver-
age level of carnosine-acrolein adducts (carnosine propanal +
carnosine propanol) was 266 pmol/mg of creatinine, which is
between 0.2 and 5% of carnosine in human urine (5-125 nmol/mg
of creatinine) (34), indicating that a significant proportion of car-
nosine in humans is utilized for acrolein metabolism.

In addition to carnosine, unsaturated aldehydes are also
metabolized via the glutathione-linked pathway (41, 42). Glu-
tathione conjugates of aldehydes are excreted as reduced or
non-reduced mercapturic acids. In case of acrolein, the most
abundant glutathione-linked metabolite is the reduced HPMA
(42). Therefore, to compare the relative contribution of carnosine
and glutathione to acrolein metabolism, urinary HPMA levels
were measured. These measurements indicate that the average
concentration of HPMA in urine was 695 pmol/mg of creatine
(Fig. 1B), which is much higher than the concentration of the car-
nosine conjugates (266 pmol/mg creatinine). Thus the carnosine
conjugates represent 27% of the total conjugates (HPMA +
carnosine conjugates) measured in the urine. Because HPMA
represents only 60% of the total acrolein metabolism (43, 44),
these measurements suggest that ~15% of acrolein is metabo-
lized via the carnosine-linked pathway. In comparison with
acrolein conjugates, HNE conjugates were present at a much
lower concentration. On average, the concentration of His-pro-
panal in human urine was 60-75-fold higher than His-HNE.
Unhydrolyzed conjugates of carnosine with HNE (e.g. carnos-
ine-HNE and carnosine-DHN) were also detected but only at
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FIGURE 1. Histidine and carnosine conjugates in human urine. A, Orbitrap mass spectra of human urine samples collected from healthy, non-smoking
adults. The urine samples were de-proteinized, and the carnosine and histidine conjugates were separated by HPLC as described under “Experimental
Procedures.” The spectra show prominent ions that were assigned to carnosine-propanal and carnosine-propanol (m/z = 283.139 and 285.155) (i), histidine
propanal and histidine-propanol (m/z = 212.103 and 214.118) (ii), and histidine-HNE and histidine-DHN (m/z = 312.191 and 314.207), respectively (iii). B, the
concentrations of urinary conjugates calculated using tyrosine-histidine (m/z 319) as an internal standard. Data are the mean = S.E. (n = 7).

trace levels. Taken together, these results indicate that in
humans, aldehyde conjugates of carnosine and histidine, gener-
ated during normal metabolism, are excreted in urine. In the case
of acrolein, conjugation with carnosine represents a significant
route of its overall metabolism, and a high proportion of the con-
jugate is excreted as a reduced metabolite. The appearance of pre-
dominantly reduced metabolites in urine suggests that during
metabolism carnosine and histidine conjugates of acrolein are
enzymatically converted to their corresponding alcohols.
Enzymatic Reduction of Propanal Conjugates—To identify
the metabolic pathway that reduces carnosine-aldehyde conju-
gates, we examined the role of AR, an enzyme that catalyzes the
reduction of S-linked glutathione-aldehyde conjugates (45).
Because carnosine-propanol was the most abundant conjugate
of its class in human urine, the properties and the reductive
transformation of acrolein-derived conjugates of carnosine
were studied in detail. The ESI"/MS spectra of reagent carnos-
ine-propanal showed five major ions with m/z values of 265,
283, 301, 321, and 339 (Fig. 2A). The ion with m/z 265 is likely
due to the formation of an imine formed by the Michael addi-
tion of acrolein to the histidine residue of carnosine and a Schiff
base between carbonyl and primary amine of glycine. The ion
with m/z 301 was ascribed to a geminal diol [M+H,O] ™ of the
283 m/zion. To determine the structure of the other major ions
with m/z 283, 321, and 339, their fragmentation pattern was
obtained by collision-induced dissociation (CID). The ion with
m/z 283 fragmented into daughter ions with m/z values of 166
[MH- 3-oxobutan-1-aminium + acetic acid]™, 212 [MH-3-
oxobutan-1-aminium] ¥, or [MH-formidamide+acetic acid],
and 266 [MH-NH,] " (Fig. 2B). On the basis of this pattern, this
ion was assigned to a Michael adduct between carnosine and
acrolein either at the imidazole nitrogen of histidine (to form
B-Ala-His-propanal) or the amino group of $-alanine (to gen-
erate propanal-3-Ala-His). The ion of m/z 321 fragmented into
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FIGURE 2. Identification of the carnosine conjugates of acrolein. A
ESI*/MS spectra of carnosine-propanal conjugates generated by incubating
acrolein with carnosine as described under “Experimental Procedures.” Puta-
tive structures of the conjugates identified by mass spectrometry are shown
in the figure for each m/z value. The fragmentation patterns of the major ions
with m/z values of 283 (B), 321(C), and 339 (D) are shown.

3 major daughter ions with 1/z values of 166 [MH-His]*, 204
[M-4-(2-amino-2-carboxyethyl)-1H-imidazol-3-ium], and 232
[MH-(Z)-N-(methylamino) methylene) methanamium + ace-
tic acid] (Fig. 2C), indicating that it was FDP-carnosine as pre-
viously identified. This ion could also be formed by the addition
of acrolein to the ion with m/z 265, giving rise to propanal
cycloamine. With the ion of m/z 339, two fragments with m/z
321 [MH-H,O]™ and 283 [MH-Acr] ", were detected (Fig. 2D),
indicating that it was a conjugate formed by Michael addition of
2 acrolein molecules either to B-alanine, giving rise to dipro-
panal- B-Ala-His, or by the addition of one acrolein to histidine
and another to B-alanine (propanal- 3-Ala-His-propanal). The
structures of these adducts are shown in Fig. 2, and their exact
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TABLE 1

Structures and fragmentation ions of carnosine-propanal and propanol conjugates

Name Structure Chemical m/z Fragmentation lons
Formula
3-((1-carboxy-2-(1-(3-oxopropyl)- ' ] oy e
1H-imidaZOl-4-yl)ethy1)amin0)'3' n,c/[N/> ’ C12H19N404 283.139 /EQ “/E) ) o /ITC)
oxopropan-1-aminium \ﬁ/l"\r T i B
° /C\c(ct\m«,e c,n,:::;o (166.1) CoHaNsOs * (212.1) C12H:sN304(266.1)
3-(1H-imidazol-4-y1)-2-(3-((3- " LI
’ : 1 l A g
oxopropyl)amino)propanamido)pro - 7 | CipHN4O, | 283.139 L SN
panoic acid Q/\/\ﬂ/?\%/c\u/w\ﬁ/w PO T RN
o Ci2H2N50 (212.1) C12H1sN4O5 (266.1)
4-(2-carboxy-2-(3-(3-formyl-5,6- e L
dihydropyridin-1(2H)- M> CisHuNO, | 321.155 ?3 - N&N@vc %Q
yl)propanamido)ethyl)-1H- N E o
imidazol-3-ium C/in CaHi2NO;* (166.1) CizHieN:O' (204.12) CiaHieN:O; " (232.121)
(E)-10-carboxy-8-ox0-13-(3- o e 20 [
oxopropyl)-1,5,9,13- MN\‘ C15H51N4O4 321.155 B , iwa
tetraazabicyclo[10.2.1]pentadeca- Moy N N Ay A AN
4,12(15),13-trien-13-ium K@Q ’

\ CqH14N20 (166.1) Ci2H1eN,0"(232.131)
2-(3-(bis(3- . ' r\jm m/Hm/vL"; »
oxopropyl)amino)propanamido)-3- Z/J WA Ci5H2,N405 339.202 “*& A i1
(1H-imidazol-4-yl)propanoic acid g NQW INCY

"’/ Ci3HiN.O4" (321.155) Ci2H19N4O, (282.132)
3-((1-carboxy-2-(1-(3- ) o O
hydroxypropyl)-1H-imidazol-4- /[Q C12H1N,404 285.155 Nﬁf ) /E )ﬁ> /E/> -
yl)ethyl)amino)-3-oxopropan-1- S N I ) " N\H/L\“
aminium m\ﬁ/ o W NN s I =
° /c\c»,/c\me CsH1aN:O' (168.11) CoHigN:0, (214.1) Ci2H1sN;O4 (268.1
2-(3-((3- . . s o/~
hydroxypropyl)amino)propanamido /[( Ci12H21N,0, 285.155 ){ A i
-3-(1H-imidazol-4-yl)propanoic w 1 i A o
Zlcgid( Yoo NN N ! e
° CioH2No0O (214.2) Ci2H20N.O; (268.1)
4-(2-carboxy-2-(3-(3- , -
(hydroxymethyl)-5,6- ot LD CisHsN,O, | 323.122 | N %ﬂ
dihydropyridin-1(2H)- \LN { ?;\N Ve O\/ “Q
yl)propanamido)ethyl)-1H- QOH i e -
imidazol-3-ium CoHiNO' (168.11) CizHieN:05 (206.12) CiaHioN:0; (234.1)
E)-10-carboxy-13-(3- o S -
hydroxypropyl)-8-oxo-1,5,9,13- H ‘ “\; CisHsN,O, | 323.122 /I
tetraazabicyclo[10.2.1]pentadeca- Q\ﬂ N g /[ ) ol L
4,12(15),13-trien-13-ium Q RN "
CgH14N3O (168.111) Ci2H1sNO5 (234.12)
2-(3-((3-hydroxypropyl)(3- . N/[} oA .
oxopropyl)amino)propanamido)-3- SNy C15H24N405 341.178 5 1. D
(1H-imidazol-4-yl)propanoic acid D,_/—/ “":,_%O_@ O == N
//‘3—"‘ C12H20NO4 (168.1) CiaH23N(Oy'(323.1)
2-(3-((3-hydrqupropyl)(3- . *\j /@ )k(yd
oxopropyl)amino)propanamido)-3- S T CisH2aN4Os | 341.178 oY A
(1H-imidazol-4-yl)propanoic acid E/J N A SRS AN
S CiHxNO, (284.148) CHzNOL* (323.121)
2-(3-3(bis(3- RS CisHaNiOs | 343.190
hydroxylpropyl)amino)propanamid o ,\@
0)-3-(1H-imidazole-4-yl)propanoic /s
acid
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FIGURE 3. Aldose reductase catalyzes the reduction of carnosine-pro-
panal conjugates. A, the ESI"/MS spectra of carnosine-propanal conjugates
after incubation with AR. The carnosine-propanal conjugates were isolated
by HPLC and incubated with recombinant AR and NADPH for 18-24 h. The
ions generated in the presence of AR are indicated by an asterisk (*). Fragmen-
tation patterns of the major ions with m/z values of 285 (B), 323 (C), and 341
(D) are shown.

chemical names are listed in Table 1. Similar adducts were gen-
erated upon incubation of acrolein with anserine or homocar-
nosine (data not shown). Collectively, these results indicate that
carnosine and related histidyl peptides form several stable and
structurally distinct conjugates with acrolein. Moreover, sev-
eral of these conjugates contain a free formyl group at the N or
the C terminus or both or as a dihydropipyridine substituent
(FDP-carnosine).

To determine whether these conjugates are reduced by AR,
carnosine-propanal conjugates were incubated with recombi-
nant human AR and NADPH. After incubation, the reaction
was stopped, and the constituents of the mixture were sepa-
rated by HPLC and analyzed by mass spectrometry. The
ESI"/MS spectrum of HPLC-purified reaction products
showed several ions with m/z values of 285, 323, 341, and 343
(Fig. 3A). These ions appear to be derived from the reduction of
ions with m/z values of 283, 321, and 339 (as in Fig. 24). The ion
with m/z 285 was fragmented into ions of m/z 168 [MH-3-
oxobutan-1-aminium+acetic acid] ", 214 [MH 3-oxobutan-1-
aminium]®, and 268 [M-17]" (Fig. 3B). This fragmentation
pattern suggests that the ions could be due to the reduction of
propanal-B-Ala-His or His-B-Ala-propanal. The ion with an
m/z value of 323 generated a characteristic daughter ion of m/z
168 [MH-His] ", indicating that it was formed by the reduction
of FDP-carnosine (Fig. 3C). Similarly, on the basis of an
increased m/z value of 2, the ion with m/z 341 (Fig. 3D) was
ascribed to carnosine semi-propanal generated from the reduc-
tion of one of the free formyl groups of propanal-g-Ala-His-
propanal or dipropanal-B-Ala-His. A low-intensity ion with
m/z 343 was also detected that could arise from the reduction of
both the formyl groups of propanal-B-Ala-His-propanal or
dipropanal-3-Ala-His; however, due to its low abundance, this
ion could not be characterized further. No significant reduction
of the carnosine-HNE conjugate by AR was observed, although
trace level reduction of His-HNE to His-DHN was detected
(data not shown). Taken together, these data indicate that AR
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TABLE 2
Catalytic activity of aldose reductase with propanal conjugates

The enzyme activity was measured at the substrate concentration of 1 mM and is
expressed as nmol of NADPH oxidized/min/mg of protein. Values are the mean *= S. E.
NA: no activity.

Substrate mlz Activity
Glyceraldehyde 124+ 6
Carnosine-propanal (3-Ala-His-propanal or 283 113 £ 10
propanal-3-Ala-His)
FDP-carnosine or propanal-cycloimine 321 20 £ 2
Anserine-propanal (B-Ala-Me-His-propanal or 297 21 +1
propanal-B-Ala-Me-His)
FDP-anserine or propanal-Me-cycloimine 335 23 4
Homocarnosine-propanal (Me-B-Ala-His-propanal 297 79+7
or propanal-Me-Ala-His)
FDP-Homocarnosine or propanal-cyclo-methylimine 335 (NA)
Pyridoxamine propanal 225 140 £9
FDP-pyridoxamine 263 3512
Hydralazine-propanal 273 13+1
FDP-hydralazine 199 101
Aminoguanidine-propanal 169 10 £2
FDP-Aminoguanidine 187 16 =1

catalyzes the reduction of several carnosine-propanal conju-
gates to their corresponding alcohols.

To determine whether the conjugates of other histidyl pep-
tides are also reduced by AR, propanal conjugates of anserine,
homocarnosine, pyridoxamine, hydralazine, and aminoguani-
dine were synthesized. The identity of each of these conjugates
was established by ESI™/MS (data not shown). HPLC-purified
fractions containing individual conjugates were incubated with
AR and NADPH. As shown in Table 2, appreciable reductive
activity was observed with most of the conjugates tested. The
highest activity was observed with carnosine-propanal (m/z
283), which was similar to that obtained with pL-glyceralde-
hyde. Progressively lower activity was observed with homocar-
nosine-propanal and pyridoxamine-propanal. Weak catalytic
activity was also detected with other N-linked conjugates, and
no activity was obtained with the FDP-homocarnosine conju-
gate (m/z 335) or with carnosine-HNE. These results indicate
that AR catalyzes the reduction of several N-linked conjugates,
albeit with variable efficiency.

Reduction of Carnosine-propanal Conjugates in Tissues—Be-
cause the data obtained so far indicate that AR catalyzes the
reduction of carnosine-propanals and that carnosine-propa-
nols were present in urine, additional experiments were
designed to investigate whether these conjugates are generated
endogenously by AR. For these experiments homogenates were
prepared from the skeletal muscle of WT and AR-null mice and
incubated with acrolein for 24 h without dialysis to prevent the
loss of glutathione and carnosine. The conjugates generated in
the homogenate were isolated and purified by HPLC and iden-
tified by ESI™/MS. Detectable quantities of carnosine-propanal
conjugates were found in the skeletal muscle; however, the con-
centration of these conjugates was increased upon incubation
of the homogenates with acrolein (Fig. 4). Notably, higher levels
of carnosine-propanols were generated in WT than in the AR-
null skeletal muscle lysates (Fig. 4B). These observations sug-
gest that in tissue extracts, carnosine forms stable conjugates
with acrolein, and that these conjugates are reduced by AR. To
examine the time course of reduction, carnosine-propanal con-
jugates were incubated with WT and AR-null skeletal muscle
lysates for 2, 6, and 24 h. Reduction of carnosine-propanal con-
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FIGURE 4. Metabolic conversion of carnosine-propanal to carnosine-propanol via aldose reductase. A, ESI* /MS spectra of the skeletal muscle homoge-
nates (2-4 mg of protein) from WT (solid line) and AR-null (dotted line) mice incubated with acrolein for 18 -24 h. B, the relative abundance of reduced versus
non-reduced carnosine conjugates calculated as intensity ratio (reduced/non-reduced) in lysates of WT and AR-null skeletal muscle. Values are the mean = S.E.;

n=3;* p <0.05 WT versus AR-null.

jugates (m/z 283 and m/z 321) increased 2-fold after 6 h compared
with 2 h of incubation (Fig. 5, C and D); however, no further
increase in reductive activity was observed after 24 h compared
with 2 h of incubation. No reduction of carnosine-propanal con-
jugates was observed in AR-null skeletal muscle lysates incubated
with carnosine propanal conjugates (Fig. 5, C and D).

To determine whether carnosine conjugates are also reduced
in tissues other than the skeletal muscle, carnosine-propanals
were incubated with homogenates of mouse brain and heart.
Although skeletal muscle contains the highest levels of carnos-
ine (10 -20 mm), significant levels of carnosine have been also
been measured both in the heart and the brain (23). Therefore,
in these tissues, carnosine-propanal conjugates could be gener-
ated and reduced by AR. To test this, lysates from the brain and
heart of WT and AR-null mice were prepared and incubated
with carnosine-propanals and NADPH. This led to an increase
in peak intensity of the ions with m/z values of 285 and 323 (Fig.
5A, i and ii), which as before were assigned to carnosine-pro-
panols. Significantly, the intensity of these ions was lower in
homogenates of AR-null than in WT hearts (Fig 54, iii and iv).

Because the levels of the conjugates were low and their mass
spectra could be contaminated by noise or other co-eluting spe-
cies, reduction of carnosine-propanals was examined using
high precision Orbitrap mass spectrometry. This analysis
revealed that although carnosine-propanols (1/z 285.1554 and
323.1112) were present in WT cardiac homogenates (Fig. 5, B, i
and i), they were not detected in AR-null homogenates (Fig. 5,
B, iii and iv). Thus, the weak peak intensity in ESI*/MS analysis
at m/z 285 in the AR-null group could not be due to carnosine-
propanal. Similarly, even though a distinct molecular species of
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m/z 323.1334 was observed in AR-null heart (Fig. 5Biv), the m/z
value was sulfficiently different to preclude its identification as
carnosine-propanol (m/z 323.1112). These analyses indicate
that carnosine-propanols are not generated in AR-null hearts.
Similarly, no reduction of carnosine-propanals was observed in
AR-null heart (Fig. 5E) or brain (Fig. 5F) extracts.

In addition to AR, murine tissues also express the enzyme,
FR-1 (46). FR-1 displays high sequence homology with AR, and
like AR it catalyzes the reduction of unsaturated aldehydes and
their glutathione conjugates (47). To determine whether FR-1
also catalyzes the reduction of carnosine-propanals, homogenates
of hearts from WT and FR-1-transgenic mice were incubated with
the carnosine-propanal adducts. As shown in Fig. 5, A and E, sim-
ilar levels of carnosine-propanol adducts (r72/z 285 and 323) were
generated in the FR-1 transgenic and WT hearts, indicating that
unlike AR, FR-1 does not catalyze the reduction of carnosine-pro-
panals. These observations further reinforce the view that in the
mouse heart AR is the major enzyme that catalyzes the reduction
of carnosine-propanals to carnosine-propanols.

Role of AR in the Systemic Metabolism of Carnosine-propanal
Conjugates—Because reduction of carnosine-propanals was
prevented in AR-null tissues, the role of AR in generating uri-
nary carnosine-propanols was investigated using WT and AR-
null mice. In urine collected from WT mice, a distinct molecu-
lar ion with m/z = 212.1032 attributable to histidine-propanal
was detected (Fig. 6A4). The abundance of this metabolite was
significantly increased in the urine from AR-null mice (Fig. 6B),
indicating that in the absence of AR the excretion of the non-
reduced form of the histidine conjugate is increased.
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FIGURE 5. Reduction of carnosine-propanal conjugates in murine tissues. A, ESI"/MS spectra of tissue lysates prepared from mouse heart incubated with
NADPH and carnosine-propanal conjugates. Tissue lysates (1-2 mg of protein) from WT (i and ii) AR-null (jii and iv) and FR-1-transgenic (FR-1-TG; v and vi) mice
were incubated with HPLC-purified carnosine-propanal conjugates in the presence (solid line) and the absence (dotted line) of NADPH. B, Orbitrap analysis of WT
(fandii)and AR-null (iifand iv) heart homogenates. The ratio of ion intensities at m/z 285/283 and 323/321 are shown at different time intervals in lysates prepared
from WT and AR-null skeletal muscle (C and D), WT AR-null and FR-1-transgenic hearts (E) and WT and AR-null brains (F). Data are the mean = SE;n = 4;* p <0.05
versus WT + carnosine-propanal; #, p < 0.05 versus WT + carnosine-propanal + NADPH; $, p < 0.05 versus WT + carnosine-propanal + NADPH (2 h).

Although histidyl-conjugates are expected to be derived
from the hydrolysis of carnosine conjugates, these conjugates
could also be generated by the direct reaction of histidine with
unsaturated aldehydes or from the hydrolysis of histidine-alde-
hyde adducts in proteins. Therefore, to determine whether AR
participates in the systemic metabolism of carnosine-pro-
panals, WT and AR-null mice were fed octyl-p-carnosine. A b
configuration of the peptide bond was used to avoid hydrolysis
by carnosinase. In the urine of mice fed octyl-p-carnosine, high
levels of carnosine-propanol (m/z = 285.1554) were detected
by Orbitrap mass spectrometry (Fig. 6C). The abundance of this
adduct was significantly lower in the urine of AR-null than of
WT mice (Fig. 6D), indicating that the absence of AR prevents the
reduction of carnosine-propanals to carnosine-propanols. These
data provide support to the view that during systemic metabolism,
carnosine-propanals are enzymatically reduced by AR.

Reduction by AR Regulates Protein Carnosinylation—During
enzymatic reduction, the reactive carbonyl function of carnos-
ine-propanals is converted to an alcohol. Because alcohols do
not form Schiff bases with amines, this conversion might
decrease the chemical reactivity of the molecule. To determine
if this may be the case, the relative reactivity of carnosine-pro-
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panals and carnosine-propanols with proteins was studied.
When incubated with BSA, carnosine-propanals formed stable
adducts with BSA. The adducted BSA was recognized by the
anti-carnosine antibody, i.e. proteins bound to carnosine or
“carnosinylated” proteins (Fig. 7A). The carnosine-propanal-
bound protein was also recognized by the anti-protein-pro-
panal antibody. Neither antibody recognized untreated BSA.
These observations suggest that the entire carnosine-propanal
conjugate was bound to the protein.

To understand this reaction in greater detail, carnosine-pro-
panals were incubated with a model peptide (Ac-RVCAKH),
which contains two nucleophilic residues, cysteine and lysine,
in close proximity. The ESI*/MS spectra of the peptide showed
asingle ion with m/z = 755 (Fig. 7Bi); however, incubation with
carnosine-propanals led to the appearance of two new ions with
m/z values of 1058 and 1076, respectively (Fig. 7Bii). Increases
in m/z values by 303 and 321 suggest that propanal cycloamine
or FDP-carnosine (m/z 321) and propanal-B-Ala-His-propanal
or dipropanal-B-Ala-His (m/z 339) form dehydrated adducts
(Schiff base) with the model peptide. When the reaction time
was increased, the intensity of the ion with m/z 1058 or 1076
progressively increased, indicating that the two adducts are
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FIGURE 6. Identification of aldose reductase-generated carnosine metabolites in mouse urine. A, Orbitrap mass spectra of reagent histidine-propanal
conjugate (i) and histidine ['*Clpropanal (ii) and the spectra of the m/z 210218 region of urine collected from WT (iii) and AR-null (iv) mice. The urine samples
were spiked with histidine-["*Clpropanal (m/z = 215.1133) as indicated. B, the abundance of endogenous histidine-propanal conjugate was calculated as a
ratio of its intensity to that of the internal standard in the urine of WT and AR-null mice. C, Orbitrap mass spectra of urine from WT (i) and AR-null (ii) mice fed
octyl-p-carnosine. Mice were fed 50 umol of octyl-p-carnosine by oral gavage, and urine samples were collected over 24 h, purified by HPLC, and analyzed by
Orbitrap mass spectrometer. D, relative abundance of carnosine-propanol was calculated as a ratio of its intensity to that of the internal standard (Tyr-His, m/z

319). Data are the mean = S.E. *, p < 0.05 versus WT (n = 4-5).

generated independent of each other. Approximately, 20-25%
of the model peptide (/2 755) was modified (Fig 7Biv). These
results indicate that carnosinylated proteins could be generated
by the reaction of the carbonyl groups of carnosine-propanals
with nucleophilic residues in peptide side chains. Therefore,
only carnosine-propanals, but not carnosine-propanols, should
carnosinylate proteins. To test this notion, carnosine-pro-
panals were incubated with AR. The carnosine-propanols gen-
erated by AR were isolated, purified, and incubated with Ac-
RVCAAKH. As shown in Fig. 7Biii, no carnosinylated peptide
was detected when the peptide was incubated with carnosine-
propanols. Thus, it appears that only carnosine-propanals can
generate carnosinylated protein, whereas carnosine-propanols
cannot do so.

To examine the role of AR-catalyzed reduction in preventing
protein carnosinylation, additional experiments were designed
to determine whether AR prevents the formation of such
adducts in tissues. Although Western blot analysis of skeletal
muscle extract using the anti-protein-carnosine antibody
revealed only faint immunoreactivity with a few proteins, sev-
eral carnosinylated proteins were detected in the lysates of skel-
etal muscles that were incubated with carnosine-propanals
(Fig. 7Ci). When lysates from WT mice were co-incubated with
NADPH, the intensity of several carnosinylated protein bands
(e.g proteins of 30, 45, and 130 kDa) was significantly dimin-
ished (Fig. 7C, ii—iv). Notably, co-incubation with NADPH did
not decrease protein carnosinylation in AR-null skeletal muscle
lysates incubated with carnosine-propanals (Fig. 7C, ii-iv).
These data reinforce the view that AR prevents protein-car-
nosinylation by reducing carnosine-propanals.

To determine whether AR also prevents endogenous car-
nosinylation of proteins, we measured the abundance of car-
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nosinylated protein in aged tissue from WT and AR-null mice.
Tissue aging is associated with an increase in oxidative stress,
which could potentially lead to the accumulation of carnosiny-
lated proteins. As shown in Fig. 7D, Western blot analyses of
brain, heart, and skeletal muscle from 26-week old mice showed
a high abundance of carnosinylated proteins in these tissues.
The levels of carnosinylated proteins were higher in AR-null
than WT tissues, indicating that AR prevents the endogenous
formation of carnosinylated proteins.

Carnosinylated proteins can be generated by several mecha-
nisms. Therefore, to determine whether protein adduction by
carnosine might be due to the reaction of carnosine-propanals,
carnosinylated proteins were immunoprecipitated from lysates
of aged skeletal muscle using the anti-protein-carnosine anti-
body. The immunoprecipitated proteins were separated by
SDS-PAGE, and Western blots were developed using the anti-
protein-propanal antibody. As shown in Fig. 7Dvii several, but
not all of the proteins immunoprecipitated by the anti-carnos-
ine antibody showed positive immunoreactivity with the anti-
protein-propanal antibody. Moreover, perfusion of isolated
mouse hearts with acrolein resulted in the appearance of a
45-kDa band that was recognized by the anti-protein-carnosine
antibody (Fig. 7E). These results indicate that at least some of
the carnosinylated proteins are generated by the binding of car-
nosine-propanals to proteins or the binding of carnosine to
protein-propanal adducts.

Role of AR in Regulating Protein Carnosinylation in the Ische-
mic Heart—To assess the pathophysiological significance of
AR-catalyzed reduction of carnosine-propanal adducts, the
effects of carnosine on ischemia-reperfusion injury in WT and
AR-null hearts were studied. As shown in Fig. 84, reperfusion
of the ischemic heart led to <20% recovery of developed pres-
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FIGURE 7. Formation of protein-carnosine adducts. A, representative Western blots of albumin incubated with the carnosine-propanal. The blots were
developed with either the anti-protein-carnosine or the anti-protein-propanal antibodies (Ab). B, ESI*/MS spectra of Ac-RVCAKH before (i) and after (ii)
incubation with carnosine-propanal for 30 min or with carnosine-propanol for 60 min (iii) and percent modification of the model peptide by the carnosine-
propanal conjugate (iv). C, Western blot of skeletal muscle lysates prepared from WT and AR-null mice incubated with 200-300 M carnosine-propanal and 1
mm NADPH for 18 h developed using the anti-protein-carnosine antibody (i) and the relative intensity of bands of apparent molecular masses 130 (ii), 45 (iii),
and 30 (iv) kDa normalized to total protein in the gel measured by Amido Black staining. Data are the mean = S.E.; ¥, p < 0.01 versus WT + carnosine-propanal;
#,p < 0.01 versus AR-null + carnosine propanal + NADPH (n = 3-4). D, accumulation of carnosinylated proteins in aged tissue from WT and AR-null mice. Total
tissue lysates were prepared from the brain (i), heart (i), and skeletal muscle (iii), and Western blots were developed using anti-protein-carnosine antibody. The
relative intensity in specific immune-positive bands is shown in corresponding bar graphs (iv, v, and vi, respectively). vii, a representative Western blot
developed using anti-propanal-protein antibody of skeletal muscle lysates immunoprecipitated (/P) with anti-protein-carnosine antibody. Data are
expressed as the mean * S.E. *, p < 0.01 versus WT tissues (n = 3-4). E, accumulation of carnosine-propanal-protein adducts in WT mouse hearts
perfused with 10 um acrolein (10 min). Blots were developed with anti-protein-carnosine antibody (inset). Data are expressed as mean = S.E.*, p < 0.01
versus untreated hearts (n = 3-4).
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FIGURE 8. Aldose reductase-dependent protection of the ischemic heart by carnosine. A, changes in developed pressure in isolated mouse hearts
subjected to 30 min of ischemia followed by 45 min of reperfusion. In the carnosine-treated group the hearts were continuously perfused with 1 mm carnosine
before induction of ischemia and during reperfusion. Data are the mean = S.E.; n = 4-7 hearts/group; *, p < 0.01 versus WT without carnosine or AR-null hearts
with and without carnosine. B, levels of total released lactate dehydrogenase (LDH) (i) and CK (ii) in post-ischemic myocardial effluent collected from WT and
AR-null hearts treated with and without carnosine. Data are expressed as the mean = S.E; n = 4-7 hearts/group. *, p < 0.01 versus WT without carnosine. C,
Western blots from Langendorff-perfused hearts from WT and AR-null mice subjected to either 30 min of perfusion (P) or perfusion followed by 30 min of
ischemia (i). At the end of the protocol, proteins from the heart homogenates were separated by SDS-PAGE and immunoblotted with anti-protein-carnosine
antibody. Relative intensity of immuno-reactive bands of 45 (ii), 37 (iii), and 30 (iv) kDa was measured and normalized to total protein in the gel measured by
Amido Black staining. Data are expressed as the mean =+ S.E,; *, p < 0.01 versus perfused hearts; #, p < 0.01 versus WT ischemic hearts (n = 3-4 mice).

sure, indicating significant post-ischemic dysfunction. How-
ever, when the WT hearts were perfused with 1 mm carnosine
before ischemia, a more pronounced improvement in post-is-
chemic recovery was observed. Treatment with carnosine also
decreased the release of myocardial enzymes (lactate dehydro-
genase and CK) (Fig. 8B), indicating that carnosine prevents
myocardial cell death precipitated by ischemia-reperfusion. In
comparison with WT hearts, the AR-null heart showed slightly
poorer recovery of function upon reperfusion. Moreover, pre-
treatment of AR-null hearts with carnosine neither improved
post-ischemic recovery of function nor attenuated CK and lac-
tate dehydrogenase release (Fig. 8). These observations suggest
that consistent with previous work (24), carnosine attenuates
myocardial ischemia-reperfusion injury but both AR and car-
nosine are required for the manifestation of the cardioprotec-
tive effects of carnosine.

In addition to functional responses to carnosine treatment,
WT and AR-null heart also differed in the extent of protein
carnosinylation. As shown in Fig. 8C, induction of global ische-
mia in isolated perfused mouse hearts led to an increase in the
formation of carnosinylated proteins (e.g. 45 kDa; Fig. 8Ci). This
observation indicated that the accumulation of carnosinylated
proteins is increased in the ischemic heart. However, in com-
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parison with WT hearts, there was a greater accumulation of
carnosinylated proteins in the AR-null hearts, and higher levels
of several carnosinylated proteins (e.g. at 30, 37, and 45 kDa)
were detected (Fig. 8C, ii—iv). The greater accumulation of car-
nosinylated proteins in the AR-null versus WT hearts is con-
sistent with the notion that AR prevents the accumulation of
carnosinylated proteins in the ischemic heart.

Analysis of Carnosinylated Proteins by LC-MS/MS—To
identify which proteins were carnosinylated, proteins from
ischemic hearts were immunoprecipitated using the anti-car-
nosine antibody and analyzed by ThermoScientific LTQ-Or-
bitrap ELITE hybrid mass spectrometer. Because higher levels
of carnosinylated proteins accumulated in the absence of AR,
AR-null rather than WT hearts were used for the identification
of carnosinylated proteins. SDS-PAGE analysis led to the iden-
tification of seven silver-stained bands in the immunoprecipi-
tate. These bands were digested with trypsin and Arg-C pro-
teases without reduction and alkylation. MS analysis identified
36 proteins in this digest (Table 3) that could be localized to the
extracellular space, nucleus, mitochondria, and cytoplasm.
These included functionally important myocardial proteins
such as adenylate kinase, ATP synthase, glyceraldehyde-3-
phosphate dehydrogenase, myosin, collagen, and sarcoplasmic/
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Proteins immuno-precipitated by the anti-carnosine antibody and identified by LC-LTQ-Oribitrap-ELITE hybrid mass spectrometer

Sequence number Accession number Proteins Location
1 Q62036 5-Azacytidine-induced protein 1 Unknown
2 Q920P5 Adenylate kinase isoenzyme 5 Cytoplasm
3 254910995 a-N-Acetylglucosaminidase Cytoplasm
4 Q03265 ATP synthase subunit «, mitochondrial Mitochondria
5 Q2MHE5 Docking protein 6 Cytoplasm
6 Q8BZ98 Dynamin-3 Cytoplasm
7 Q8ROWO Epiplakin Cytoplasm
8 46849812 Fibronectin Extracellular
9 P16858 Glyceraldehyde-3-phosphate dehydrogenase Cytoplasm
10 Q9WVD4 H™/CI(—) exchange transporter 5 Plasma membrane
11 P02089 Hemoglobin subunit 3-2 Unknown
12 Q92202 Keratin, type II cytoskeletal 5 Unknown
13 Q8VED5 Keratin, type II cytoskeletal 79 Unknown
14 P17897 Lysozyme C-1 Unknown
15 Q3U1J9 Myocardial zonula adherens protein Cytoplasm
16 Q02566 Myosin-6 Cytoplasm
17 Q8VDD5 Myosin-9 Cytoplasm
18 P70441 Na™*/H" exchange regulatory cofactor NHE-RF1 Cytoplasm
19 309267203 PREDICTED: keratin, type II cytoskeletal 78-like, partial Unknown
20 QIQYX7 Protein piccolo Cytoplasm
21 Q6ZQ06 Protein QN1 homolog Cytoplasm
22 113866011 Protocadherin 39 Plasma membrane
23 055143 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 Cytoplasm
24 P07724 Serum albumin Secreted
25 Q80VP2 Spermatogenesis-associated protein 7 homolog Unknown
26 269315863 Collagen a-5 (VI) chain Extracellular
27 283135194 Probable cation-transporting ATPase 13A1 Unknown
28 340745359 Hemolytic complement-like isoform 3 Unknown
29 161484654 Collagen a-1 (IV) chain Unknown
30 242397450 Paired basic amino acid cleaving system 4 Unknown
31 241982771 Phosphatidylinositol 4-kinase type 3 « Cytoplasm
32 262118187 UPF0378 protein KIAA0100 Unknown
33 170671724 UV radiation resistance associated gene Nucleus
34 113865905 Zinc finger ZZ-type and EF-hand domain-containing protein 1 Unknown
35 Q8VHK1 Caskin 2 Cytoplasm
36 154240724 Ectonucleotide pyrophosphatase/phosphodiesterase family member 3 Plasma membrane
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FIGURE 9. Mass spectrometric identification of carnosine-propanal-modified paired basic amino acid-cleaving system protein. Representative HCD
fragmentation spectrum for +3-charged ion with a monoisotopic m/z 545.63898 Da was observed at +4.99 millimass unit (mmu)/9.14 ppm mass error using
a 1D-LC-LTQ-Oribitrap-ELITE mass spectrometer. Analysis of the collected data by Sequest and Mascot (v1.20) identified a peptide (XCorr, 1.70; probability,
0.00) with the sequence WLQQQEVKRR, Kg-C,,H,¢N,O; (264.1224 Da), and a MH™ of 1634.90238 Da. The fragmentation of the peptide yielded four c-ion and
three z-ion series with sub 2.5 ppm mass accuracy. The inset shows the putative structures of the adducts that could be due to the formation of lysine-propanal-
B-alanyl-histidine (i) or B-alanyl-histidine-propanal-lysine (ii) adducts.

endoplasmic reticulum calcium ATPase (SERCA), autophagy Further analysis of carnosinylated proteins in the ischemic
regulatory proteins, kinases, and peptidases. Collectively, these heart led to direct identification of carnosine bound to 6 pro-
observations indicate extensive carnosinylation of myocardial teins. In these proteins, lysine, histidine, and cysteine residues
proteins in the ischemic heart. were found to be bound to carnosine-propanal conjugates (m1/z
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TABLE 4
Modification of cardiac proteins by carnosine-propanals

Site-specific modification of lysine (k), histidine (h), and cysteine (c) residues by carnosine propanal conjugates that are noted with the lowercase and bold letters.

Sequence number  Accession number Proteins Modification  m/z Peptide sequence

1 161484654 Collagen a-1(IV) chain C12H16N403 264 AhGQDLGTAGSCLR
2 242397450 Paired basic amino acid cleaving system 4 C12H16N403 264 WLQQQEVKRR

3 241982771 Phosphatidylinositol 4-kinase type 3a C15H20N404 320  GSQLhKYYMKR

4 262118187 UPF0378 protein KIAA0100 C15H20N404 320 LAGTEQSGQPcSR

5 170671724 UV radiation resistance associated gene CI2H16N403 264  HhISNAIPVPKR

6 113865905 Zinc finger ZZ-type and EF-hand domain-containing protein 1~ C12H16N403 264 AVIVDVKTRKR

283 and 339). As shown in Fig. 9, the carnosine-propanal con-
jugate (m/z, 283) was found to form a dehydrated adduct (m/z,
264 [3- [1-[1-[(3Z)-3-(5-amino-6-hydroxy-6-oxo-hexyl)imino-
propyl]imidazol-4-yl]methyl]-2-hydroxy-2-oxo-ethyl]amino]-
3-oxo-propyl]ammonium) with the lysine residue of paired ba-
sic amino acid cleaving system and zinc finger ZZ-type proteins
(Table 4). A similar adduct was detected with a histidine residue of
UV radiation resistance gene, a known regulator of autophagy (48,
49) and collagen a-1(IV) chain (Table 4). Similarly, dipropanal-g-
Ala-His conjugates (m/z 339) were also found to form dehydrated
adducts with the histidine residue of phosphatidylinositol kinase
type 3a and the cysteine residue of UPF0378 proteins. Together,
these data suggest that cardiac ischemia results in the carnosiny-
lation of several cardiac proteins and that these adducts arise from
the binding of the carnosine-propanal conjugates with the nucleo-
philic side chains of proteins.

DISCUSSION

The results of this study show that endogenously generated
unsaturated aldehydes such as HNE and acrolein are metabo-
lized via carnosine conjugation and that carnosine-aldehyde
conjugates are reduced before their elimination in urine. We
found that this reductive transformation was catalyzed by AR
and prevented in AR-null tissues and AR-null mice, indicating
that AR plays an important role in the metabolism of carnosine-
acrolein conjugates. Unlike carnosine-propanals, carnosine-
propanols did not react with nucleophilic protein residues, sug-
gesting that reduction by AR prevents protein modification by
carnosine-propanals. Indeed there was greater accumulation of
carnosinylated proteins in the heart, brain, and skeletal muscle
of aged AR-null than WT mice. Moreover, even though carnos-
ine attenuated ischemia-reperfusion injury in WT mice, its pro-
tective effects were not observed in AR-null hearts, and there
was an increase in ischemia-induced accumulation of carnosi-
nylated proteins in AR-null hearts. Taken together, these
observations suggest that reduction of carnosine-propanals by
AR prevents protein carnosinylation that could otherwise
induce tissue dysfunction.

Previous studies have shown that carnosine forms stable
conjugates with unsaturated aldehydes such as HNE and acro-
lein (32). In agreement with these data, we identified several
structurally distinct carnosine-propanal (acrolein) conjugates.
A variety of conjugates was generated by the formation of
Michael adducts and Schiff bases between acrolein and carnos-
ine as well as the addition of two acrolein molecules to a single
carnosine dipeptide. We also found that acrolein also formed
covalent conjugates with other related histidyl dipeptides such
as homocarnosine and anserine, indicating that reaction with
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unsaturated aldehydes may be a general property of biological
histidyl dipeptides.

Our measurements of urinary metabolites in both mice and
humans revealed that the carnosine-aldehyde conjugates are
mostly excreted as reduced conjugates, suggesting that reduc-
tion is an important metabolic transformation step in the elim-
ination of these conjugates. Although the metabolic processes
involved in the reduction of these conjugates in humans remain
unknown, our studies in mice indicate that reduction of acrolein
conjugates is catalyzed by AR. This conclusion is based on the
observations that the reduction of carnosine-aldehyde adducts
was catalyzed by purified AR protein in vitro and that genetic dele-
tion of AR in mice attenuated the appearance of the reduced form
of the conjugate in the urine. Collectively, these data reveal a pre-
viously unknown metabolic pathway involved in the detoxification
of carnosine-aldehyde adducts and define a new role of AR in the
metabolism of lipid peroxidation products.

AR is a multifunctional enzyme, and its kinetic and structural
properties are well suited for the detoxification of peptidyl con-
jugates. Previous work from our laboratory has shown that the
enzyme catalyzes the reduction of the glutathione conjugates of
unsaturated aldehydes (17, 45). In agreement with these find-
ings, current data showing that the catalytic efficiency of AR
with carnosine-propanals is comparable with that of DL-glycer-
aldehyde reinforce the promiscuity of this enzyme and suggest
that in addition to reducing S-linked aldehyde conjugates, the
enzyme is also capable of reducing N-linked adducts generated
by the stabilization of Michael adducts and Schiff bases.

In addition to carnosine-propanals, AR also catalyzed the
reduction of conjugates containing other histidyl peptides
(homocarnosine and anserine) as well as the conjugates of pyr-
idoxamine, hydralazine, and aminoguanidine. Although most
of these conjugates were reduced less efficiently than the car-
nosine conjugates, the catalytic activity of the enzyme with
these substrates support the possibility that AR may be involved
in the metabolism of several endogenous conjugates of acrolein
and other related aldehydes. Surprisingly, only weak catalysis of
the HNE conjugates was observed. We previously found that
AR catalyzes the reduction of both GS-HNE and GS-propanal
with similar efficiency; hence, we expected that both carnosine-
HNE and carnosine-propanal will be reduced efficiently by AR.
However, the poor activity of the enzyme with carnosine-HNE
may be due to the proclivity of the HNE conjugates to cyclize,
which could occlude the free aldehyde group required for rec-
ognition by AR. Nevertheless, detectable levels of histidine-
DHN were found in human urine and trace levels of activity of
the enzyme with histidine-HNE, suggesting that in vivo HNE
conjugates might be reduced by AR.
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Results obtained with AR-null mice suggest that the reduc-
tion by AR is a significant route for the detoxification of carnos-
ine-propanal conjugates. These data show the reduction of car-
nosine-propanals was attenuated in AR-null tissues, and the
levels of reduced conjugates was diminished in AR-null mice sug-
gest that metabolism via AR is a unique, non-redundant pathway
for the reductive transformation of carnosine-propanals. None-
theless, on the basis of the current data alone, involvement of other
reductases cannot be completely ruled out.

The levels of carnosine-acrolein conjugates in the urine were
surprisingly higher than those of carnosine-HNE. HNE is one of
the most abundant unsaturated aldehydes generated during
lipid peroxidation, and in some conditions it represents >95%
of the unsaturated aldehydes generated in oxidized lipids (50).
However, recent studies show that in addition to reduction and
oxidation, the carbon skeleton of HNE is broken down to 4-P-
nonanoyl-Co A, 4-acyl-CoA esters, 4-hydroxynonaoate, 4-hy-
droxynonenoate, and 2-hydroxyheptanoate (51), and therefore,
the levels of HNE available to form carnosine-HNE or carnos-
ine-DHN may be decreased due to such metabolism. Addition-
ally, it is likely that in comparison with acrolein, HNE is metab-
olized to a greater extent via glutathione-linked metabolism. It
is also likely that the higher abundance of acrolein conjugates in
the urine represent higher levels of acrolein production. Unlike
HNE, which is generated mainly by lipid peroxidation, acrolein
is also produced in cells from sources such as the oxidation of
amino acids by myeloperoxidase (38) or the metabolism of
biogenic amines (37), and therefore, its production may be
higher than HNE. In addition to endogenous sources, acro-
lein is also present in several foods, tobacco smoke, and auto-
mobile exhaust (39). In the current study, urine from non-
smoking adults only was analyzed; however, despite this
selection, high levels of acrolein-derived carnosine conju-
gates were detected in the urine, indicating that acrolein is
generated in appreciable quantities during the course of nor-
mal human metabolism.

The present study also led to the identification of a new
mechanism of post-translational protein modification. Previ-
ous in vitro studies have shown that carnosine reacts with pro-
tein carbonyls generated by oxidation and glycation (52) and
that carnosine could be adducted to proteins by the lipid per-
oxidation-derived ketoaldehyde, 4-oxo-2-nonenal (53). How-
ever, to the best of our knowledge, carnosinylated proteins have
not yet been detected in biological tissues. Thus, data showing
that carnosine-propanals bind to peptides and proteins and
that perfusion of the heart with acrolein induces protein
carnosinylation reveal a unique mechanism by which such
proteins could arise in biological tissues. Moreover, these
investigations show for the first time that the formation of carnosi-
nylated proteins is increased under conditions of oxidative stress
such as myocardial ischemia and aging. These observations sug-
gest that protein carnosinylation may be a sensitive index of
increased aldehyde generation in normal and diseased tissues.

The results of this study also provide assessments of the
pathophysiological significance of protein carnosinylation. The
observation that more carnosinylated proteins accumulate in
aged and ischemic tissue from AR-null mice suggests that AR
prevents protein carnosinylation by catalyzing the reduction of
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carnosine-propanal conjugates and that carnosine protects
against tissue injury by forming stable conjugates with alde-
hydes generated by lipid oxidation. This view is consistent with
the observation that perfusion with carnosine improved myo-
cardial recovery after ischemia. The beneficial effects of carnos-
ine against ischemic injury have been described before (24);
however, the mechanisms by which carnosine exerts its anti-
ischemic effects are not known. It has been speculated that
carnosine could protect against ischemia by buffering changes
in intracellular pH, by increasing the calcium sensitivity of the
myofilaments, or by quenching singlet oxygen (23). The present
data do not rule out any of these possibilities but instead suggest
that carnosine protects against ischemia-reperfusion injury by
removing aldehyde derived from lipid oxidation. Carnosine
forms covalent conjugates with reactive aldehydes and thereby
prevents them from reacting with proteins. However, conjuga-
tion with carnosine is not sufficient for detoxifaction because
the aldehyde in the conjugate has to be reduced by AR for
the conjugate to be fully inactivated. This is consistent with the
observations that the cardio-protective effects of carnosine
were abolished in AR-null hearts and that these hearts accumu-
lated more carnosinylated proteins during ischemia than WT
hearts. These results point toward an important role of AR in
regulating the antioxidant effects of carnosine. However, this
role of AR is not in agreement with the previous work showing
that inhibition of AR prevents ischemia-reperfusion injury in
rat hearts (54 —56) and that hearts of AR-null mice are margin-
ally protected from ischemia-reperfusion ex vivo (57). How-
ever, in contrast, previous studies from our laboratory have
shown that inhibition of AR abolishes myocardial ischemic pre-
conditioning (19) and increases infarct size in conscious rats,
and our current data do not show attenuated injury in AR-null
hearts (58). The reasons for such disparate results are unclear
but may relate to different experimental conditions (buffer
composition, extent of injury, animal age, etc). Clearly, further
studies are required to identify the conditions in which inhibi-
tion of AR prevents ischemic injury and those under which AR
is cardioprotective.

In summary, the results of this study reveal the presence of a
new metabolic pathway for the removal and detoxification of
carnosinylated acrolein. This pathway appears to involve
reductive transformation of the conjugates by AR, and this
process seems to be essential for the cardioprotective effects of
carnosine. These findings indicate that carnosine and AR are
important components of antioxidant protection against exog-
enous acrolein as well as acrolein generated during lipid peroxi-
dation, oxidative metabolism, and inflammation. Carnosine is a
natural component of the human diet, and it is also synthesized
from B-alanine in food, and oral intake of carnosine or B-ala-
nine has been shown to prevent hyperglycemic injury and age-
dependent tissue degeneration and increases exercise capacity
(23). Hence treatment with carnosine or carnosine-like drugs
or peptides might be useful in treating several pathological con-
ditions associated with oxidative stress such as cardiovascular,
neurodegenerative, and skeleton-muscular diseases, especially
under conditions in which the conjugates of carnosine are
metabolized and detoxified by AR.
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