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AbstractThe ligand properties of carnosine are analyzed. The stoichiometry, stability constants, and structural and
spectroscopic characteristics of its coordination compounds with transition and representative metal cations are discussed. Mixed ligand systems containing carnosine are also presented. The biological activity of some of these metallic
complexes is briefly considered.
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This review focuses on a very peculiar aspect of the
chemistry and biochemistry of carnosine, namely its
ability to act as a ligand in the generation of coordination complexes with different metallic cations. This
aspect seems to be very important in relation to the general biochemical behavior of this dipeptide as some of its
properties and biological activities depend on the participation of certain metal cations [1]. The presence of
metal cations is also important for the stabilization and
activation of the enzyme carnosinase.
As carnosine is the major β-alanine source in the
human body [2], its hydrolysis is of central metabolic
importance. In humans, this reaction is catalyzed by two
isozymes: tissue (cytosolic) carnosinase (EC 3.4.13.3)
and serum carnosinase (EC 3.4.13.20) [2]. The tissue
enzyme is a zinc dependent metalloprotein [2-4], and,
interestingly, it can be stabilized by other divalent metal
cations and the replacement of Zn(II) by other cations
also maintains its activity in vitro [4-6]. The apparent
efficiency of activation is given by the order Cd(II) >
Mn(II) >> Zn(II) > Co(II) [4]. On the other hand, the
Mn(II) activated enzyme is inhibited both by cations
functioning as activators (Zn(II), Co(II)) and by nonactivating ions such as Be(II) and Fe(II). The apparent
Abbreviations: Bipy) α,α′-dipyridyl; Car) carnosine; CD) circular dichroism; En) ethylenediamine; ENDOR) electron nuclear
double resonance; ESR) electron spin resonance; Gly-Gly) glycylglycine; His) histidine; Imid) imidazole; IR) infrared;
NADH) reduced nicotinamide adenine dinucleotide; NMR)
nuclear magnetic resonance; Ox) oxalate; SOD) superoxide
dismutase; UV) ultraviolet; Vinyl-Imid) 1-vinylimidazole.

non-inhibiting capacity of Cu(II) has been explained in
terms of the stability of the copper complex of the substrate [4].
The structure of solid carnosine has been reported.
Interestingly, its imidazole moiety exists in the N3-H tautomeric form [7], whereas in most of its complexes the
N1-H tautomer is present. The most probable conformation in solution at pH 7.0 has been deduced from 13Cand 1H-NMR experiments. These experiments showed
the predominance of the g-rotamer and folding of the βalanyl moiety towards the imidazole ring [8].
In its interactions with metal ions, as shown in Fig.
1, carnosine is a polydentate ligand offering six potential
binding sites: the two imidazole nitrogens, one carboxylate and one amino group, and the peptide linkage. As
shall be seen from the experimental results discussed
below, the type of complexes formed strongly depends
on the metal cation, the ligand-to-metal ratios, and the
pH of the solution.
Carnosine has three groups that undergo
acidbase reactions in the pH range 1-10: the carboxylic acid group, an ammonium group, and the protonated N3 imidazole group. The deprotonation of the
amide group becomes important only at pH values in
which the hydrolysis of the dipeptide is relevant [9] or
in the presence of metal cations, whereas the dissociation of the N1 proton from the imidazole ring is normally not significant if metal ions are absent. The corresponding pK values, reported by different authors,
are shown in Table 1 in which pK1, pK2, and pK3 refers
respectively to the carboxyl, the N3 imidazole, and the
amino groups.
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Fig. 1. Schematic structure of carnosine.

TRANSITION METAL COMPLEXES
OF CARNOSINE
All so far investigated complexes of this type belong
to metals of the first transition metal series. Copper
complexes have been the most investigated ones, probably due to the relatively easy approach offered by magnetic resonance spectroscopic techniques. Interest on
zinc complexes has increased in recent years due to its
recognized pharmacological activity.
1. Copper complexes. Initial information on the
Cu(II)/carnosine interactions was obtained from pH
titrations of the ligand in the absence and presence of the
cation [11, 14-16]. Dobbie and Kermack [11] proposed
for the first time a structure that involved metal binding
with participation of the deprotonated amide N-atom.
These and other authors agree in that Cu(II) is initially
bound to the N1 atom of imidazole and that the terminal
NH2 and the deprotonated peptide nitrogen become
binding sites as the pH value is increased [14-16]. Except
in the early stages of complex formation [16], the possibility of metal binding at the carboxyl group has been
completely discarded, presumably because it is impossible to build up strain-free models with the participation
of the four potential donor atoms of the dipeptide [17].
A crystalline Cu(II) complex can be obtained by
interaction of Cu(OH)2 and carnosine [17] or by interaction of aqueous solutions of the ligand with copper
nitrate and adjusting the pH to 8.0 with KOH [18, 19].
The generated complex is a dimer in which each Cu(II)
ion presents coordination number five. As shown in Fig.

2, the four nearest ligand atoms are the terminal amino
nitrogen, the amide nitrogen, a carboxylate oxygen of
one of the dipeptide molecules, and the N3 nitrogen of
the imidazole moiety of the second peptide molecule of
the dimer. This means that each carnosine molecule is
bonded to two different Cu(II) centers. The fifth ligand
on each cation, completing a square-pyramidal coordination, is a water molecule [17].
The magnetic behavior and the somewhat unusual ESR spectrum of this crystalline solid suggest a
very weak interdimeric coupling [19]. The ESR
results, together with those obtained from the analysis of the electronic spectrum, points to the existence of
a dx2y 2 ground state [19]. The IR spectrum of the crystalline complex is also in good agreement with its structural characteristics [19].
The results of the structural analysis opens the
question of the validity of the previous solution studies;
however, it seems possible that the dimer exists in equilibrium with the monomer in solution, and a great number of studies were performed to clarify this aspect.
First, ESR solution studies show no evidence for dimer
formation at room temperature [20]. But subsequent low
temperature measurements reveal the existence of a
thermal equilibrium between monomeric and dimeric
forms [21]. Other solution studies using NMR and ESR
techniques revealed that in the pH range between 5 and
7, and at high carnosine to Cu(II) ratios, only N-atoms
from the imidazole ring are involved in coordination
[22]. ESR spectra obtained at 77°K [23, 24] suggested the
formation of four copperimidazole bonds through the
N3 atom, a supposition confirmed independently by
NMR studies [25]. Interestingly, ESR measurements at
pH < 5 point to Cu(II)/carboxylate interactions [23].
When the carnosine/copper ratio approaches 1:1, the
four coordination positions of Cu(II) cannot be filled by
coordination to a single functional group of carnosine,
and formation of the dimeric complex is favored [23].
This was confirmed from ESR measurements of a frozen
(77°K) aqueous solution containing equimolecular concentrations of Cu(II) and carnosine at pH 7.2. As the ligand to metal ratio is reduced from 1000:1 to 1:1, there is
a gradual transition of the ESR spectrum from the
monomer to the dimer. At ratios between 10:1 and 1:1
the spectra are composed of superimposed resonances
from both complexes and, thus, this is the range of rela-

Table 1. pK values for carnosine (at 25°C)
pK1

2.619 [10]

2.77 [11]

2.64 [12]

2.64 [9]

2.594 [13]

pK2

6.656 [10]

6.90 [11]

6.58 [12]

6.59 [9]

6.774 [13]

pK3

9.237 [10]

9.70 [11]

9.04 [12]

9.04 [9]

9.372 [13]
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tive concentrations over which the monomer is replaced
by the dimer [23]. Finally, these last mentioned studies
have shown that the dimeric structure may also be present in aqueous solutions at room temperature at pH 7.2
when the molar concentrations of carnosine and Cu(II)
are equal, indicating that this structure is in fact more
stable at ambient temperature than originally supposed
[23]. Potentiometric and spectroscopic studies [26] also
additionally confirmed this finding, and an FTIR spectroscopic study shows that the dimer is in equilibrium
with a monomeric complex in dilute solutions but does
not dissociate chemically in saturated solutions, even at
elevated temperatures [27].
This last finding is of great biological relevance
because it demonstrates that the dimer, although stable
at physiological pH and temperature, cannot exist in living organisms because the combination of subsaturated
concentrations and competing ligands will shield
monomeric species with mixed ligands [27].
On the other hand, comparisons of the Cu(II)/Car
with the Cu(II)/Gly-Gly and Cu(II)/Gly-Gly/Imid systems allow a wider insight into the structural characteristics of the copper complex in solution. For the second
system, a model in which all the available ligating atoms
are involved was finally proposed, with the equatorial
positions occupied by one carboxylato O-atom, the
(deprotonated) amide and amino N-atoms, and one Oatom from a water molecule, whereas the axial position
is occupied by the N3 atom of the imidazole ring [18].
Structural rearrangement to form dimeric units can be
easily explained with this model, by the imidazole leaving the axial position and displacing the equatorial water
molecule of a neighboring complex. A new solvent water
can then fill the appropriate axial binding site [18].
The crystalline complex [Cu(Gly-Gly)(Imid)(H2O)]⋅
1.5 H2O appears as a very good model for each of the
subunits which constitute the Cu(II)/Car complex [28].
The coordination sphere around the Cu(II) center is
conformed by the amine and peptide N-atoms and one
carboxylate O-atom of Gly-Gly, the N3-imidazole atom,
and the O-atom of the water molecule. The imidazole
ring is approximately coplanar with the peptide ligand,
and the Cu(II) ion is displaced from the coordination
square in the direction of the axial water molecule [29].
A comparison of the electrochemical behavior of this
complex [28] with that of carnosine [19] suggests again
the existence of a monomeric Cu(II)/Car species in solution at room temperature, a fact which in this case
becomes understandable due to the very low complex
concentrations used in these experiments (about 103 M)
[19, 28].
It must also be mentioned that a great number of
papers dealing with the determination of stability constants of the different copper complexes present in solution have been published during the last forty years [9,
11, 13, 14, 16, 26, 30]. Most of the reported results are
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Fig. 2. Schematic structure of the dimeric Cu(II) complex of
carnosine.

contradicting or, at least, incomplete. Only with the
advent of detailed speciation studies has some clarity
emerged. A good and consistent set of values has been
reported by Daniele et al. [13]. Their values for the predominant species are shown in Table 2. [H3L]2+ represents the fully protonated ligand, i.e., containing the carboxylate, the imidazole N3, and the terminal amino
group protonated. The other used symbols can easily be
derived from this one. Values reported for the species
[Cu2L2H2]0, [CuLH]2+, and [CuL]+ are also supported by
another, independent study [26].
The analysis of the data presented in both studies
showed that the [Cu2L2H2]0 species is very relevant, in
particular at neutral pH values, whereas the monomeric
Table 2. Stability constants in the Cu(II)/Car system (at
25°C)
Equilibrium
Cu2+ + L + H+ = [CuLH]2+


Log k
13.30 ± 0.03

Cu2+ + L = [CuL]+

8.47 ± 0.01

Cu2+ + L = [CuLH1]0 + H+

2.44 ± 0.07

2Cu2+ + 2L = [Cu2L2H2]0 + 2H+

8.35 ± 0.02

2Cu2+ + L = [Cu2LH1]2+ + H+

5.37 ± 0.02
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Fig. 3. Proposed structure of the Zn(II) complex of carnosine.

[CuLH1]0 species, probably present together with the
dimer, is of minor importance. The other monomeric
species, [CuL]+ and [CuLH]2+, exist in the acidicneutral
pH region, whereas the homonuclear [Cu2LH1]2+
species is only significant when an excess of Cu(II) is
present in solution. It is also suggested that a second binuclear species, [Cu2LH2]+, may be formed in such a case
[13]. Based on the potentiometric data, complemented
with electronic spectroscopy measurements and the help
of calculated thermodynamic data, reasonable proposals
on the structure of all the species detected in solution
could be made [13]. In both [Cu2LH1]2+ and [CuLH1]0,
coordination involves the participation of the terminal
amino group, the deprotonated peptide N-atom, and the
N3 imidazole nitrogen, whereas in [CuL]+ only the first
two mentioned ligands are involved. For the species
[CuLH]2+, the ligand behaves as monodentate, interacting only through the N3 imidazole atom. Finally, for the
dimeric [Cu2L2H2]0 complex, a structure related to that
found in the solid state is proposed, i.e., two equivalent
Cu(II) ions, each bound to amino, dissociated peptide,
and N3 imidazole nitrogens, and to a carboxylate oxygen.
Other physicochemical data for the dimeric complex have been published. Its visible electronic absorption spectrum [13, 26] compares very well with the
reflectance spectrum obtained from the solid complex
[19]. Detailed analyses of the ultraviolet and circular
dichroism spectra, at fixed pH values were also recently
reported. Intra-ligand and charge-transfer bands were
assigned [31] and gave additional support to previous
structural proposals [13]. The electrochemical behavior,
investigated by cyclic voltamperometry using a glassy
carbon disk as the working electrode, shows that the
complex presents a very high redox stability [19]. The

electrochemical reduction mechanism was also studied
by normal and reverse pulse voltammetry at mercury
electrodes. A two-electron reduction occurs through two
consecutive steps with an intermediate Cu(I) species stabilized by adsorption at the Hg surface [32].
To conclude this section, it is interesting to note
that a Cu(I) complex of carnosine has also been characterized [33]. Potentiometric titration data are compatible
with initial formation of a 2:1 Car/Cu(I) complex, in
which interaction takes place through the N1 atom of the
imidazole ring. At higher pH values a 1:1 species is
apparently formed in which carnosine acts as a bidentate
ligand through the mentioned imidazole N atom and the
N atom of the amino group, generating a 10-membered
ring structure [33]. The autooxidation of this complex
has also been investigated spectrophotometrically, using
stopped flow techniques. Its oxidation rate is unexpectedly slow when compared, for example, with those of the
Cu(I) complexes of histidine and histamine [34].
2. Zinc complexes. The Zn(II) complex of carnosine
has been intensively investigated in recent years due to
its important and interesting pharmacological activity.
The solid complex can be prepared either by interaction
of carnosine with zinc acetate in methanol solutions, in
the presence of sodium methoxide [35], or by direct
interaction of the ligand with a Zn(OH)2 suspension in
water [36]. Its crystal structure has so far not been
reported. But a detailed analysis of the solid, combining
IR and NMR techniques, suggested the formation of a
complex with a similar environment as that found in the
solid Cu(II) complex. However, the IR and far-IR spectra of the two solids differ considerably, indicating that
the zinc complex has not the simple dimeric structure of
the copper complex, but presents a polymeric structure,
as shown in Fig. 3 [35, 36].
Solution studies with the Zn(II)/Car system can
only be performed over a very narrow pH range [37, 38].
The extent of complex formation is appreciable only
around pH 6, and above pH 7.5 precipitations are
observed even in the presence of excess ligand [37].
Logarithms of the stability constants (at 25°C) for the
species [ZnLH]2+ and [ZnL]+ were reported to be 11.6
and 4.0, respectively [37, 38]. A slightly lower value
(3.86) was reported earlier for the second species [39].
Metal to ligand interactions are surely of the same type
as discussed above for the similar Cu(II) complexes, but
the stability of the zinc complexes is appreciably lower.
Interestingly, and as shown by detailed NMR solution
studies with carnosine and other imidazole-containing
peptides, zinc complexation reverses the tautomeric
preference between protonation of the N-atoms of the
imidazole ring as compared to the free ligands, where
the N1-H tautomer is predominant [38].
3. Cobalt complexes. Complexes of both, Co(II) and
Co(III), have been reported. Solution studies with
Co(II) have also some pH-range limitations [37].
BIOCHEMISTRY (Moscow) Vol. 65 No. 7
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Stability constants are somewhat lower as those of the
respective Zn(II) complexes (logarithms of these constants for [CoLH]2+, [CoL]+, and [CoLH1]0 are 11.48,
2.85, and 6.10, respectively [37]).
An ESR and NMR investigation of the Co(II)/Car
system in aqueous solutions at pH 7.2 shows that two
different complexes are formed [40]. At high ligand to
metal ratios interaction occurs only through the N3
nitrogen atom of the imidazole moiety, and the number
of bonded carnosine molecules (expected to be between
1 and 4) depends on how large is the ligand excess in the
solution. When equimolecular concentrations are investigated, chelation takes place through three N-atoms
the terminal amino, the deprotonated peptide group,
and the imidazole N1 atomwhereas the free equatorial
position is probably occupied by a water molecule. This
second complex is very sensitive to oxygen and is unstable toward oxidation to Co(III). It generates a binuclear
oxygen carrier if stabilized by an additional carnosine,
histidine, or cysteine molecule [40].
A crystalline Co(III) mixed ligand complex of stoichiometry [Co(HCar)(En)(H2O)]Cl2⋅H2O could be
obtained by reaction between carnosine and
K[Co(CO3)2(En)] in acidic aqueous solution. The structure, solved by single crystal X-ray diffractometry,
showed carnosine coordination through the deprotonated peptide nitrogen, one carboxylic oxygen, and the N1
atom of the imidazole ring. The oxygen atom of the
water molecule and the two ethylendiamine N-atoms
completes the distorted octahedral arrangement around
the metal center [41]. In basic conditions other mixed ligand
Co(III) complexes, of compositions [Co(Car)(En)]Cl,
Na[Co(Car)(Ox)], and K[Co(Car)(CO3)] could be
obtained. In these cases, and as suggested by spectroscopic measurements, carnosine acts as a tetradentate
ligand, involving the terminal amino group as an additional donor [42]. The spectroscopic behavior of all
these mixed ligand Co(III) complexes has been investigated in detail by means of UV and CD spectroscopy
[41, 42].
4. Vanadium complexes. Oxovanadium (IV), VO2+,
is probably the most relevant vanadium species present
in biological systems [43-47]. Its interaction with carnosine was first investigated by Mulks et al., by means of
ENDOR techniques in frozen solutions [48]. These studies suggested a VO2+ coordination through the imidazole
N-atoms of four different carnosine molecules, which
occupy the equatorial positions around the oxocation
and are fully equivalent to each other.
A subsequent investigation of the VO2+/Car system
by electron absorption spectroscopy at high ligand-tometal ratios and at different pH values provided a wider
insight into its behavior [49]. In the pH range between
6.0 and 8.5, the interaction of the oxocation with the
imidazole group of four different ligand molecules was
confirmed, and the results also point to the possible
BIOCHEMISTRY (Moscow) Vol. 65 No. 7
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presence of an axially coordinated water molecule, i.e.,
the stoichiometry of the complex would be
[VO(Car)4(H2O)]2+, although the formation of a
hydroxo complex of the type [VO(Car)4(OH)]+ cannot
be totally excluded [49]. Pure imidazole behaves in a
similar manner, as demonstrated also by recent ESR
experiments [50]. On the other hand, spectra obtained in
the pH range between 2.0 and 4.0, points to coordination through oxygen donors. The spectral characteristics
suggest that the carboxylate group of carnosine molecules only occupy a part of the coordination sites,
whereas the remaining ones were occupied by water
molecules [49]. ESR spectra also suggest some weak
interactions through carboxylate groups at pH 2.5-3.0
[51]. In alkaline medium, the spectra suggest an increase
of interaction with carboxylate groups, but competition
with OH groups for the coordination sites must also be
considered at higher pH values [49].
It is interesting to mention that some other examples of oxovanadium (IV) complexes that can mimic, to
a certain extent, the VO2+/Car interactions were recently
prepared and characterized. This is the case of a complex with 1-vinylimidazole of stoichiometry [VO(VinylImid)4Cl]Cl [52] and a histidine complex of the type
[VO(His)4]SO4⋅2H2O [53]. In both cases, interaction to
the cation occurs through the N atoms of four imidazole
groups.
Recently, it has also been shown that whereas αalanyl-L-histidine interacts strongly with vanadates (V),
generating very stable complexes [54, 55], which may be
useful mimics for the vanadate/peptide interactions,
carnosine does not interact with these anions. This different behavior can probably be related to the stability
of the different chelate rings produced by these interactions [54].
5. Other first row transition metal complexes. For
Mn(II) and Ni(II), only a few solution data are available. Stability constants determined in the Ni(II)/carnosine system by Farkas et al. [37] are shown in Table 3.
They are consistent with data reported by Brookes and
Pettit [30] but differ from those found in older reports
[14, 16]. Data reported for the Mn(II) complexes [16]
probably also needs revision. One of these values is
included in Table 3. Further aspects on the Mn(II)/Car
interactions were also investigated by means of ESR
spectroscopy during the initial studies with carnosine
and carnosinase [6]. NMR studies suggested weak bonding of Mn(II) to carnosine at physiological concentration [56].
Especially remarkable is the fact that neither Fe(II)
nor Fe(III) complexes of carnosine have so far been
investigated in detail, although the formation of a weakly bonded Fe(III)/Car complex has been mentioned,
suggesting monodentate binding through a single nitrogen atom of the imidazole ring [56]. On the other hand,
and although it has been found that carnosine is capable
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Table 3. Logarithms of the stability constants of different metalcarnosine complexes (at 25°C)
Cation

MLH2+

ML+

MLH1

Reference

Ni(II)

12.11

4.61

3.22

[37]

Mn(II)

4.40

[16]

3.03

[9]

Mg(II)

3.10

[16]

Ca(II)

3.22

[16]

Sr(II)

3.34

[16]

Cd(II)

11.32

of inhibiting the iron-catalyzed oxidation of phosphatidylcholine liposomes and of lipid peroxides, NMR
studies have conclusively shown that carnosine does not
form complexes either with Fe(II) or with Fe(III) [57].
For Cr(III), solution data are so far not available.
But in this case a crystalline complex containing carnosine has been characterized [58]. It is a hydroxo- and
methoxo-bridged dimeric species in which carnosine acts
as a tetradentate ligand, in a similar way as in the above
described mixed ligand Co(III) complexes, involving
chelation by the N-amino, the N-peptide, one O-carboxyl, and the imidazole N1 atoms. This type of complexes are common in the coordination chemistry of
Cr(III) [59], and the present structure is stabilized by a
pair of hydrogen bonds joining the coordinated
N(amino) atom in each half of the dimer and the coordinated O(carboxy) atom in the other [58]. This complex
can be prepared by heating trans-dichloro-tetraaquachromium(III) chloride with carnosine in methanolic
solutions in the presence of NaOH. Dissociation of the
dimer occurs after redissolution of the complex in water
[58].
OTHER METAL COMPLEXES
Interaction of Ag(I) with carnosine apparently
results in the precipitation of a product which was not
further characterized [16]. Cd(II) complexes were initially investigated in solution [9, 16]; stability constants are
shown in Table 3. Besides these complexes, some evidences exist for the generation of another species of stoichiometry Cd(Car)2 [9]. Recently, a solid Cd(II) complex was also isolated and characterized [60]. Its spectroscopic analysis suggests a dimeric structure similar to
that found in the Cu(II) complex but without the coordinated water molecule.
For the alkaline-earth cations, Mg(II), Ca(II), and
Sr(II), the formation of very weak 1:1 complexes at high

pH values, coordinated through the N1 atom of imidazole and one carboxylate oxygen, was suggested [16].
Reported stability constants are also included in Table
3. A similar type of interaction was also postulated for
the Pb(II) and Hg(II) cations [16].
The most recent investigation of the Ca(II) complex
was performed by means of NMR techniques at pH 7
and showed the formation of both monomeric and
dimeric complexes [8]. The carboxy and the carbonyl
oxygens seems to be the binding sites in the monomeric
complex, whereas in the dimer intermolecular interactions are promoted by two Ca(II) ions, one of them linking the carbonyl oxygen of one molecule with the carboxy group of the other, and the second ion bonded to
the imidazole N1 atom of the first molecule and the carbonyl moiety of the second one [8].
MIXED METAL
AND MIXED LIGAND COMPLEXES
Different systems of this type have been investigated and some of them seem to be of particular biological
significance, especially mixed ligand complexes, which
are often generated in biological fluids [61].
Only a very limited number of mixed metal complexes of carnosine have so far been investigated as they
are reduced to the Cu(II)/Zn(II) and Cu(II)/Cd(II) systems [9]. In these cases, the complexes determined to be
present in solution are of the types [CuM(Car)H1]2+ and
[CuM(Car)H2]+ with M = Zn(II) or Cd(II). The logarithms of their stability constants are, respectively, 4.42
and 2.46 for the Zn(II) containing complexes and 4.47
and 3.43 for those containing Cd(II) [9].
As it has been seen in previous sections, a wide
number of metal cations can be complexed by carnosine.
But a relevant question is if these metal complexes can
also be generated in vivo, taking into account the possible competition by other ligands present in biological
fluids and tissues and their relative concentrations in
these systems. In this context, the finding of Brown and
Antholine, mentioned above [40], that the addition of
either histidine or cysteine to a solution of the 1:1
Co(II)/Car complex, results in the formation of a more
stable Co(II) species, is of special interest.
The formation of mixed ligand complexes of carnosine and a second ligand have been investigated in detail
for Co(II), Ni(II), Cu(II), Zn(II), and Cd(II) [37, 62].
These studies reveal that in the systems Cu(II)/Car/Bipy
and Cu(II)/Car/His a considerable degree of mixed-ligand complex formation occurs. A speciation study on
these systems showed that Bipy is only partially able to
suppress the formation of the [Cu2L2H2]0 dimer, whereas in the presence of histidine the dimer is hardly formed
[37]. The same behavior is observed in the presence of
cysteine and glutathione [62]. It is evident that the secBIOCHEMISTRY (Moscow) Vol. 65 No. 7
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ond ligand stabilizes the monomer, by binding to the
available coordination position, and this in turn pulls
the chemical equilibrium toward the formation of more
monomer at the expense of the dimer [62]. In the case of
histidine, [Cu(Car)(His)H]+ and [Cu(Car)(His)] species
are present in neutral or weakly acidic media, whereas
[Cu(Car)(His)H1] is formed at comparatively high pH
values [37]. On the other hand, interaction of Cu(II) with
carnosine in the presence of bovine serum albumin has
also been investigated [24, 63]. Serum albumin simultaneously binds the Cu(II) ion and carnosine to separate
sites rather than forming a mixed chelate, but carnosine
is still capable of competing with serum albumin for subsaturating amounts of copper [24]. It has been suggested
that these equilibria may be important in relation to
Wilsons disease [24, 62, 63]. Competition studies
between Zn(II), carnosine, and serum albumin have also
been performed [64].
The Zn(II) and Cd(II) complexes of carnosine do
not appear to be affected by addition of histidine, cysteine or α,α′-dipyridyl [37, 63]. In the case of Ni(II),
mixed ligand complexes may be formed with glycine,
glycylglycine, and histidine, whereas complex formation
is substantially less favored in the case of Co(II), for
which, with histidine and in the neutral pH region, the
most important species is [Co(Car)(His)]+ [37]. On the
other hand, the mechanism by which histidine stabilizes
the Co(II)/Car complex towards oxidation was investigated in great detail by means of NMR and vibrational
spectroscopic techniques [65]. Histidine stabilizes the
Co(II)/Car complex from oxidation by excluding solvent
molecules from the equatorial coordination positions.
As observed for other cobalt complexes [66], the interaction of the equatorial position with one solvent molecule
increases the rate of oxidation of Co(II) to Co(III).
Therefore, the addition of an excess of carnosine or histidine reduces the rate of oxidation of cobalt.
Apparently, the first formed complex, [O2-Co(II)(Car)2]
or [O2-Co(II)(Car)(His)], is slowly transformed to the
more stable µ-peroxo-complex [(Car)2-Co(II)-O2-Co(II)(Car)2] or [(Car)(His)-Co(II)-O2-Co(II)-(Car)(His)]
without oxidation of the metal center.
BIOLOGICAL ACTIVITY OF SOME
OF THE METAL COMPLEXES
The biological activity, or the interaction with biologically relevant systems, of some of the metallic complexes of carnosine has been investigated. In this final
section of the review, brief comments on some of these
results are presented.
It has been suggested that carnosine may act as a
natural antioxidant in muscle and brain [1, 67], and it
has also been shown that the Cu(II)/Car complex possesses SOD-like activity [68], which can also be detected
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in the Co(II) and Zn(II)/Car systems [69-71]. Notwithstanding, a recent in vitro study with the copper complex
shows that this activity is very low [19] in comparison,
for example, with that observed in different Cu(II) complexes of amino acids [72] or in Cu(II) salicylates [73].
The copper complex shows also a stereo-specific binding
to DNA fibers, keeping its dinuclear structure
unchanged [74]. It is also interesting to mention that,
although Cu(II) and some of its complexes catalyze the
oxidation of NADH by H2O2, L-histidine and carnosine
inhibit this effect [75]. Carnosine also inhibits the Cu(II)
catalyzed oxidation of ascorbic acid [57].
The Ni(II) complex of carnosine presents a certain
SOD and catalase activity, generating OH radicals as
final product of both reactions [76]. A detailed study of
the SOD-like activity of different Ni(II) complexes
revealed only a weak activity in the case of the carnosine
complex, whereas in complexes with other tri- or
tetrapeptides it is considerably higher [77].
The Zn(II) complex, currently known as Polaprezinc, has a very interesting and varied pharmacological
activity. It attenuates gastric mucosal injuries [70, 78,
79], shows a potent anti-ulcer activity, and is also effective against Helicobacter pylori, a causative agent for
stomach ulcers. These aspects are described in detail in
the chapter by Marsukura and Tanaka in the present
volume. It also presents some effects on bone metabolism [80, 81], shows wound healing properties, and
appears to be effective in the treatment of hepatitis and
hepatopathy. It also shows some antioxidant properties
in vitro, presenting SOD-like and OH-radical scavenging
activity, quenches singlet oxygen, and inhibits lipid peroxidation [70]. The complex presents also some interesting physiological properties that only very recently
began to be explored systematically [64, 82]. The same
can be said for the Ca(II) complex, for which a sensitizing action in cardiac and skeletal muscle has been
reported [83].
In the case of the Co(II)/Car system, it has been
suggested that its probable activity in vivo, and in the
form of mixed complexes containing carnosine and a
second ligand, may be related in some way to the monitoring of the oxygen tension in kidney. This suggestion
is supported by the following facts [40]: a) both, carnosinase and Co(II) are found in relatively high concentrations in kidney, and this organ monitors the oxygen tension of blood; b) when the level of oxygen in the kidney
is low, erythropoietin is released and stimulates red cell
synthesis in the bone marrow; c) Co(II) bound to carnosine can generate a reversible oxygen carrier. All these
findings suggest that the high concentration of the
enzyme carnosinase in kidney may be involved with the
ability of this organ to monitor oxygen tension. In the
absence of carnosinase, carnosine, alone or with the participation of a second ligand, could be expected to
chelate Co(II) and subsequently bind oxygen. This in
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turn would change the apparent concentration of molecular oxygen and the rate of release of erythropoietin.
Thus, the high activity of carnosinase in kidney may be
necessary to protect this organ from dietary and metabolic sources of carnosine.
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