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Abstract—The molecular mechanism of the participation of carnosine in the functioning of soluble guanylate cyclase is
discussed. It is shown that carnosine inhibits the activation of soluble guanylate cyclase by sodium nitroprusside and a
derivative of furoxan—1,2,5-oxadiazolo-trioxide (an NO donor). However, carnosine has no effect on stimulation of the
enzyme by a structural analog of the latter compound, a furazan derivative (1,2,5-oxadiazolo-dioxide) that is not an NO
donor; nor was carnosine involved in the enzyme activation by protoporphyrin IX, whose stimulatory effect is not asso-
ciated with the guanylate cyclase heme. The inhibition by carnosine of guanylate cyclase activation by an NO donor is
due to the interaction of carnosine with heme iron with subsequent formation of a chelate complex. It was first demon-
strated that carnosine is a selective inhibitor of NO-dependent activation of guanylate cyclase and may be used for sup-
pression of activity of the intracellular signaling system NO-soluble guanylate cyclase-cGMP, whose sharp increase is
observed in malignant tumors, sepsis, septic shock, asthma, and migraine.
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Carnosine (f3-alanyl-L-histidine) was isolated by V.
S. Gulewitsch as a component of compounds extracted
from muscle tissue at the beginning of the XXth century
[1].

It has been established that this natural dipeptide
performs important biological functions; in particular, it
exhibits antioxidative properties [2, 3] directed at sup-
pression of free-radical reactions. Study of the antiox-
idative action of carnosine has shown that its effects are
realized not only owing to binding of lipid oxidation
products in the course of free-radical reactions, but also
through interaction with active oxygen species [4, 5].
Carnosine may also serve as a scavenger of peroxyl [2]
and hydroxyl [2] radicals, for singlet oxygen [2] and
superoxide anion oxygen [2], and can neutralize
hypochlorite anion by forming with it stable chloramine
complexes [2]. The antioxidative properties of carnosine
provide its successful application for treatment of
cataract, superficial burns of epiderma, wound healing,
i.e., for various inflammatory processes developing on
the background of cellular membrane damage [2, 6, 7].
The exact molecular mechanism of carnosine action and
its biological significance are not yet clear.

Soluble guanylate cyclase (EC 4.6.1.2) catalyzing
the biosynthesis of cyclic 3',5'-guanosine monophos-
phate (cGMP) is directly connected with lipid peroxida-

* To whom correspondence should be addressed.

tion and with free-radical reactions. It is known that
soluble guanylate cyclase activity is stimulated by unsat-
urated fatty acids [8], by products of their peroxidation
[9], and by free radicals, including hydroxyl radicals [10].
Earlier, we demonstrated the stimulation of soluble
guanylate cyclase by a stable free radical and cumole
hydroperoxide [11]. Acute disturbances in platelet
guanylate cyclase activity have been revealed in experi-
mental pathologies such as allergic heart lesion in rabbit
[12] and acute ischemia in rats [13]. Both these patholo-
gies are characterized by intensification of free-radical
reactions. It is very likely that free radicals are endoge-
nous regulators of soluble guanylate cyclase. The mech-
anism of their action is unknown, and the role of antiox-
idants in the functioning of guanylate cyclase is not yet
clear. Studies in this area have acquired especial signifi-
cance after identification of yet another free radical mol-
ecule—nitric oxide (NO)—one of the key endogenous
regulators of various physiological processes. Endo-
genous NO, formed from L-arginine by L-arginine-NO-
synthase [14] and identical to the endothelial derived
relaxation factor (EDRF), is also a neurotransmitter, a
cytotoxic agent [16], and a powerful factor of hemosta-
sis. NO inhibits platelet aggregation [17] and is present-
ly considered as an endogenous vasodilator. Many phys-
iological functions of NO, particularly its vasodilatory
and anti-aggregatory effects are directly associated with
soluble guanylate cyclase activation and cGMP accumu-
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lation. Activation of guanylate cyclase by nitric oxide is
due to the interaction of NO with the guanylate cyclase
heme iron. It is known that the immediate heme precur-
sor in vivo is protoporphyrin IX [18], which proved to be
a potent activator of the enzyme. Introduction of iron
into the porphyrin ring yields ferroprotoporphyrin IX
(or heme), which acts as an inhibitor of the enzyme [19].
This reaction is considered as very important in the
endogenous regulation of soluble guanylate cyclase.
Following the interaction of NO with the heme iron, the
iron protrudes from the plane of the porphyrin ring; as
a result, the structure of the nitrosyl-heme complex
formed becomes similar to that of protoporphyrin IX—
one of the potent enzyme activators [18]. Thus, it
appears that the nitrosyl-heme complex is the true acti-
vator of the enzyme [20]. It is known that the therapeu-
tic effect of commonly used vasodilators (such as nitro-
glycerin) is closely related to the interaction of NO
released in the course of their biotransformation with
guanylate cyclase heme (according to above mecha-
nism), enzyme activation, and accumulation of cGMP.
As mentioned above, carnosine is able to bind to
the products and inhibitors of free-radical reactions [2].
No evidence has been presented that carnosine can
interact with NO. However, it is known that carnosine is
able to form chelate complexes with ions of bivalent
metals (Cu, Co, Zn, Mn) [21, 22] including bivalent iron
[23]. The antioxidative properties of carnosine and its

Table 1. Effect of carnosine on the activity of human
platelet guanylate cyclase and on the activation of the
enzyme by sodium nitroprusside (SNP, 100 uM) and
protoporphyrin IX (PTP IX, 5 uM)

Activity, pmol Activation degree
Enzyme c¢GMP/min per
mg protein SNP PTP IX

105,000¢
supernatant
without carnosine 183 £ 10 20+20 | 6.8£04
with carnosine

1 mM 177 £ 10 1016 | 6.5£0.2

5mM 142 £ 11 57x1.7
DEAE-cellulose
eluate
without carnosine 1185 41209 | 7.5%£1.0
with carnosine

(1 mM) 1195 44+10 | 79%20.5

Note: Data represent the mean * SD of four-five independent experiments.
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ability to form chelate complexes may modify the func-
tioning of guanylate cyclase.

The influence of carnosine on the activity of human
platelet guanylate cyclase and on sodium nitroprusside-
induced enzyme activation is shown in Table 1. One can
see that in experiments with 105,000g supernatant,
obtained from sonicated platelets suspension, carnosine
(at a final concentration of 1 mM) had no effect on the
guanylate cyclase activity (with Mg®"); however, at the
concentration 5 mM, carnosine lowered the basal value
by ~22%. In these experiments, carnosine was preincu-
bated with guanylate cyclase for 10 min at 0°C before
substrate addition. Increasing the preincubation time
(up to 40 min) enhanced the inhibitory effect of carno-
sine to 35%. Carnosine also suppresses the ability of
guanylate cyclase to be activated by sodium nitroprus-
side (Table 1). At the carnosine concentration 1 mM, the
nitroprusside-induced activation was lowered 3-fold,
while at 5 mM carnosine, 5-fold.

The intensity of the inhibitory action of carnosine
on the sodium nitroprusside-induced guanylate cyclase
activation was dependent not only on the carnosine con-
centration in the sample, but also on the order of addi-
tion of the components. We have shown that if guany-
late cyclase was first preincubated with sodium nitro-
prusside (10 min at 0°C) and then 1 mM carnosine was
added, the inhibition was 51 * 4%. If guanylate cyclase
was preincubated with 1 mM carnosine (10 min at 0°C)
with subsequent addition of sodium nitroprusside, the
inhibition increased to 74 * 5%. These results are sug-
gestive of a competition between carnosine and sodium
nitroprusside for the same binding site on the enzyme
molecule.

Since the action of sodium nitroprusside is due to
the interaction of the NO group with the guanylate
cyclase heme iron, we studied the influence of carnosine
on sodium nitroprusside-induced guanylate cyclase acti-
vation upon heme deficiency of the enzyme. Although
the nature of the bond between the protein and heme in
guanylate cyclase is not yet fully clarified, it is known
that this bond is labile. The heme can dissociate from the
protein on a decrease in pH to 5.0, on storage, and in the
course of some purification procedures (ion-exchange
chromatography), thus causing a certain degree of heme
deficiency of guanylate cyclase [20].

Earlier [24], we have shown that the 7-8-fold puri-
fied human platelet guanylate cyclases (with Mg*") lost
its ability to be activated by sodium nitroprusside by 70-
80%. The absorbance spectra of such an enzyme prepa-
ration was lacking the maximum at 415-420 nm (Soret
band) that was present in the initial 105,000g super-
natant. In other words, the partially purified guanylate
cyclase preparation was heme deficient. The degree of
activation of such a preparation with sodium nitroprus-
side was lowered by 86% (from 29 to 4.1) (Table 1). The
heme deficiency of the enzyme was further supported by
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the loss of the absorbance maximum at 410-415 nm
(Soret band). From Table 1 one can also see that carno-
sine (at 1 mM or at even lower concentration, to
0.1 mM) does not affect the basal activity of the prepa-
ration and its ability to be activated by sodium nitro-
prusside. It appears therefore that carnosine does not
inhibit the sodium nitroprusside-induced activation of
the heme-deficient guanylate cyclase.

We [25] and others [18] have shown that the stimu-
latory effect of protoporphyrin IX (immediate heme pre-
cursor) is not associated with the heme. Therefore, we
compared the influence of carnosine on the sodium
nitroprusside-induced and the protoporphyrin IX-
induced guanylate cyclase stimulation. The optimal con-
centration of protoporphyrin IX (with both 105,000g
supernatant and partially purified heme-deficient
guanylate cyclase preparation) is the same, 5 pUM. In
experiments with 105,000g supernatant, addition of
carnosine (1 mM) lowered the stimulatory effect of sodi-
um nitroprusside by ~66% but had no effect on the pro-
toporphyrin IX-induced enzyme activation. In experi-
ments with partially purified heme-deficient prepara-
tion, the activation of the enzyme by sodium nitroprus-
side was lowered, and this level remained unchanged
upon carnosine addition (1 mM) (Table 1). The intensi-
ty of the activating effect of protoporphyrin IX on the
heme-deficient enzyme preparation remained the same
as in experiments with supernatant and the activation
degree did not change upon carnosine addition (1 mM)
(Table 1).

The tightness of heme binding to guanylate cyclase
varies depending on the source of the enzyme [26, 27].
The literature contains no indication of the possible exis-
tence in tissues of soluble guanylate cyclase in the heme-
deficient form. We were the first to demonstrate that rat
platelet guanylate cyclase could not be activated by sodi-
um nitroprusside [11]. More detailed investigation of
this phenomenon showed that, contrary to the generally
accepted notion, heme is not a constituent part of the rat
platelet guanylate cyclase [28]. Therefore, rat platelets
cannot be used as a model to study the effect of NO and
NO-generating compounds on platelet guanylate
cyclase.

In this context, of special interest is that with some
human platelet 105,000g supernatants the activation of
guanylate cyclase by sodium nitroprusside was only 4.5-
fold (instead of the usual 25-fold); this activating effect
did not change after DEAE chromatography.

Based on this and some other facts, we have con-
cluded that guanylate cyclase present in such super-
natants is initially heme deficient. In this case, carnosine
must not inhibit sodium nitroprusside-induced guany-
late cyclase activation. We compared the ability of such
supernatant (conventionally designated as one “contain-
ing the heme-deficient guanylate cyclase”) and the abili-
ty of the preparation obtained after DEAE-cellulose
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chromatography to be activated by sodium nitroprus-
side and by protoporphyrin IX. Concurrently, we inves-
tigated the influence of carnosine on these processes.
The results are presented in Table 2. One can see that
with sharply reduced ability of guanylate cyclase from
105,000g supernatant to be activated by sodium nitro-
prusside (6-fold as compared to 29-fold, Tables 1 and 2),
the extent of enzyme activation by protoporphyrin IX
did not differ significantly from that obtained earlier
(the corresponding values are 5.1 and 6.8, Tables 1 and
2). Carnosine addition (1 mM) lowered the sodium
nitroprusside-induced stimulation only insignificantly
(by 20%) and had no effect on the enzyme activation by
protoporphyrin IX (Table 2). Following the DEAE-
chromatography of such supernatant, the guanylate
cyclase preparation obtained did not differ significantly
from the initial supernatant (Table 2) with regard to its
ability to be activated by sodium nitroprusside and by
protoporphyrin IX. These stimulatory effects did not
change upon addition of 1 mM carnosine (Table 2).
Thus, the unexpectedly low extent of sodium nitroprus-
side-induced guanylate cyclase activation in the series of
experiments with 105,000g supernatant, along with the
lack of the inhibitory effect of carnosine on this activa-
tion (Table 2) suggests that in this case the stimulation
of guanylate cyclase is not associated with its heme.

It is known that one distinctive feature of soluble
guanylate cyclase is the presence of labile sulfhydryl
groups on its surface which are easily oxidized by vari-
ous endogenous and exogenous oxidants. Oxidation of
these labile SH-groups stimulates the enzyme activity
[29], while prolonged action of oxidants inhibits the

Table 2. Effect of carnosine (1 mM) on the activation
degree of heme-deficient human platelet guanylate
cyclase by sodium nitroprusside (SNP, 100 uM) and by
protoporphyrin IX (PTP IX, 5 uM)

Activation degree
Enzyme
SNP PTP IX
105,000g supernatant
without carnosine 6.0 £0.6 51208
with carnosine 48+0.8 5404
DEAE-cellulose eluate
without carnosine 50x0.3 53+04
with carnosine 55%x0.2 54%0.5

Note: Acivation degree was determined with respect to the basal
guanylate cyclase activity taken as 1. Data represent means +
SD of three independent experiments.
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enzyme [30]. We believe that the activating action of
sodium nitroprusside is a combination of two effects:
nonspecific, heme-independent increase in activity
(probably caused by oxidation of labile sulfhydryl
groups) and stimulation of activity due to formation of
nitrosyl-heme complex between the NO group and
guanylate cyclase heme. It is this process that is inhibit-
ed by carnosine.

Inhibition by carnosine of the sodium nitroprus-
side-induced enzyme stimulation (Table 1) could possi-
bly be explained by the antioxidative properties of
carnosine directed at the NO group formed from sodium
nitroprusside. However, the data presented were inter-
preted as indicating that the effect of carnosine is due to
its interaction with guanylate cyclase and is heme-direct-
ed. This suggestion is supported by data on the compe-
tition between carnosine and sodium nitroprusside for
heme binding and on the strengthening of the inhibitory
effect of carnosine (from 51 to 74%) if it was initially
incubated with the enzyme before sodium nitroprusside
addition. In favor of this suggestion is the loss of the
inhibitory effect of carnosine in experiments with par-
tially purified heme-deficient preparation of the enzyme

Table 3. Effect of carnosine (1 mM) on human platelet
guanylate cyclase (GC) activation by sodium nitroprus-
side (SNP), 4,7-dimethyl-1,2,5-oxadiazolo[3,4-d]pyri-
dazine-1,5,6-trioxide (OPTO), and 4,7-dimethyl-1,2,5-
oxadiazolo[3,4-d]pyridazine-5,6-dioxide (OPDO)

Specific GC
Additives activity, pmol | Activation, | Inhibition,
c¢GMP/min per % %

mg protein

SNP (0.1 mM)

without carnosine 1256 + 100 1570

with carnosine 326 + 26 408 74

OPTO (0.01 mM)

without carnosine 1961 + 137 2451

with carnosine 763 = 60 954 61

OPDO (0.01 mM)

without carnosine 1504 + 140 1880

with carnosine 1530 £ 137 1912 0

Note: Values of specific GC activity presented are means of three-four
independent experiments + SD. Basal specific activity is 80 +
7 pmol cGMP/min per mg protein.
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(Table 1) and the virtual absence of the carnosine effect
in experiments with heme-deficient guanylate cyclase
(Table 2). Interaction of carnosine with guanylate
cyclase heme may be realized trough the interaction of
this dipeptide with the bivalent heme iron; the ability of
carnosine to form chelate complexes with bivalent metal
ions is well known [21-23]. Although the carnosine Fe**
complex readily dissociates, it cannot be excluded that a
result of interaction of carnosine with heme Fe®* is that
the complex formed is more stable and prevents binding
of heme with the NO group. The evidence for a carno-
sine-heme Fe** interaction also comes from the finding
that absorption at 428 nm in the reduced hemoglobin
spectrum (Soret band) is lowered upon carnosine addi-
tion (data not shown).

After identification of EDRF as NO, which proved
an endogenous activator of soluble guanylate cyclase
and regulator of many physiological processes, a better
insight was gained into the understanding of the physio-
logical significance of a new intracellular signaling sys-
tem: NO-soluble guanylate cyclase-cGMP. It is current-
ly established that this signaling system is widespread in
mammalian organs and tissues and plays an important
role in a variety of physiological processes [31].
Enhancement of activity of this system in malignancy,
sepsis, septic shock, asthma, and migraine motivates the
search for inhibitors of NO-dependent guanylate cyclase
activation which might serve as a basis for creation of
new drugs able to selectively inhibit this activity [31].
Such inhibitors are virtually absent. Known blockers of
NO-dependent guanylate cyclase activation, such as
methylene blue and LY-83583, are nonspecific [31]. A
recently proposed inhibitor of NO-dependent guanylate
cyclase activation—ODQ (1-H[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one) [32]—only partially satisfies the
necessary requirements [31]. In this context the ability of
carnosine to inhibit the sodium nitroprusside-induced
guanylate cyclase activation merits special consideration
and requires the elucidation of the question as to what
extent this ability of carnosine is revealed with respect to
other NO donors.

We have investigated the influence of carnosine on
the stimulation of human platelet guanylate cyclase by a
yet unstudied furoxan derivative condensed with pyri-
dazine di-N-oxide—4,7-dimethyl-1,2,5-oxadiazolo[3,4-
d]pyridazine-1,5,6-trioxide (OPTO)—and the corre-
sponding furazan derivative—4,7-dimethyl-1,2,5-oxadi-
azolo[3,4-d]pyridazine-5,6-dioxide (OPDO). The data
presented in Table 3 show that both compounds at
0.01 mM concentration are potent guanylate cyclase
activators, whose stimulatory effect exceeds the activa-
tion of the enzyme by sodium nitroprusside (0.1 mM).
Preliminary incubation of carnosine (1 mM) with guany-
late cyclase (10 min at 0°C) with subsequent addition to
samples of separately introduced sodium nitroprusside
(0.1 mM) and OPTO (0.01 mM) sharply inhibits the
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guanylate cyclase activation with these compounds (by
74 and 61%, respectively).

However, carnosine (1 mM) in the same conditions
has no effect on the guanylate cyclase stimulation by the
furazan derivative (0.01 mM OPDOQO). Water solutions of
OPTO and OPDO are stable at pH 7.4 in the absence of
thiols. Addition of cysteine or glutathione leads, in the
case of OPTO, to rapid modification of SH-groups (2.2-
3.5 mol per mol of compound) accompanied by genera-
tion of nitrite (the product of NO oxidation with air oxy-
gen) (up to 0.48 mol/mol), of S-nitrosothiols (up to
0.17 mol/mol), or hydroxylamine (up to 0.44 mol/mol).
OPDO incubation in the presence of thiols does not lead
to formation of NO or its forms [33]. In other words,
OPTO (but not OPDO) is a thiol-dependent NO donor
because it contains the furoxan system. These data are in
accord with those reported in the literature [34, 35] indi-
cating the NO-donor properties of furoxan (but not
furazan) derivatives. The effect of carnosine on the
guanylate cyclase activation by OPTO and OPDO was
compared with that of ODQ that was proposed by
Moncada et al. [32] as a selective inhibitor of NO-
dependent guanylate cyclase activation. We have shown
that ODQ, at the optimal concentration in the sample of
3007 M, supresses with equal intensity (by 40 and 47%)
the guanylate cyclase activation induced by OPTO and
OPDO. Carnosine (1 mM) inhibited only the guanylate
cyclase activation induced by OPTO, an NO donor
(Table 3). Suppression by ODQ of the 16-fold activation
of the enzyme by sodium nitroprusside (0.1 mM) is, in
analogous conditions, 75%. These data do not agree
with the notion of ODQ as a selective inhibitor of the
NO-dependent guanylate cyclase activation because
OPDO is not an NO donor. Indeed, at present ODQ is
considered as an inhibitor of heme-dependent enzyme
activation [36].

The ability of carnosine to interact with the guany-
late cyclase heme may be used for assessing the enzyme
saturation with heme. The importance of such a test is
due to disturbances of endogenous regulation of guany-
late cyclase (in case of its heme deficiency) by the paral-
lel lowering of the efficiency of action of organic
nitrovasodilators (nitroglycerin, etc.) and by distur-
bances of vascular tone.

Since the presence or absence of heme in the guany-
late cyclase molecule does not significantly influence the
enzyme activity [20], we believe that the insignificant
inhibition of activity of platelet guanylate cyclase by
carnosine (Table 1) is connected with the antioxidative
properties of the latter, i.e., its ability to suppress free-
radical guanylate cyclase-stimulating reactions in
platelets.

The most important result of this study is that
carnosine appears to be a selective inhibitor of NO-
dependent guanylate cyclase activation. The possibility
exists of using this compound as a pharmaceutical drug
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for treatment of malignant tumors, sepsis, septic shock,
asthma, migraine, i.e., pathologies which are associated
with increasing activity of the intracellular signaling sys-
tem: NO-soluble guanylate cyclase-cGMP. It should be
stressed that carnosine is not toxic and is convenient for
clinical application [2]. The compound is fully metabo-
lized in the human body and is not accumulated in mam-
malian tissues upon prolonged use. Although carnosine
has long been considered as a potential drug, its practi-
cal application is delayed, mostly because of insufficient
exploration of its biological activity [2]. It may well be
that the now-revealed ability of carnosine to selectively
inhibit the NO-dependent activation of guanylate
cyclase will attract closer attention of biochemists, phar-
macologists, and clinical physicians to this compound
and enlarge the area of its application as a medical
preparation.

This work received financial support from the
Russian Foundation for Basic Research.
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