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Breakdown of lipid peroxides results in the formation of aldehydic compounds which are toxic to
biological systems and deleterious to food quality. To determine the potential of skeletal muscle
compounds to protect biomolecules from lipid oxidation products, the ability of carnosine and various
other related compounds to quench monounsaturated and polyunsaturated aldehydes was inves-
tigated. Carnosine, the most abundant dipeptide in skeletal muscle, is capable of quenching R,â-
monounsaturated aldehydes and 4-hydroxy-2-trans-nonenal (HNE) more effectively than its
constituent amino acid. Carnosine (5 mM) reduced 44% of headspace trans-2-hexenal (0.5 mM) after
1 h incubation at 40 °C and pH 7.4. Other histidine-containing dipeptides and the amine compounds,
spermine and spermidine, had similar or slightly lower quenching activity than carnosine.
Glutathione and thioctic acid had superior quenching ability than carnosine, but their overall
contribution to aldehyde quenching compared to carnosine is limited due to their lower concentration
in skeletal muscle. The results suggest that carnosine could be important for decreasing the toxicity
of lipid oxidation products in biological systems and for minimizing rancidity in muscle foods.
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INTRODUCTION

Carnosine (â-alanyl-L-histidine) was first detected in
beef extract by Gulewitsch and Amiradzibi (1900) at the
beginning of the century. Since then, carnosine and the
related dipeptides, anserine, ophidine, and homocar-
nosine, have been found at concentrations of up to 50
mM in the skeletal, cardiac, and nervous tissues of
vertebrates (Davey, 1960; Crush, 1970; Harris et al.,
1990; O’Dowd et al., 1990). Although several roles of
carnosine have been postulated, its precise functions in
biological systems are still obscure. Carnosine was
reported to serve as a buffer in muscle to offset the
production of lactic acid during exercise (Bate-Smith,
1938; Harris et al., 1990). Carnosine also chelates copper
(Brown, 1981; Decker et al., 1992), cobalt (Brown and
Antholine, 1979), and zinc (Yoshikawa et al., 1991).
Researchers have found that carnosine can act as
neurotransmitter in the brain (Snyder, 1980) and car-
nosine activates various enzymes including muscle
calpain II (Johnson and Hammer, 1989), myofibrillar-
APTase (Parkers and Ring, 1970), and phosphorylase
b (Johnson et al., 1982).

Autoxidation of polyunsaturated fatty acids in both
biological and food systems is known to be accompanied
by the formation of a complex mixture of secondary
breakdown products of lipid peroxides including alde-
hydic compounds (Poli et al., 1985; St. Angelo et al.,
1987). These compounds can further react with biomol-
ecules and cause a number of adverse effects including
loss of enzyme activity (Szweda et al., 1993), mutage-
nicity and toxicity to mammalian cells (Yau, 1979), and
modification of DNA (Reiss et al., 1972) and low-density

lipoprotein (Sternberg et al., 1989; Alaiz et al., 1994).
Lipid oxidation products also cause alterations in flavor,
color, functional properties, and nutritive value of foods
(St. Angelo et al., 1987; Decker et al., 1997).

The role of various antioxidants found in biological
and food systems is to interfere or delay the production
of primary lipid oxidation products. However, little is
known about the protection of biomolecules from the
deleterious effects of secondary lipid oxidation products
if the antioxidant defense line is penetrated. Of these
secondary lipid oxidations, R,â-monounsaturated alde-
hydes are one of the most reactive. R,â-Monounsat-
urated aldehydes react with nucleophilic compounds
including amines and sulfhydryls. The objective of this
study was to investigate the ability of carnosine and
other amines and sulfhydryls found in skeletal muscle
to interact with various unsaturated aldehydes which
typically arise from the breakdown of lipid peroxides.
If carnosine is capable of effectively quenching aldehydic
lipid oxidation products, this could help explain its
function and behavior in both biological systems and
foods.

MATERIALS AND METHODS

Materials. trans-2-Hexenal, trans-4-decenal, trans-2-non-
enal, trans,trans-2,4-hexadienal, trans,trans-2,4-decadienal,
glutathione (reduced), and spermidine were purchased from
Aldrich Chemical Co. Inc. (Milwaukee, WI). Leucine, â-alanyl-
â-alanine, leucylglycine, valylhistidine, leucylhistidine, and
isoleucylhistidine were purchased from BACHEM Bioscience
Inc. (King of Prussia, PA). Methylene chloride and acetonitrile
(HPLC grade) were from Fisher Scientific (Fair Lawn, NJ).
The following chemicals were obtained from Sigma Chemical
Co. (St. Louis, MO): L-carnosine (>99%, Lot 27H0883), ho-
mocarnosine, glycylhistidine, alanylhistidine, DL-6,8-thioctic
acid (reduced form), 4-hydroxy-2-trans-nonenal (HNE), sper-
mine, L-alanine, â-alanine, L-valine, glycine, DL-lysine, γ-ami-
nobutyric acid, and imidazole.
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Removal of Hydrazine from Carnosine. Amino acids
and dipeptides were examined for hydrazine concentration as
described by Zhou et al. (1998). Hydrazine was not detected
in all amino acids and dipeptides except for carnosine, which
was contaminated at a level of 0.01% (wt). The removal of
hydrazine from carnosine is based on the fact that hydrazine
readily reacts with hexanal, while little interaction occurs
between carnosine and hexanal under the same conditions
(Zhou et al., 1998). To 80 mL of 0.12 M KCl, 5 mM phosphate
buffer containing 50 mM carnosine (pH 7.4) was added 5 µL
of hexanal, and the mixture was vigorous shaken for 2 min to
facilitate the dispersion of hexanal into the buffer solution.
The flask was capped, sealed with Parafilm, and incubated at
40 °C for 20 min. The carnosine solution was then extracted
in a separatory funnel three times with 30 mL of methylene
chloride to remove the unreacted hexanal and hydrazone. The
top carnosine solution was separated from the bottom meth-
ylene chloride layer, and the remaining methylene chloride
in the carnosine solution was removed at 40 °C under a flow
of nitrogen with constant stirring. The exact concentration of
carnosine was determined by high-performance liquid chro-
matography (HPLC) as described in the section of HPLC
analysis of carnosine. After purification, hydrazine concentra-
tions in carnosine were reduced to 2 × 10-4% (wt). The purified
carnosine stock solution was used for all subsequent studies.

Interaction of Carnosine, Amino Acids, Related Dipep-
tides, Amine Compounds, Glutathione, and Thioctic
Acid with Aldehydes. Carnosine, amino acids, related dipep-
tides, amine compounds, glutathione, and thioctic acid (0.1-
10 mM) in 0.12 M KCl, 5 mM phosphate buffer (pH 7.4) were
mixed with individual aldehydes (0.5 mM). The mixed solution
(1 mL) was sealed in headspace vials preflushed with nitrogen
and incubated at 40 °C in the carousel of a Hewlett-Packard
(HP) 19395A headspace sampler (Avondale, PA). Headspace
aldehydes were automatically sampled and injected into the
gas-liquid chromatograph (GLC) column by the headspace
sampler. Calculation of headspace aldehyde concentrations
was based on differences on flame ionization detector (FID)
responses between the buffer containing aldehydes only and
the buffer containing carnosine or related compounds plus
aldehydes.

Headspace Sampler and Gas-Liquid Chromatograph
(GLC) Conditions. Headspace analyzer conditions were the
following: oil sample bath temperature, 40 °C; sample loop
and transfer line temperature, 100 °C; pressurization, 10 s;
venting, 10 s; injection, 1 min. GLC analyses were conducted
with a HP 5890 gas chromatograph coupled with a HP 3392A
integrator. Aldehydes were separated on a HP methyl silicone
(DB-1) fused silica capillary column (50 m, 0.31 mm i.d., 1.03
µm film thickness). The oven temperature was maintained at
110 °C. Injector temperature was 200 °C, and eluted com-
pounds were detected with a FID set at 250 °C.

HPLC Measurement of Carnosine and Its Reaction
Products with trans-2-Hexenal. Carnosine (5 mM) and
trans-2-hexenal (0.5 mM) were mixed in 0.12 M KCl, 5 mM
phosphate buffer (pH 7.4). The mixture was incubated at 40
°C, and carnosine concentration was analyzed after 0.5, 1, 3,
and 5 h. The HPLC system consisted of a Waters Model 510
pump, a Waters 740 integrator (Milford, MA), and a Hitachi
L-4200 UV-vis detector operating at 210 nm (Hitachi Instru-
ments, Inc.). Separation of carnosine was achieved using a
HYPERSIL ODS (C18) column (5 µm; 4.6 × 250 mm; Alltech
Associates Inc., Deerfield, IL). The mobile phase ran at 1.5
mL/min and consisted of 0.1 M phosphate buffer (pH 7.4) and
methanol (85:15, v/v).

HPLC Measurement of 4-Hydroxy-2-trans-nonenal
(HNE) Concentration during Its Interaction with Car-
nosine and Leucylhistidine. Carnosine and leucylhistidine
(5 mM) were incubated with HNE (0.5 mM) in 0.12 M KCl, 5
mM phosphate buffer (pH 7.4) at 40 °C for 3 h. Changes in
HNE concentrations during incubation were monitored by
HPLC. The HPLC conditions were the same as described
above, except that the UV-vis detector was set at 220 nm and

the mobile phase consisted of 60% double distilled water and
40% acetonitrile (Lang et al., 1985).

RESULTS AND DISCUSSION

In a comparison of the ability to quench trans-2-
hexenal, carnosine was much more reactive than its
constituent amino acids (Figure 1). After 1 h of incuba-
tion, carnosine decreased 44% of headspace trans-2-
hexenal, compared to 8% for histidine. â-Alanine did not
reduce headspace trans-2-hexenal during the 5 h incu-
bation period. In addition to carnosine, skeletal muscle
contains other compounds which can potentially interact
with unsaturated aldehydes including amino acids,
peptides, polyamines, and sulfhydryls. Table 1 shows
the ability of various amino acids and dipeptides to
quench trans-2-hexenal at 40 °C and pH 7.4. Non-
histidine amino acids (except for lysine) had little

Figure 1. Changes in headspace trans-2-hexenal concentra-
tions during 5 h of incubation (40 °C) in a model consisting of
0.12 M KCl, 5 mM phosphate buffer (pH 7.4), 0.5 mM trans-
2-hexenal and carnosine, histidine, or â-alanine (5 mM). Data
represent means ( standard deviation of triplicate analyses.

Table 1. Decrease in Headspace trans-2-Hexenal
Concentration after 1 h of Incubation of Various
Dipeptides and Amino Acids (5 mM) with
trans-2-Hexenal (0.5 mM) in 0.12 M KCl, 5 mM Phosphate
Buffer at 40 °C and pH 7.4a

peptide or amino acid
remaining headspace
trans-2-hexenal (%)

L-alanine 99.1 ( 1.6
â-alanine 100.4 ( 1.0
L-valine 98.6 ( 1.9
glycine 99.1 ( 2.0
leucine 96.2 ( 0.2
γ-aminobutyric acid 99.0 ( 1.0
DL-lysine 92.7 ( 0.2
â-alanyl-â-alanine 95.1 ( 0.9
alanylglycine 96.5 ( 1.0
glycylalanine 94.5 ( 1.6
leucylglycine 88.9 ( 0.2

imidazole 93.5 ( 3.6
L-histidine 91.7 ( 0.7
â-alanylhistidine (carnosine) 56.0 ( 0.4
(γ-aminobutyryl)histidine

(homocarnosine)
77.5 ( 2.0

glycylhistidine 75.5 ( 0.6
alanylhistidine 77.0 ( 0.2
valylhistidine 59.0 ( 0.4
leucylhistidine 62.1 ( 1.1
isoleucylhistidine 54.4 ( 0.6

a Data represent means ( standard deviation of triplicate
analyses.
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interaction with trans-2-hexenal (e4% reduction) sug-
gesting that the R-amino group of amino acids do not
react strongly with the carbonyl group of R,â-unsatur-
ated aldehydes under the conditions of this model
system. Lysine decreased headspace trans-2-hexenal 7%
suggesting that ε-amino groups are more reactive than
R-amino group (Table 1). Dipeptides containing non-
histidine amino acids quenched trans-2-hexenal more
effectively than their individual amino acids suggesting
that the peptide bond increased the reactivity of the
R-amino group (Table 1). Leucylglycine was the most
effective quencher of the non-histidine dipeptides tested.

Histidine and imidazole had similar trans-2-hexenal
quenching activity (8% and 7% reduction, respectively)
(Table 1). This suggests that the imidazole nitrogen
groups and not the R-amino group was the major
reaction site in histidine. The histidine-based dipeptides
tested were over 2.5-fold more effective than histidine
at quenching trans-2-hexenal (Table 1). This observed
increase could be due to increased reactivity of the
imidazole group. However, the higher quenching activity
of histidine based dipeptides could also be due to
increased reactivity of the R-amino group since non-
histidine dipeptides also show increased reactivity
compared to individual amino acids. Increased aldehyde
quenching by carnosine may also be due to the specific
steric configuration of the molecule (Rozhkova et al.,
1996). Isoleucylhistidine and carnosine were the most
effective histidine-based dipeptides at quenching trans-
2-hexenal at pH 7.4 (46% and 44% reduction respec-
tively). In a comparison of histidine-containing dipep-
tides with amino acids with R-amino groups, quenching
activity increased as the size of the hydrophobic alkyl
side groups adjacent to the R-amino group increased.
Homocarnosine did not fit this trend which may be due
to the unique configuration or chemical properties of the
γ-aminobutyryl group.

Figure 2 shows the HPLC chromatograms of trans-
2-hexenal (A), carnosine (B), and their mixture (C) after

5 h of incubation at 40 °C and pH 7.4. At least two
reaction products were produced in the mixture of trans-
2-hexenal plus carnosine (C), while they were not
detected in trans-2-hexenal (A) or carnosine (B) alone.
The increase in total peak area of the two products
correlated well with the decrease in carnosine peak area
(Figure 3). After 1 and 3 h of incubation with 0.5 mM
of trans-2-hexenal, carnosine concentration was reduced
from 5.0 to 4.86 and 4.59 mM, respectively. Decrease
in carnosine concentrations during its reaction with
trans-2-hexenal indicates that the aldehyde quenching
was primarily due to chemical reactions between car-
nosine and trans-2-hexenal and not to physical factors
which would alter headspace aldehyde concentrations.
The different reaction products observed by HPLC could
represent the formation of adducts at different sites (e.g.
imidazole- and R-amine groups) or through different
mechanisms (e.g. Schiff base condensation or Michael-
type addition).

Similar reduction in headspace aldehydes was ob-
served when another R,â-monounsaturated aldehyde,
trans-2-nonenal (0.5 mM), was incubated with carnosine
(10 mM) (Figure 4). However, carnosine reacted weakly
with the polyunsaturated aldehydes, trans,trans-2,4-
decadienal and trans,trans-2,4-hexadienal and with
trans-4-decenal, a nonconjugated monounsaturated al-
dehyde. After 5 h of incubation, only 12, 7, and 5%
reduction in headspace trans,trans-2,4-hexadienal, tran-
s,trans-2,4-decadienal, and trans-4-decenal were ob-
served, respectively. The inability of carnosine to react
strongly with the polyunsaturated aldehydes and the
nonconjugated monounsaturated aldehyde suggests that
carnosine is interacting with R,â-monounsaturated al-
dehydes through the formation of Michael type addition
products. It has been reported that trans-2-octenal
reacts with histidine model compounds, N-(carboben-
zyloxy)-L-histidine and poly(L-histidine), through a
Michael-type addition of the imidazole nitrogen of
histidine to the R,â-unsaturated bond of trans-2-octenal
(Alaiz and Girón, 1994a,b).

HNE is a toxic lipid oxidation product which can react
with proteins, phospholipids, and nucleic acids resulting
in modification and cross-linking of protein or peptide
molecules (Uchida and Stadtman, 1992; Nadkarni and
Sayre, 1995). Carnosine is capable of quenching HNE
in a manner similar to the other R,â-monounsaturated

Figure 2. High-performance liquid chromatograms of (a)
trans-2-hexenal (0.5 mM), (b) carnosine (5 mM), and (c) their
mixture after 5 h of incubation in 0.12 M KCl, 5 mM phosphate
buffer (pH 7.4) at 40 °C.

Figure 3. Changes in peak area of carnosine and total peak
area of reaction products during 5 h of incubation of carnosine
(5 mM) with trans-2-hexenal (0.5 mM) in 0.12 M KCl, 5 mM
phosphate buffer (pH 7.4) at 40 °C. Data represent means (
standard deviation of triplicate analyses.
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aldehydes (Figure 5). After 1 and 3 h of incubation at
40 °C and pH 7.4, carnosine decreased 55% and 84% of
headspace HNE in phosphate buffer. Leucylhistidine
was also able to quench HNE but slightly less effective
than carnosine. Tsai and Sokoloski (1995) reported that
HNE could reacts with NR-acetyl-L-histidine, a model
compound through a Michael-type addition of the imi-
dazole nitrogen atom of histidine with the R,â-unsatur-
ated bond of HNE.

In addition to amino acids and peptides, other nu-
cleophilic compounds exist in skeletal muscle which
could quench R,â-monounsaturated aldehydes including
the polyamines spermine and spermidine and the sulf-
hydryls glutathione and thioctic acid (Table 2). Sper-
mine and spermidine decreased headspace trans-2-
hexenal 20 and 14%, respectively. The increased
quenching activity of the polyamines compared to lysine

(Table 1) is likely due to the fact that they contain two
ε-amino groups. Table 2 also shows the ability of thioctic
acid and glutathione to quench trans-2-hexenal and
trans,trans-2,4-hexadienal at concentrations of 0.1-5
mM. Both thioctic acid and glutathione were more
effective at reducing headspace trans-2-hexenal and
trans,trans-2,4-hexadienal concentrations than carnos-
ine and related dipeptides (Table 1). After 1 h incubation
of 1 mM glutathione with 0.5 mM trans-2-hexenal at
40 °C, 47 and 21% of headspace trans-2-hexenal and
trans,trans-2,4-hexadienal were reduced, respectively,
compared to 76 and 32% for thioctic acid. The higher
quenching activity of thioctic acid could be attributed
to its additional sulfhydryl group. Overall on a molar
basis, the order of trans-2-hexenal quenching was
spermidine < spermine < carnosine < glutathione <
thioctic acid (Tables 1 and 2). However, typical concen-
trations in skeletal muscle are in the order of spermi-
dine (3.0 mg/kg of pork, Hernández-Jover et al., 1996)
< spermine (34 mg/kg of pork, Hernández-Jover et al.,
1996) < glutathione (69 mg/kg of turkey, Lee et al.,
1996) < carnosine (2800 mg/kg of pork, Crush, 1970).
When the reactivities of glutathione and carnosine are
compared on the basis of their muscle concentrations
(approximately 0.3 mM for glutathione and 10 mM for
carnosine), carnosine decreased headspace trans-2-
hexenal 67% (Figure 1) compared to 19% for glutathione
(Table 2). Even though sulfhydryls are much stronger
quenchers of R,â-monounsaturated aldehydes than car-
nosine, when comparisons are made on the basis of
muscle concentrations, it becomes evident that carnos-
ine would likely be the most important aldehyde quench-
er.

CONCLUSION

Carnosine quenched R,â-monounsaturated aldehydes
more effectively than its constituent amino acids, re-
sulting in the formation of carnosine-aldehyde adducts.
Aldehyde-peptide adduct formation likely occurs on the
imidazole nitrogens through Micheal-type addition. In
addition to carnosine, several other amine (spermine
and spermidine) and sulfhydryl compounds (thioctic acid
and glutathione) exist in skeletal muscle which can
quench R,â-monounsaturated aldehyde. The sulfhydryl
compounds have superior quenching activity compared
to carnosine; however, their lower concentrations in
skeletal muscle suggest that carnosine would be more
important in situ. Other histidine-containing dipeptides
such as leucylhistidine, isoleucylhistidine, and valyl-

Figure 4. Changes in headspace concentrations of unsatur-
ated aldehydes after 1 h of incubation of aldehydes (0.5 mM)
with carnosine (10 mM) in 0.12 M KCl, 5 mM phosphate buffer
(pH 7.4) at 40 °C. Data represent means ( standard deviation
of triplicate analyses.

Figure 5. Changes in 4-hydroxy-2-trans-nonenal (HNE, 0.5
mM) concentrations during 3 h of incubation with carnosine
or leucylhistidine (5 mM) in 0.12 M KCl, 5 mM phosphate
buffer (pH 7.4) at 40 °C. Data represent means ( standard
deviation of triplicate analyses.

Table 2. Decrease in Headspace trans-2-Hexenal
Concentration after 1 h of Incubation of Amine and
Sulfhydryl Compounds with trans-2-Hexenal (0.5 mM) in
0.12 M KCl, 5 mM Phosphate Buffer at 40 °C and pH 7.4a

remaining headspace aldehydes (%)
compd

concn
(mM) trans-2-hexenal trans,trans-hexadienal

spermine 5.0 80.4 ( 0.7
spermidine 5.0 86.2 ( 0.5
glutathione 0.1 89.5 ( 1.8 96.9 ( 1.3

0.5 72.1 ( 0.8 86.3 ( 1.3
1.0 52.7 ( 0.6 79.3 ( 2.7
5.0 5.6 ( 0.3 19.0 ( 1.1

thioctic acid 0.1 92.2 ( 0.2 96.1 ( 4.0
0.5 51.1 ( 3.0 91.9 ( 2.6
1.0 24.5 ( 0.6 68.0 ( 4.5
5.0 2.8 ( 0.1 15.9 ( 0.8

a Data represent means ( standard deviation of triplicate
analyses.
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histidine had similar activity to carnosine to quench R,â-
monounsaturated aldehydes. Better understanding of
the mechanisms by which carnosine and related dipep-
tides quench R,â-monounsaturated aldehydes could lead
to the design of peptides which could quench aldehydes
more effectively than carnosine.
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organische Base des Fleischextraktes. Ber. Dtsch. Chem.
Ges. 1900, 33, 1902-1903.

Harris, R. C.; Marlin, D. J.; Dunnett, M.; Snow, D. H.;
Hultman, E. Muscle buffering capacity and dipeptide con-
tent in the thoroughbred horse, greyhound dog and man.
Comp. Biochem. Physiol. 1990, 97A, 249-251.

Hernández-Jover, T.; Izquierdo-Pulido M.; Veciana-Nogués T.;
Vidal-Carou, M. C. Ion-pair high-performance lipid chro-
matographic determination of biogenic amines in meat and
meat products. J. Agric. Food Chem. 1996, 44, 2710-2715.

Johnson, P.; Fedyna, J. S.; Schindzielorz, A.; Smith, C. M.;
Kasvinsky, P. J. Regulation of muscle phosphorylase by
carnosine and anserine. Biochem. Biophys. Res. Commun.
1982, 109, 769-775.

Johnson, P.; Hammer, J. L. Effects of L-1-methyl-histidine and
the muscle dipeptides carnosine and anserine on the activi-
ties of muscle calpains. Comp. Biochem. Physiol. 1989, 94B,
45-48.

Lang, J.; Celotto, C.; Esterbauer, H. Quantitative determina-
tion of the lipid peroxidation product 4-hydroxynonenal by
high-performance liquid chromatography. Anal. Biochem.
1985, 150, 369-378.

Lee, S. K.; Mei, L.; Decker, E. A. Lipid oxidation in cooked
turkey as affected by added antioxidant enzymes. J. Food
Sci. 1996, 61, 726-728.

Nadkarni, D. V.; Sayre, M. Structural definition of early lysine
and histidine adduction chemistry of 4-hydroxynonenal.
Chem. Res. Toxicol. 1995, 8, 284-291.

O’Dowd, J. J.; Cairns, M. T.; Trainor, M.; Robins, D. J.; Miller,
D. J. Analysis of carnosine, homocarnosine, and other
histidyl derivatives in rat brain. J. Neurochem. 1990, 55,
446-452.

Parkers, C. J.; Ring, E. A comparative study of the effect of
carnosine on myofibrillar-ATPase activity of vertebrate and
invertebrate muscles. Comp. Biochem. Physiol. 1970, 37B,
413-421.

Poli, G.; Dianzani, M. U.; Cheeseman, K. H.; Slater, T. F.;
Lang, J.; Esterbauer, H. Separation and characterization
of the aldehydic products of lipid peroxidation stimulated
by carbon tetrachloride or ADP-iron in isolated rat hepa-
tocytes and rat liver microsomal suspensions. Biochem. J.
1985, 227, 629-638.

Reiss, U.; Tappel, A. L.; Chio, K. S. DNA-Malonaldehyde
reaction: formation of luorescent products. Biochem. Bio-
phys. Res. Commun. 1972, 48, 921-926.

Rozhkova, E. A.; Ogrel’, S. A.; Grigor’ev, D. N.; Nebol’sin, V.
E.; Zheltukhina, G. A.; Evstigneeva, R. P. Effect of confor-
mation of N-acyl carnosine and carcinine topochemical
analogues on their antioxidant properties. Russ. J. Bioorg.
Chem. 1996, 22, 732-738.

Snyder, S. H. Brain peptides as neurotransmitters. Science
1980, 209, 976-983.

St. Angelo, A. J.; Vercellotti, J. R.; Legendre, M. G.; Vinnett,
C. H.; Kuan, J. W.; James, C.; Dupuy, H. P. Chemical and
instrumental analyses of warmed-over flavor in beef. J. Food
Sci. 1987, 52, 1163-1168.

Szweda, L. I.; Uchida, K.; Tsai, L.; Stadtman, E. R. Inactivation
of glucose-6-phosphate dehydrogenase by 4-hydroxy-2-non-
enal. J. Biol. Chem. 1993, 268, 3342-3347.

Tsai, L.; Sokoloski, E. A. The reaction of 4-hydroxy-2-nonenal
with NR-acetyl-L-histidine. Free Radical Biol. Med. 1995, 19,
39-44.

Uchida, K.; Stadtman, E. R. Modification of histidine residues
in proteins by reaction with 4-hydroxynonenal. Proc. Natl.
Acad. Sci. U.S.A. 1992, 89, 4544-4548.

Yau, T. M. Mutagenicity and cytotoxicity of malonaldehyde
in mammalian cells. Mech. Aging Dev. 1979, 11, 137-144.

Yoshikawa, T.; Naito, Y.; Tanigawa, T.; Yoneta, T.; Kondo, M.
The antioxidant properties of a novel zinc-carnosine chelate
compound, N-(3-aminopropionyl)-L-histidine zinc. Biochim.
Biophys. Acta 1991, 1115, 15-22.

Zhou, S.; Dickinson, L. C.; Yang, L.; Decker, E. A. Identification
of hydrazine in commercial preparations of carnosine and
its influence on carnosine’s antioxidative properties. Anal.
Biochem. 1998, in press.

Received for review July 17, 1998. Revised manuscript received
November 5, 1998. Accepted November 5, 1998. This research
was partially supported by Grant No. 96-35500-3803 from the
NRI Competitive Grants Program of the U.S. Department of
Agriculture.

JF980780J

Interaction of Carnosine with Unsaturated Aldehydes J. Agric. Food Chem., Vol. 47, No. 1, 1999 55


