
A high rate of oxidative metabolism is characteris-
tic for the brain. Under normal conditions, the adult
brain consumes 3-4 ml O2/min per 100 g tissue, and this
can represent up to 20% of all inhaled oxygen. When
cerebral circulation is altered, oxygen consumption in
the ischemic zone is dramatically reduced, thus inducing
significant neuronal injury [1].

Glucose is the main energy substrate of the brain.
During ischemia, the amount of glucose arriving to the
brain is in excess because oxidative metabolism takes
place under oxygen deficiency. This imbalance induces
the transition of the brain towards anaerobic metabo-
lism, resulting in accumulation of lactate in the final
stages of glycolysis. Progressive acidosis damages cere-
bral tissue [2, 3].

ATP deficiency results from the transition to the
less efficient type of energy metabolism and is another
factor of pathogenesis of ischemia. ATP deficiency
decreases the membrane potential of neurons and glial
cells [4]. The presynaptic potential-dependent Ca2+-
channels are activated and excitatory amino acids are
secreted to the extracellular medium. On the other hand,
energy depletion suppresses the reverse transport of
excitotoxic amino acids, thus extending the time of acti-
vation of glutamate receptors. This decreases intracellu-
lar level of K+ and dramatically increases the intracellu-
lar levels of Ca2+, Na+, and Cl�. Ca2+ entry inside the cell
activates proteolytic enzymes, endonucleases, phospho-

lipase A2, cyclooxygenase, NO-synthase, and other
enzymes. Activation of phospholipase A2 and cyclooxy-
genase induces generation of reactive oxygen species and
lipid peroxide radicals, damaging cellular membranes,
mitochondria, and DNA. NO-synthase significantly
contributes to the production of cytotoxic radicals.

Free radicals induce the formation of inflammatory
mediators, which in turn activate microglia and initiate
infiltration of leukocytes from the blood stream.

Thus, development of cerebral ischemia involves
interrelated metabolic processes, and it is difficult to
determine the main pathogenic factor. Hence, there is no
universal protocol for therapy of cerebral ischemia; the
main approach is administration of drugs improving
rheological characteristics of the blood stream [5].
Efficient medication should be neuroprotective and
should decrease cerebral metabolism, antagonize gluta-
mate neurotoxicity, neutralize free radicals, inhibit Ca2+

entry, and improve cerebral reperfusion. It is very
unlikely that a single compound would combine all these
properties. Thus, development of new anti-ischemic sub-
stances is of special importance.

Carnosine and related histidine-containing dipep-
tides are abundant in vertebrate tissues including brain
(carnosine and homocarnosine) and heart (acetylated
forms of carnosine, homocarnosine, and anserine), and
these compounds are involved in various physiological
processes [6]. Carnosine has several functions: consider-
ing its anti-ischemic activity, antioxidant and mem-
brane-protecting properties, complexing of heavy metal
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ions, and regulation of macrophage activity are the most
important.

V. P. Skulachev has discussed the function of
carnosine as a mobile buffer and carrier of H+ released
by lactate accumulation during glycolysis in working
muscle [7]. The calculations indicate that the contents of
carnosine in the muscle are enough for maintenance of
intracellular pH within the required limits (see the
review of H. Abe in this issue).

Carnosine and related compounds efficiently bind
divalent ions of transition metals [8] including iron [9];
this is of special importance considering the role of iron
in production of reactive oxygen species and develop-
ment of peroxidation during ischemia, i.e., when iron
deposition mechanisms are altered. Complexes of carno-
sine with Cu2+ and Zn2+ have superoxide dismutase
activity [10, 11], which contributes to the antioxidant
effects of the dipeptide.

Membrane-protecting and antioxidant properties
of carnosine were described in 1984 [12]. A number of in
vitro experimental evidences indicate that carnosine and
related histidine-containing dipeptides can scavenge
superoxide and quench singlet oxygen and hydroxyl rad-
ical [13].

In vitro, it was shown that carnosine and related his-
tidine-containing dipeptides modify the activity of
leukocytes during respiratory burst, decreasing the levels
of hypochlorite and increasing the half-life of superoxide
radical [14]. In this case, carnosine not only traps the
radicals but also modifies the activity of the enzyme sys-
tems responsible for the production of reactive oxygen
species [15].

In vivo, antiradical activity of carnosine was demon-
strated in the models of immobilization and electric pain
stress, which are associated with activation of synthesis
of oxygen radicals and lipid peroxidation (LPO) in the
brain [16, 17]. Carnosine enhanced the resistance of ani-
mals towards ionizing radiation [18, 19], hypobaric
hypoxia [20], and supercooling [21], lowering mortality
of the animals and improving their recovery.

Experimental and clinical therapy with carnosine
demonstrated that it is an efficient immunomodulator
and anti-inflammatory agent [22-24]. The effects could
be due to the antioxidant, membrane-stabilizing, and
pH-buffering activities of carnosine [6]. The diverse
pharmacological activities of carnosine are of interest
for protection of the brain against ischemia and hypox-
ia.

Joint studies performed in the Institute of
Neurology (Russian Academy of Medical Sciences) and
Department of Physiology of the School of Biology
(Lomonosov Moscow State University) investigated the
effect of carnosine administered to rats during acute
hypobaric hypoxia. It was demonstrated (Table 1) that
injection of carnosine before hypoxia enhanced the
resistance of the animals to acute oxygen deficiency and
accelerated the recovery of respiratory function and
mobility after hypoxia, suppressing accumulation of
LPO products in the serum [23, 25, 26]. V. B. Koshelev,
A. A. Krushinsky (Department of Physiology), T. V.
Ryasina, T. S. Korshunova (Institute of Neurology),
and S. L. Stvolinsky studied antispasmodic and angio-
protector effects of carnosine in a model of audiogenic
epilepsy in the rat strain developed by Krushinsky and
Molodkina; these rats are genetically predisposed to
audiogenic epilepsy associated with development of
extended hemorrhage of cerebral vessels. Injection of
carnosine before initiation of acoustic stress suppressed
development of epilepsy, decreased the frequency of
cerebral hemorrhages, and normalized the functions of
the pituitary�adrenal system (Table 2). These results
prompted studies of anti-ischemic activity of carnosine.

The prophylactic effect of carnosine was studied in
various models of ischemia.

When ischemia was induced in rats by bilateral
occlusion of the carotid arteries, intraperitoneal injec-
tion of carnosine decreased mortality of the animals by
2-fold (Table 3), and in all survivors the severity of neu-
rological symptoms was reduced. Effective reduction of
mortality by carnosine was also observed in another
model of ischemia in rats induced by occlusion of four
major cephalic vessels including the spinal and common
carotid arteries (Table 3).

The data of Table 3 suggest that there is a limit of
survival (70-80%) of the rats subjected to profound
ischemia, and this limit can be provided by full func-
tioning of the endogenous defense system. Apparently,
carnosine can compensate for the development of defi-
ciency of this system independently of the reasons induc-
ing its damage.

Occlusion of the common carotid arteries was used
to decrease cerebral blood flow by 50% for 15-30 min,
and then the blood flow was restored [27]. In rats with-
out neurological symptoms that did not receive carno-
sine, the cerebral blood flow was completely restores in
24 h, whereas in animals with neurological symptoms

Parameter

Time to loss of pose in
pressure chamber, sec

Time to respiratory arrest
in pressure chamber, sec

Time to recovery of activi-
ty after hypoxia, sec

Control

44 ± 3.6

106 ± 10

380 ± 73

Carnosine

85 ± 13*

200 ± 22*

255 ± 16*

Table 1. Effect of carnosine (250 mg/kg) on resistance of
rats to acute hypobaric hypoxia (PO  = 27 mm Hg)

2

* p < 0.05 versus control.
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the blood flow did not exceed 50-70% of the baseline.
Administration of carnosine lowered the decrease in the
cerebral blood flow during the early stages of develop-
ment of ischemia. In all animals that received carnosine
before the operation, the cerebral blood flow was

restored to 85-120% of the baseline, and the restoration
was more complete in rats without neurological symp-
toms [27]. Electroencephalographic (EEG) studies of
electrical activity of the brain indicate that 15 min after
the occlusion of the common carotid arteries, the ampli-
tude of the theta rhythm was increased; high electric
activity of the brain was detected during the first 30-
45 min of ischemia development, and it remained high
for 24 h after ischemia. Carnosine administered 25-
30 min before occlusion of common carotid arteries sta-
bilized the amplitude of the theta rhythm of the EEG,
and the effects were more pronounced in animals highly
sensitive to ischemia [27].

It would be of interest to compare the anti-ischemic
effects of carnosine to biochemical characteristics of the
brain of animals in the case of ischemia.

Synaptosomes were isolated from the brains of ani-
mals subjected to ischemia for 24 h (the ischemia was
induced by occlusion of the common carotid arteries); in
these synaptosomes, activation of LPO by the
iron/ascorbate system was studied [28]. In rats highly
sensitive to ischemia, it was shown that accumulation of
peroxidation products during 60 min of LPO activation
was lower in the control group versus that in animals
treated with carnosine 30 min before the operation
(intraperitoneal injection, 250 mg/kg). Animals with
high and low susceptibility to LPO induction were
detected in the control and carnosine-treated groups. It
was suggested that administration of carnosine before
ischemia protects the lipid components of the brain
membranes from peroxidation developing during
ischemia. This effect was more pronounced in animals
with high sensitivity to ischemia (Fig. 1a). The neuro-

Parameter

Latent period before 
convulsion, sec

Mean severity of mobility
disorders, points

Time to occurrence of
mobility disorders, min

Cerebral hemorrhage 
frequency, % of animals

Adrenocorticotropic 
hormone contents, 
% versus untreated 
animals

Cortisol contents, 
% versus untreated 
animals

Acoustic
stress

3.3 ± 0.4*

1.7 ± 0.3

3.5 ± 0.6*

30*

474 ± 37**

111 ± 14*

Acoustic stress
with carnosine

4.8 ± 0.4

1.6 ± 0.3

5.4 ± 0.9

10

758 ± 22

68 ± 5

Table 2. Effect of carnosine (250 mg/kg) on antispas-
modic activity of Krushinsky�Molodkina rats during
acoustic stress

* p < 0.05 versus control.
** p < 0.02 versus control.

Type of ischemia

Occlusion of left common and right inner
carotid arteries for 24 h

Occlusion of both common carotid arteries
for 24 h

Occlusion of four main cephalic arteries for
15 min

Occlusion of four main cephalic arteries for
45 min

treated with carnosine

75

83

70

70

Table 3. Effect of carnosine on survival of rats during experimental cerebral ischemia (number of survivors, % of
animals in the group)

control

34

62

47

33

Carnosine administration

200 mg/kg intraperitoneally
20 min before operation

250 mg/kg intraperitoneally
30 min before operation

170 mg/kg per os daily for 7 days
before operation

200 mg/kg intraperitoneally
30 min before operation

Rats
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logical symptoms were less expressed in animals whose
membrane lipids were protected from peroxidation. For
example, 25% of rats with low LPO induction (not treat-
ed with carnosine) surviving occlusion of the common
carotid arteries did not develop neurological symptoms;
50% of these rats developed light symptoms and 25%
developed severe neurological symptoms. In rats pre-
treated with carnosine, 50% of animals did not develop
neurological symptoms; 25% developed light symptoms,
and 25% developed severe neurological symptoms. In
rats with high induction of LPO surviving the operation,
neurological symptoms were less expressed. In animals
not treated with carnosine, approximately 30% devel-
oped light neurological symptoms, and in carnosine-
treated rats, neurological symptoms were not detected
(Fig. 1a). In animals with low sensitivity to ischemia, the
severity of neurological symptoms was also inversely
correlated to induction of LPO in brain synaptosomes
(Fig. 1b); rats with low LPO induction did not develop
neurological symptoms and rats with high LPO induc-
tion developed light symptoms. Carnosine did not influ-
ence induction of LPO in brain synaptosomes of rats
with low sensitivity to ischemia [28].

The system of endogenous antioxidants was ana-
lyzed in the brain of rats after 24 h of ischemia; the data
indicate that the pool of homocarnosine was better pre-
served in animals pretreated with carnosine which had

less pronounced neurological symptoms [28]. On the
other hand, these experiments demonstrated that the
levels of carnosine were not increased after 24 h of
ischemia in the brain of rats intraperitoneally injected
with carnosine before surgery. Thus, the neuroprotective
effect of carnosine is not limited to the direct antioxidant
action. It has been shown that after intraperitoneal
injection of carnosine in rats, peak levels of carnosine
are observed 30-45 min from the injection, and then
carnosine rapidly disappears from the brain [16].

Oxygen radicals produced by polymorphonuclear
leukocytes and monocytes-macrophages significantly
contribute to the development of cerebral ischemia [29].
We have shown that, under normal conditions, injection
of carnosine into rats inhibits respiratory burst of leuko-
cytes, and the suppression of the hypochlorite formation
was pronounced to the highest extent [15]. The effect of
carnosine was preserved for 24 h either after a single oral
administration (1 h before cells were isolated) or after
regular (daily for 5 days) administration in drinking
water before the leukocyte activity was determined. This
suggests that carnosine has an indirect ultimate effect
when its concentration in the blood is decreased to lev-
els that are not efficient in direct in vitro experimental
measurements of leukocyte burst [15].

In rats with ischemia induced by bilateral occlusion
of the common carotid arteries for 24 h, leukocyte res-
piratory burst was observed and this burst was effi-
ciently suppressed by carnosine injected 30 min before
occlusion. The number of polymorphonuclear leuko-
cytes and production of reactive oxygen species by these
cells were decreased by 2.5-3-fold [30]. Thus, carnosine
can influence the development of ischemic injury of the
brain via modification of the activity of the leukocyte
system.

Accumulation of lactate and acidosis are among the
most important pathogenic factors of hypoxic and
ischemia injury of the brain. Similar processes associat-
ed with accumulation of H+ and lactate occur when
energy metabolism of the muscle is switched to glycoly-
sis [7]. According to NMR spectroscopy, pretreatment
with carnosine decreases lactate accumulation in the
muscle of rats when glycolysis is activated by physical
activity load [31]. Thus, it was suggested that injection of
carnosine during ischemia could result in binding of
excessive protons, suppressing lactate accumulation in
the brain (similar to oxygen deficiency in muscle), thus
decreasing the pathogenetic effect of these factors of
ischemic injury of the brain. According to 1H-NMR
spectroscopy, injection of carnosine into rats subjected
to ischemia (occlusion of four cephalic arteries) inhibits
lactate accumulation in the brain [32]. In control rats,
the levels of lactate were increased in the ischemic injury
zone by 4-5-fold during 45 min, whereas in carnosine-
pretreated animals, the level of lactate was increased by
only 2-fold; the effect was preserved for long periods of
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Fig. 1. Correlation between induction of membrane lipid per-
oxidation of the brain and neurological symptoms 24 h after
occlusion of the common carotid arteries in rats with high (a)
and low (b) sensitivity to ischemia; I) ischemia; II) ischemia
after pretreatment with carnosine. The upper part of the fig-
ure shows the level of LPO products (malonic dialdehyde
(MDA), nmol/mg protein) accumulated in 60 min of LPO
induction. The lower part of the figure shows the percentage
of animals with neurological disorders of various severities: 1)
no neurological symptoms; 2) light neurological disorders; 3)
severe neurological disorders.
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time (up to 90 min and more). In the control group, the
level of lactate in the brain was still increasing (Fig. 2).
These data cannot be considered as direct evidence of
the role of carnosine in the anti-ischemic defense system
as a proton buffer, but the effect indicates that carnosine
is a very promising medication removing one of the
important pathogenic factors of ischemic injury, i.e.,
accumulation of lactate in the ischemic zone; this may be
due to improved microcirculation in the ischemic zone
[27].

Development of ischemic injury induces alterations
in enzymes and receptors of the brain. The effect of
carnosine on the activities of Na,K-ATPase, mono-
amine oxidase B (MAO B), and glutamate receptors was
studied in experimental ischemia induced by occlusion
of cephalic vessels.

Na,K-ATPase is one of the first and the most sus-
ceptible targets of oxygen radicals [33]. Inhibition of its
activity alters ion transport and induces membrane
depolarization; neurons lose their most important func-
tion, i.e., electrical conductivity. In vitro, carnosine effi-
ciently protects Na,K-ATPase from the effects of oxy-
gen radicals [34].

Studies of Na,K-ATPase from the brain of
Mongolian jerboas subjected to ischemic injury indicate
that enzyme activity is reduced by 22% [35]. Similar
inactivation of Na,K-ATPase was detected in a model of
profound ischemia of rat brain (occlusion of four main
cephalic arteries) [30, 36]. In this model, injection of
carnosine before the occlusion suppressed inhibition of
enzyme activity. In ischemic rats not pretreated with
carnosine, Na,K-ATPase activity was approximately
80% of that in the intact animals but in carnosine-treat-
ed rats, enzyme activity did not significantly differ from
that in the intact animals [30].

Uncontrolled increase in excitotoxic compounds
(glutamate, aspartate) in the interneuronal medium is an
important pathogenic factor of development of ischemic
injury of the brain. These excitotoxic compounds induce
sustained activation of the corresponding receptors pro-
viding for pleiotropic effects of their activation in the
cell, thus altering intracellular homeostasis. Activation
of glutamate receptors by kainate (KA) or N-methyl-D-
aspartate (NMDA) is associated with Ca-dependent for-
mation of reactive oxygen species inducing massive cell
death. Pretreatment of neuronal suspension with carno-
sine protects the cells from KA- and NMDA-dependent
injury. Suppression of glutamate receptor-dependent
toxicity was dose-dependent, and IC50 was 0.75 mM; this
value is similar to the physiological concentrations of
carnosine in the vertebrate brain [37].

In vivo, in a model of ischemia of rat brain induced
by prolonged (5 days) occlusion of the common carotid
arteries, the activity of the glutamate receptors was stud-
ied as well as the effect of carnosine on their function.
Ischemic injury of the tissue was characterized by acti-

vation of NMDA receptors, and this activation was sup-
pressed by carnosine. After prolonged ischemia of the
brain, binding of NMDA by the glutamate receptors
was 2-fold higher versus that in the intact animals. In
rats pretreated with carnosine before the occlusion of
the carotid arteries, binding of NMDA by brain synap-
tosomes (determined at the end of ischemia) was similar
to that in the intact animals.

Excessive production of dopamine in ischemia and
dopaminergic hyperactivity during recirculation in the
ischemic zone play an important role in neuronal death.
Oxidation by monoamine oxidases A and B is the main
pathway of catecholamine and other monoamine neuro-
transmitter catabolism. In the case of ischemia of the
brain, activity of monoamine oxidases is decreased by
20-30% [38]. In a rat model of global ischemia of the
brain (occlusion of cephalic vessels), MAO B activity is
decreased to 75-80% of the levels detected in the intact
brain. Pretreatment with carnosine inhibited this sup-
pression of the MAO B activity [39]. These data do not
suggest a direct mechanism of MAO B protection by
carnosine in the ischemic brain but indicate that carno-
sine can compensate for the pathogenic effects of cate-
cholamines. Another possible pathway of carnosine-
dependent regulation of catecholamine levels in the
ischemic brain may involve its effects on tyrosine
hydroxylase, which is the key enzyme of synthesis of
these neuromediators. In vitro, it was shown that micro-
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Fig. 2. Effect of carnosine on lactate accumulation in the
ischemic injury zone of the brain induced by occlusion of four
main cephalic arteries (data of H1-NMR spectroscopy): 1)
ischemia in rats pretreated with carnosine; 2) ischemia in con-
trol rats. The levels of lactate before arterial occlusion (a) and
in 35-45 min (b), 90-100 min (c), or 150-170 min after occlu-
sion (d).
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molar concentrations of carnosine suppress the activity
of tyrosine hydroxylase (isolated from rat brain) by 75%
in a model system [40]. Thus, the influence of carnosine
on the levels of catecholamines in the brain can involve
limitation of the synthesis of these excitotoxic com-
pounds and protecting pathways of their oxidative con-
version.

Data on protection of the heart from ischemia by
carnosine are of interest considering the reviewed prob-
lem. In cardiac muscle, the concentration of the histi-
dine-containing dipeptides is up to 10 mM, and most of
these dipeptides are acetylated [41]. During short-term
hypoxia of the heart, carnosine promoted preservation
of the coronary blood flow, decreased loss of lactate
dehydrogenase from cardiomyocytes, and suppressed
the development of ischemic contracture [42]. In cardiac
reperfusion after lethal blood loss, carnosine adminis-
tered in nutrient blood-substituting medium protected
cardiomyocyte membranes from injury and normalized
the functioning of the enzymes localized in these mem-
branes [43]. Carnosine decreased the development of
contracture in ischemia�reperfusion. At the same time,
release of myoglobin and nucleosides from cardiomy-
ocytes was decreased, suggesting that carnosine has
membrane-protecting activity [44]. Acetylated carnosine
was more efficient in suppressing ischemic contracture,
and its influence on cardiac contractility was more pro-
nounced. Moreover, acetylcarnosine restored myocar-
dial contractility during ischemia [45]. Hence, carnosine
has anti-ischemic activity in the heart as well as in the
brain.

Thus, carnosine is a very promising candidate for
an anti-ischemic medication due to a combination of
several effects. The effects of carnosine on the produc-
tion and levels of reactive oxygen species can play the
key role in anti-ischemic activity of this dipeptide.
However, significant impact of other activities of carno-
sine should not be neglected, including its function as a
mobile proton buffer and iron ion chelator. Further
studies will resolve this problem, but even at present
clinical studies of anti-ischemic effects of carnosine can
be considered.

The authors are indebted to Professor A. A.
Boldyrev for valuable comments during preparation of
the manuscript and for helpful discussions.
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