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Amine oxidases (AOs) are ubiquitous enzymes involved in the metabolism of biogenic
amines. Copper AOs (Cu-AOs) catalyze the oxidative deamination of primary amine
groups of several biogenic amines, such as putrescine, cadaverine, and histamine. In the
present review, the effects of a plant amine oxidase (Cu-AO, histaminase, EC1.4.3.6)
purified from pea seedlings in the modulation of IgE-mediated allergic reactions, and in
the prevention of cardiac and splachnic postischemic reperfusion damage are reported.
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OVERVIEW

Biochemistry of Amine Oxidases

Amine oxidases (AOs) are a broad class of Cu- or FAD-containing enzymes (Cu- and FAD-AOs)
distributed among all living organisms, which are able to oxidize biogenic amines to hydrogen peroxide
(H,0,) and aldehydes. Their widespread occurrence accounts for an undoubtedly relevant function in
biogenic amine metabolism. AOs are heterogeneous in structure, catalytic mechanisms, and mode of
substrate oxidation. Mono, di-, and polyamines are oxidatively deaminated by AOs in a reaction
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consuming O, and H,O, and producing the corresponding aldehyde, the removed amine moiety, and H,O,
in stoichometric amounts according to the following reaction:

H,NH, +0O0,+H,0 — RCHO + NH; + H,0,

Cu-AO contains a second cofactor, topaquinone (TPQ)[1], which is produced by post-translational
oxidation of a tyrosine residue catalyzed by the same Cu®"[2,3]. The second group of AOs contains FAD
as a cofactor and includes cytosolic polyamine oxidase (PAO) and mitochondrial monoamine oxidase
(MAO). PAO participates in the interconversion metabolism of polyamines (PAs). MAOs are tightly
bound to the outer mitochondrial membrane and occur in two isoforms, named A and B. In general,
MAOs oxidize primary arylalkyl amines and are widely distributed among eukaryotes. In the present
review, some physiopathological aspects of Cu-AO/histaminase (diamine oxidase, DAO) and the possible
therapeutic applications of these enzymes will be discussed.

Copper Amine Oxidases and Their Involvement in Physiology and
Pathophysiology

Cu-AOs are dimeric proteins, each subunit weighing about 70-90 kDa, with 33 fully conserved residues
near the catalytic site. The active site, consisting of one Cu’" and one TPQ connected by a water
molecule, is located inside each subunit and is connected with the outer aqueous phase through a
hydrophobic channel. In the last few years, the structure of several Cu-AOs has been revealed by means
of X-ray chromatography and gene cloning[4]. The crystal structure of bovine serum AOs (BSAOs) was
recently published[5].

A number of diverse physiological functions have been ascribed to AOs, although their exact role and
biological activity are not completely understood. These enzymes are involved in different metabolic
processes depending on the action of their substrates and reaction products. There is ample evidence that
polyamines, H,O,, and aldehydes are of pivotal physiological relevance in cell proliferation,
differentiation, and death[6]. For example, depending on its concentration, H,O, can either impair cell
growth and proliferation, or regulate gene expression and transduction of cell signaling[7]. Moreover,
injection of as little as 0.3 units of pig kidney diamine oxidase (pkDAO), immobilized on concanavalin
A-Sepharose, into the peritoneal cavity of Swiss mice 24 h after transplantation of neoplastic Ehrlich
ascite cells, resulted in a strong inhibition of intraperitoneal tumor cell growth[8]. Of note, these cells
contain a considerable amount of polyamine (PA), which appears to be oxidized by DAO. In this context,
99% inhibition of Ehrlich ascite cell proliferation was observed in the presence of oxidized spermine,
whereas spermine had no effect[9]. Overall, these results may suggest a possible use of AOs in anticancer
therapy[10]. As a matter of fact, BSAO, added to the incubation mixture of cultured Hamster fibroblasts
in the presence of added polyamines, has a cytotoxic effect[11]. Cu-AOs may act by post-translational
modification of proteins[12]; for instance, Cu-BSAO can mediate the oxidation of polypeptide amino
groups, as occurs with synthetic polylysine, as well as endogenous lisozyme and ribonuclease A. At the
cellular level, Cu-BSAO has been observed to modulate the electric properties of ion channels in
neuroblastoma cells, thereby increasing the current of the K channels[13]. At the organ level, Cu-BSAO
was found to have a protective effect on cardiac function, as it exerts antiarrhythmic effects on isolated rat
hearts subjected to regional ischemia and reperfusion[14]. This effect could be due, at least in part, to its
antioxidant action against electrolysis-induced generation of oxygen free radicals and their by-products.

Cu-AOs are likely involved in leukocyte adhesion and extravasation. Salmi and Jalkanen[15]
demonstrated that VAP-1, a cell surface endothelial glycoprotein, is actually a Cu-AO. This enzyme,
which is sensitive to semicarbazide-specific inhibitors of AO is able to metabolize substrates like
benzylamine and methylamine, and has striking molecular similarities to Cu-BSAO[16]. This enzyme
exerts catalytic activity against plasma membrane—bound amino groups, such as the N-terminus of
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proteins, NH,-containing amino acid residues, amino carbohydrates, etc. Overproduction of Cu-AOs
appears to be dangerous, as observed in diabetes, heart attack, ischemia, and cataract. Cu-AO activity is
increased in diabetes, particularly in diabetic patients with vascular complications, probably due to the
production of endogenous cytotoxic compounds[17]. Transgenic diabetic mice showed an increase in Cu-
AOQ activity in serum, kidney, and adipose tissue. This increased Cu-AO activity in diabetes is probably
dependent on post-transcriptional modification or activation of prestored inactive enzyme molecules.
These results, and in particular the role of diabetic vascular dysfunction on the negative effects of Cu-AQO,
are in agreement with the results of Ucar et al.[18]. They reported that elevated Cu-AO activity is
correlated with H,O, production in lungs with ischemia-reperfusion injury. Of note, in this model,
ischemic preconditioning associated with Cu-AOs inhibition has a protective effect. In humans,
enhancement of DAO activity has been directly related to cataract formation[19]. Lens proteins were
modified by H,O, production and/or post-translational modification due to Cu-AO activity[20]. In this
case, FAD-MAO and PAO do not appear to be appreciably involved.

It should be pointed out that a proper concentration of Cu-AO and reactive oxygen species (ROS)-
scavenging enzymes, such as superoxide dismutase and glutathione peroxidase, are crucial to explaining
the beneficial/dangerous effects of copper Cu-AOs and in particular of histaminase. In this context, the
identity of DAO and histaminase should be pointed out[21]. This enzyme shows a protective effect
against various diseases. For example, it has been localized in decidual cells of human placenta[22],
where it may be a local defense mechanism against noxious products of fetal origin, such as putrescine
and PAs, which are produced in large amounts by tissues with a high proliferation rate[23]. Localization
of DAO in kidney tubular cells suggests a role of DAO in regulating the concentration of histamine and
other biogenic amines in blood and urine[24].

Other enzymes of the class of DAOs are the semicarbazide-sensitive AOs with affinity for
benzylamine (Bz-SSAOs), or benzylamine oxidase, which are inhibited by carbonyl reagents and catalyze
the oxidative deamination of several monoamines[25]. Benzylamine oxidase is a widely distributed
enzyme, for it has been detected in various tissues of many animal species, including humans[26]; this
enzyme can also contribute to histamine catabolism.

Role of Diamine Oxidases in Anaphylaxis

Histamine plays a fundamental role in anaphylaxis, and histaminase is involved in allergic and
pseudoallergic reactions. At variance with other metabolic pathways, histaminase activity is not directly
up-regulated by endogenously released histamine. For instance, plasma histaminase activity increases in
anaphylactic shock, but is not induced by released histamine, since it does not occur on histamine
injection[27]. In some cases, histaminase levels may be intrinsically low and its activity further decreased
by exogenous histamine, thereby predisposing to anaphylactic reactions. In a previous study, pigs were
treated with 60 mg histamine. Half of the animals had histaminase inhibited by aminoguanidine and
underwent marked elevation of plasma histamine (up to 160 pg/ml) associated with severe anaphylactic
symptoms (e.g., hypotension, flushing, vomiting), causing some of them to die[28].

Enhanced histamine levels in humans may be related to many factors, endogenous or exogenous.
Food-induced histaminosis was described by Sattler et al.[29] as the result of high histamine content or
histamine releasers in food. The first symptom of excess histamine intake and/or release is increased
gastric secretion, occurring at plasma histamine levels of about 2 pg/ml. Tachycardia and headache may
appear at 5 pg/ml and hypotension at 6—8 pg/ml[30]. The amount of histamine in food varies widely,
commonly ranging from 0.16 to 23 pg/g[31]. The largest amounts of histamine and tyramine, which have
similar vasoactive properties, are found in fermented foods, such as cheese, red wine, tinned fish, fish
sauces, sauerkrauts, tuna fish, cured pork, and sausages[32]. The histamine content of French cheeses
may even reach values higher than 800 pg/g, thus causing toxic symptoms. High levels of histamine have
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been detected in Oriental food, accounting for the so-called Chinese restaurant syndrome[33]. Chemical
de novo formation of amines may also occur during normal cooking and storage[34].

It should be pointed out that many commonly used drugs are DAO inhibitors and approximately 20%
of the general population take these drugs[1]. Other factors (alcohol, spoiled food, etc.) can also block
DAO activity. The concept of pseudoallergic reactions to food, or false food allergies, was first suggested
by Dukor et al. in 1980[35]. The abnormal intake of biogenic amines like histamine and tyramine is one
of the major mechanisms involved[30]. The main clinical symptoms are fall in blood pressure,
angioedema, vasomotor headaches, defects of intestinal functions, cutaneous and respiratory symptoms,
etc. Juhlin[36] suggests that authentic food allergy accounts for less than 3% of the cases of chronic
urticaria, whereas false food allergies are involved in 40% of all cases. Abnormal intestinal permeability
to histamine, either spontaneous or caused by irritant substances (e.g., alcohol, aspirin), could account for
pseudoallergic reactions to food when symptoms arise after intake of abundant histamine-rich food. High
levels of histamine may also derive from bacterial flora of the colon[37], especially in subjects with
colonic dysmicrobism due to excessive intake of foods rich in cellulose and starch. Histamine of bacterial
origin passes easily through the intestinal mucosa irritated by organic acids generated by
fermentation[30].

Besides excess histamine, other histamine-dependent mechanisms of pseudoallergic reactions to food
may include changes in the activity of histamine-degrading enzymes. A drop in histaminase and MAO B
was found in patients with atopic dermatitis[38]. Histaminase may also be inhibited by food toxins,
sodium nitrite, curarizing agents, antibiotics (i.e., clavulanic acid), and viral hepatitis[30,39,40]. Reduced
DAO activity and histamine catabolism seem to be involved in bronchoconstriction episodes occurring
after intake of red wine or histamine-rich food[41]. Of note, intestinal DAO is thought to be required for
clearance of diamine and putrescine[42]. Overall, the above studies indicate enteral histaminosis resulting
from dysfunctional metabolism of endogenous or exogenous histamine as a major cause of food
intolerance[43].

Elevated mucosal histamine content and secretion were observed in the gut of patients with allergic
enteropathy, as well as in women with Crohn’s disease and ulcerative colitis[44,45]. In particular,
evidence has been offered that mast cell-derived inflammatory mediators, including histamine, play a
major pathogenic role in these diseases. Fogel et al.[46,47], using a model of ulcerative colitis in rats,
demonstrated an overall improvement and reduction of the local inflammatory reaction after treatment
with  DAO from pig kidney immobilized on concanavalin A sepharose[46,47]. In particular,
histopathologic changes in the colon of DAO-pretreated rats were markedly blunted, as were plasma
ceruloplasmin activity and tissue myeloperoxidase[47]. These studies highlight the pivotal role of
histamine in inflammatory bowel diseases, as well as the role of histaminase in controlling the levels of
histamine in tissues and blood.

When considered altogether, the above findings support the concept of a possible therapeutic use of
plant-derived histaminase, characterized by high specific activity and ability to degrade various biogenic
amines, including histamine and polyamines, for allergic and pseudoallergic diseases, as better discussed
below.

Plant-Derived Diamine Oxidase

Plant DAO (Cu-AO; histaminase; EC 1.4.3.6) is physiologically involved in oxidative deamination of
various biogenic amines to the corresponding amino-aldehydes. Production of H,O, on amine degradation
has been correlated with oxidative burst, cell death, as well as peroxidase-mediated lignification,
suberization, and cell wall polymer cross-linking occurring during ontogenesis and defense
responses[48,49]. DAO is the most abundant soluble protein detected in the extracellular fluids from
Fabaceae, in particular, pea (Pisum sativum), lentil (Lens culinaris), and chickpea (Cicer arietinum)
seedlings[50].
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Plant DAOs (histaminase) differ from the mammalian and prokaryotic enzymes in a number of
peculiar features, mainly high turnover rate of catalysis, high binding affinity for histamine, and high
chemical stability. Moreover, this enzyme can be isolated to a high degree of purity with two simple and
inexpensive chromatographic steps. Recently, an international Patent (n. PCT/EP01/13770) has been
taken by some researchers of our group for a drug based on plant-derived histaminase for the treatment of
histamine-mediated diseases, such as cardiac anaphylaxis, allergic asthma, allergic and septic shock,
urticaria, rhinitis, and conjunctivitis. The main sources of histaminase are etiolated seedlings of
leguminous plants, such as P. sativum, L. culinaris, C. arietinum, and Latirus sativus, where this enzyme
is present in high concentrations, up to 4% of total protein content. Despite the promising
pharmacological potential of plant DAOs, their actual therapeutic use is limited by their immunogenicity
and short half-life in blood. To overcome these problems, purified wild pea DAO has been modified by
binding to polyethylene glycol (PEG), a polymer that masks the protein surface, giving rise to a semi-
synthetic derivative with decreased immunogenicity and catabolism, resulting in a prolonged half-life. In
particular, animal studies have shown that PEGylation with a 20-kDa branched polymer totally eliminates
DAO immunogenicity as judged by determination of IgM and IgG raised against the native enzyme, and
causes a marked prolongation of detectable DAO levels in blood, thus markedly improving its
pharmacokinetic profile. Of note, PEGylation did not interfere with DAO biological activity[51]. These
findings offer good odds for the use of DAO/histaminase as a novel therapeutic approach to histamine-
related disorders. To validate this assumption, it is useful to review the current studies on pea seedling
histaminase applied to animal models of anaphylactic and inflammatory diseases.

PLANT DIAMINE OXIDASE/HISTAMINASE MODULATES ALLERGIC
ANAPHYLACTIC RESPONSE IN THE GUINEA PIG

The massive release of histamine from tissue mast cells elicited by the cross-linking of antigen with IgE
bound to FCg receptors at the cell surface is considered the paramount event in type-I allergic reaction.
The most commonly used experimental animal models of type-I allergic reaction encompass cardiac
anaphylaxis ex vivo and asthma-like reaction in sensitized guinea pigs in vivo. Both these models have
been used to investigate the therapeutic potential of pea seedling DAO.

Protective Effect of Plant Histaminase on Cardiac Anaphylaxis

It is well known that histamine, one of the major mediators implicated in anaphylactic reactions, is
released from heart slices and perfused hearts of sensitized guinea pigs on antigen challenge[52]. pkDAO
has been demonstrated to have antihistaminic activity in vivo and a protective role in guinea pig
anaphylactic shock[53]. Recently, we have investigated this issue by studying the effect of purified pea
seedling histaminase[54], both free and immobilized on CNBr-Sepharose[55], in active cardiac
anaphylaxis[56]. Briefly, guinea pigs were sensitized by repeated intraperitoneal injections of ovalbumin
(OA) and, 18-25 days later, they were killed and the heart removed and perfused ex vivo in a Langendorff
apparatus, which allows an accurate determination of the main cardiac functional parameters, namely
heart rate, contraction strength, and coronary flow. Challenge with OA to the isolated hearts induced
typical histamine-related changes in cardiac function. These changes were (1) transient increase followed
by long-lasting reduction of myocardial contractility, (2) increased heart rate and occurrence of severe
arrhythmias, (3) transient, marked reduction in the coronary flow followed by a less-pronounced, long-
lasting phase of coronary constriction. In basal conditions, histamine content in the perfusates was low
and, noteworthy, remained unchanged on addition of pea seedling histaminase. Histamine was released in
the perfusates mostly during the first 5 min after OA challenge, whereas its levels returned close to the
basal, prechallenge values after 30 min (Fig. 1). When OA challenge was performed in the presence of
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free or immobilized histaminase (4 IU/ml) the positive inotropic and chronotropic response to OA was
fully blocked, including a dramatic decrease in the occurrence of ventricular tachyarrhythmias, and in the
levels of histamine in the perfusates (Fig. 1).
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FIGURE 1. Histamine release in the perfusates from untreated control hearts () and
from hearts perfused with free () or immobilized (A) histaminase (4 IU/ml). Data
are expressed as mean + SEM of eight experiments.

Cardiac mast cell granule content, evaluated by computer-aided densitometry on histological sections
stained with a heparin-specific dye, was markedly decreased by OA challenge. As expected, none of the
two assayed histaminase preparations reduced mast cell degranulation in response to the allergen.

The fact that histaminase does not produce any inhibitory, chromoglycate-like effect on anaphylactic
degranulation of mast cells is strengthened by the finding that the depletion of cardiac histamine produced
by OA was the same in the absence or presence of histaminase treatment. Altogether, these observations
suggest that the observed decrease in the anaphylactic reaction of the isolated, perfused guinea pig hearts
in response to OA is chiefly dependent on the inactivation of endogenously released histamine by
histaminase, both free and immobilized.

It is well known that cyclic nucleotides and tissue Ca*" levels play a key role as intracellular effectors
in type-I anaphylactic reactions[57]. In the current cardiac anaphylaxis model[56], OA challenge caused a
slight decrease in cardiac cGMP and increase in tissue Ca”" levels, both effects prevented by histaminase
treatment (Fig. 2A and B).

The mechanisms underlying these effects of histaminase on tissue cGMP and Ca”" remain a matter of
speculation. Likely, this is not a direct effect of this enzyme, but may result from the interaction with the
nitric oxide (NO) generation system, as NO can increase cardiac cGMP levels and decrease tissue Ca"
concentrations[58]. In fact, in control hearts, OA evoked a significant increase in the amount of nitrites,
the stable oxidation products of NO, in the perfusates. It is notable that both free and immobilized
histaminase significantly increased the amount of nitrites in the perfusates in the last phase of the
anaphylactic reaction. Moreover, the two enzymes were able to significantly increase cardiac NO
synthase activity[56].
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FIGURE 2. Tissue levels of cGMP (A) and calcium (B) in control hearts (a), hearts after OA challenge (b), and after OA
challenge on perfusion with free (c) or immobilized (d) histaminase (4 [U/ml). Data are expressed as mean + SEM of eight
experiments.

Protective Effect of Plant Histaminase on Allergic Asthma-Like Reaction

Allergic asthma is a major respiratory disease with a markedly increasing morbidity worldwide. Despite
decades of research, its very complex, interwoven mechanisms are neither completely unveiled nor
understood. Nevertheless, there is general agreement among basic and clinical scientists that histamine is
a crucial mediator of inflammation and bronchospasm, two key features of allergic asthma[59]. On this
ground, we carried out an experimental study to evaluate the effects of histaminase, free or immobilized,
on asthma-like reaction induced in OA-sensitized guinea pigs by aerosolic exposure to the allergen. This
animal model is known to reproduce respiratory abnormalities, airway hyper-responsiveness, and
leukocyte lung infiltration resembling the functional and histopathologic hallmarks of human allergic
asthma[60,61].

Histaminase (DAO, EC 1.4.3.6), free or immobilized on BrCN-Sepharose, 20 pg in 500 pl saline, was
injected intraperitoneally and then tracked in blood, lung, and liver tissue to define its pharmacokinetic
profile. Plasma histaminase levels were higher in the animals treated with free enzyme than in those
treated with the immobilized one; as expected, no detectable enzyme was found in untreated animals. On
the other hand, higher amounts of histaminase were found in lung and liver tissue from animals treated
with the immobilized enzyme than in those treated with the free enzyme[60]. It was somewhat surprising
that different amounts of histaminase were found in different organs and in blood on administration of the
enzyme as free substance or BrCN-Sepharose—immobilized molecule. One possible explanation for the
lower levels of immobilized histaminase in blood may be that BrCN-Sepharose used as the vehicle was
not cross-linked, and thus tended to melt at body temperature. The unexpected, higher amounts of
immobilized rather than free histaminase in lung and liver can be ascribed to the fact that homing of the
enzyme conjugate in those organs may be facilitated by the presence of galactose units in the molecule of
the Sepharose vehicle.

Challenge of sensitized guinea pigs with aerosolized OA resulted in severe abnormalities in their
respiratory pattern, consisting of reduced latency time for the appearance of cough, increased cough severity,
and increased occurrence of dyspnea and gasping (Fig. 3A and B), indicating the onset of respiratory failure.
As expected, OA challenge caused no respiratory abnormalities in the nonsensitized guinea pigs used as
negative controls. Pretreatment with free or immobilized histaminase, either given intraperitoneally at the
noted dose of 20 pg i.p., or administered as aerosol solution, 4 pug/ml (flow rate 0.5 ml/min, corresponding
to a total dose of 0.8 IU of the enzyme), resulted in a marked reduction of breathing
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FIGURE 3. Effects of CNB,-Sepharose 6MB immobilized histaminase (20 pg, given
intraperitoneally 3 h before OA, or 4 ng/ml, given by aerosol 30 min before OA) on cough latency
(A) and cough severity score (B) induced by OA challenge in sensitized guinea pigs. Data are
expressed as box plot of 12 experiments; block lines represent median values, boxes represent
interquartile range, whiskers represent extreme values.

abnormalities and prevention of respiratory failure (Fig. 3A and B). The maximal protective effects were
observed when the enzyme was given by aerosol 30 min before or together with OA challenge (Fig. 3A
and B)

Histaminase treatment also prevented the histopathological lung changes induced by OA challenge.
Macroscopic examination of the lungs of the sensitized, OA-challenged guinea pigs showed marked
swelling of the pulmonary lobes due to peripheral airway obstruction and air entrapment. Lung inflation
was not observed on treatment with histaminase. Accordingly, light microscopic and morphometric
analysis of lung tissue from the sensitized guinea pigs challenged with OA showed a marked, significant
constriction of intrapulmonary bronchi and dilation of respiratory air spaces. On the other hand,
histaminase treatment of the OA-challenged animals resulted in no appreciable signs of intrapulmonary
bronchial constriction and respiratory air space dilation (Fig. 4 A-D).

As observed in the cardiac anaphylaxis model, mast cell granule content was markedly reduced in the
sensitized guinea pigs challenged with OA, regardless of pretreatment with histaminase at any
concentration and administration route, as compared with the nonsensitized negative controls. This
finding further supports the notion that histaminase does not have any stabilizing, chromoglycate-like
effect on allergen-induced granule release by lung mast cells.

Finally, histaminase treatment reduced lung inflammatory tissue injury, namely leukocyte infiltration
and oxygen free radical generation. In fact, both free and immobilized histaminase markedly and
significantly reduced myeloperoxidase (MPO) activity, an indication of tissue leukocyte infiltration, and
malonyldialdehyde (MDA) production, an indication of peroxidation of cell membrane lipids by ROS,
which were markedly increased in the lung tissue from sensitized, OA-challenged guinea pigs not given
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FIGURE 4. Representative lung tissue micrographs from (A) naive guinea pig, (B) sensitized guinea
pig undergoing OA aerosol, (C) sensitized guinea pig pretreated with aerosolic histaminase 30 min
before OA aerosol, (D) sensitized guinea pig treated intraperitoneally with histaminase 3 h before
OA aerosol. Hematoxylin & eosin; bar =200 um.

this enzyme compared to the unsensitized control animals. No difference in efficacy was noted between
free and immobilized histaminase.

PLANT DIAMINE OXIDASE/HISTAMINASE HAS A PROTECTIVE EFFECT AGAINST
ISCHAEMIA-REPERFUSION INJURY

Besides its pivotal involvement in anaphylaxis and allergic reaction, histamine plays a role in
exacerbation of inflammatory tissue damage, as many proinflammatory mediators, such as prostanoids
and cytokines, are potent mast cell activators[62]. In particular, histamine has been found to contribute to
endothelial dysfunction, hampering of blood-tissue exchange, and functional tissue impairment occurring
in organs undergoing ischemia and reperfusion[63]. On these grounds, we hypothesized that pea seedling
histaminase could effectively blunt the adverse effects of ischemia-reperfusion and we carried out
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experiments on specific animal models to prove this assumption. The results obtained have met our
expectations, as summarized below.

Protective Effect of Plant Histaminase in a Rat In Vivo Model of Cardiac Ischemia-
Reperfusion

The heart is particularly susceptible to tissue damage by several key agents involved in the
pathophysiological mechanisms of ischemia-reperfusion, such as ROS, histamine, and NO[64,65,66]. A
close relationship between histamine, acting as a pro-oxidant, and ROS was observed in patients with
coronary heart disease[67]. In turn, histamine release by mast cells is amplified by excess superoxide
generation and concurrent decrease in local NO amounts, due to the fact that superoxide and NO react
promptly, giving rise to harmful peroxynitrite[68]. Moreover, histamine per se may induce a spasm of the
coronary vessels, thereby causing or worsening acute coronary insufficiency and myocardial
ischemia[63]. During ischemia, the increase in histamine levels in the coronary sinus is paralleled by the
occurrence and severity of ventricular arrhythmias[69]. To assess whether pea seedling histaminase has
cardioprotective effects against postischemic reperfusion damage, we used a typical in vivo model in the
rat. Briefly, anesthetized, artificially ventilated rats were subjected to transient ischemia (30 min) by
temporary occlusion of the left anterior descending coronary artery, followed by reperfusion (60 min) by
removal of the arterial occlusion. Sham-operated rats were the negative controls. This model allows for
continuous ECG monitoring of the animals and, at the end of reperfusion, appropriate cardiac tissue
sampling for pharmacological and histopathological assays[70]. Some animals from each experimental
group were excluded from tissue sampling and used to evaluate the area at risk, i.e., the cardiac area
rendered ischemic by the coronary occlusion that remains unstained after an intracoronary bolus of
methylene blue, and the infarcted area, i.e., the nonviable myocardial tissue area downstream of the
coronary occlusion that remains unstained on incubation with the vital dye nitroblue tetrazolium[70].

Histaminase (DAO, EC 1.4.3.6), at the dose of 80 IU/kg b.w., given intravenously either 10 min
before reperfusion or exactly at reperfusion, reduces the size of myocardial infarction caused by ischemia-
reperfusion. By morphometrical evaluation, the area at risk was similar in the rats subjected to ischemia-
reperfusion treated or not with histaminase, while the infarcted area, expressed as percent of the
corresponding area at risk, was significantly reduced on histaminase administration (Fig. 5). No cardiac
protection was afforded by semicarbazide-inactivated histaminase[70] replaced by the bioactive enzyme.

Analysis of ECG recordings showed that histaminase reduced the occurrence of ventricular
arrhythmias. Overall, the number of animals which survived the 60-min reperfusion was higher in the
histaminase-treated groups than in the untreated one. Histaminase also reduced the biochemical tissue
alterations induced by ischemia-reperfusion. In particular, MDA production (an index for peroxidation of
cell membrane lipids by ROS), MPO activity (an index for tissue leukocyte infiltration), and calcium
content, which were significantly elevated in the rats subjected to ischemia-reperfusion as compared with
the sham-operated ones, were reduced by histaminase treatment. Moreover, histaminase prevented the
activation of caspase 3, the initiator enzyme of the apoptotic cascade, induced by ischemia-reperfusion.

In conclusion, plant histaminase appears to protect the heart from the deleterious effects of ischemia-
reperfusion[70]. The mechanisms of this effect mainly rely on histamine catabolism and removal of the
proinflammatory and arrhythmogenic actions of this biogenic amine. In addition, histaminase may also
act through its ROS scavenging properties. Overall, histaminase administration may offer good prospects
for the development of new drugs to reduce the adverse effects of reperfusion in patients with acute
coronary syndrome subjected to catheter-based angioplasty.
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FIGURE 5. Myocardial infarction size after 30-min ischemia and 60-min reperfusion
(IR) expressed as percent of the area-at-risk (AAR), evaluated by computer-assisted
morphometry on nitroblue tetrazolium—stained hearts. H: histaminase (80 IU/kg b.w.),
IH: semicarbazide-inactivated histaminase (same dose). Results are expressed as mean
+ SEM of eight experiments.

Protective Effect of Plant Histaminase in a Rat In Vivo Model of Splanchnic
Ischemia-Reperfusion-Induced Shock

Splanchnic ischemia may result from different causes, leading to general or local hypoperfusion and
impaired blood supply to the bowel[71]. Consequences of splanchnic ischemia range from persistent
intestinal bleeding to bowel perforation and peritonitis. Thus, surgical resection of the affected bowel
segment is usually required to minimize adverse outcomes[72]. The pathophysiology of intestinal
ischemia has been widely investigated in animal models, mainly based on surgical occlusion of the
splanchnic circulation followed by reperfusion (splanchnic artery occlusion/reperfusion, SAO/R). This
results in intestinal injury and circulatory shock, with a high mortality rate[73,74]. These models permit
investigation of the pathophysiology of SAO/R, which primarily involves endothelial dysfunction and
leukocyte recruitment and activation, eventually leading to inflammation-mediated tissue injury.
Histamine secretion from inflammation-activated intestinal mast cells greatly contributes to lethal
circulatory shock occurring on SAO/R. Histamine is released by the intestinal mucosa mostly during
reperfusion[75] and sparks a vicious cycle that leads to further endothelial activation and leukocyte
adhesion and extravasation[76]. We have therefore investigated the therapeutic effects of pea seedling
histaminase in a rodent model of SAO/R and circulatory shock. Anesthetized rats underwent a temporary
(45 min) clamping of the celiac and superior mesenteric arteries near their aortic origins. Subsequent
reperfusion was monitored for up to 6 h. Blood pressure was registered throughout the experiment. Sham-
operated animals not subjected to arterial clamping were the negative controls[77].

Histaminase, 80 IU/kg b.w./0.5 ml of phosphate buffer, administered 15 min before reperfusion,
significantly reduced the drop in blood pressure and high mortality rate caused by SAO/R. Histaminase
also reduced histopathological changes, leukocyte infiltration (MPO activity), and expression of
endothelial cell adhesion molecules in the ileum[77]. Besides reducing local tissue inflammation through
acceleration of histamine catabolism, histaminase also seemed to counteract ROS-mediated tissue injury,
as judged by the significant decrease in the tissue levels of peroxidation and nitration products (oxidized
rhodamine, MDA, and nitrotyrosine), DNA damage markers (8-hydroxy-2’-deoxyguanosine and poly-
ADP-ribosylated DNA), and by consumption of tissue antioxidant enzymes, such as superoxide
dismutase. As a result, histaminase led to a reduction in ileal cell apoptosis, as assessed by analysis of
caspase 3 activity and of the number of TUNEL-positive cells.
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In keeping with the findings from cardiac ischemia-reperfusion, the present study offers evidence that
histaminase can afford protection against SAO/R-induced splanchnic injury, likely due to oxidative
catabolism of proinflammatory histamine as well as antioxidant effects[78], resulting in hindrance of free
radical-mediated tissue injury endothelial dysfunction and leukocyte recruitment[77]. Based on the
above, and given that no definite medical therapy for intestinal ischemia currently exists, histaminase may
be a possible candidate for the treatment of this disease.

CONCLUSIONS AND PERSPECTIVES

Histamine and other primary amines released during anaphylactic reactions undergo oxidative
deamination by histaminase. A series of pharmacological studies from our group indicate that pea
seedling histaminase counteracts cardiac anaphylaxis and pulmonary asthma-like reaction to aerosolized
allergen in sensitized guinea pigs. The mechanisms by which histaminase exerts its beneficial action
appear to consist mainly in the inactivation of endogenously released histamine and, secondly, in an
antioxidant, ROS-scavenging action. In addition to histamine, ROS also play a key pathogenic role in
allergic asthma and other inflammatory lung diseases, as they are harmful and responsible for cell
dysfunction, damage, and death. Moreover, histamine and pro-oxidant species, e.g., superoxide anion,
massively released on allergen challenge, can account for bronchospasm, vascular edema, and leukocyte
recruitment. In our studies, treatment with pea seedling histaminase markedly decreased the adverse
effects of cardiac and lung anaphylaxis due to allergen challenge. The absence of any direct effect on
mast cell granule release suggests that none of the tested histaminase preparations, both free and
immobilized on BrCN-Sepharose, produce any cytoprotective chromoglycate-like effect on mast cells.

In the above animal models, histaminase treatment strongly decreased the tissue levels of MDA,
nitrotyrosine, and the markers of oxidative DNA damage, strongly suggesting that this enzyme can reduce
oxidative tissue damage induced by ROS generated during the anaphylactic reaction. This antioxidant-
like protection of plant histaminase fits well with recent data, showing that BSAO exerts an in vitro
antioxidant effect against electrolysis-induced oxidative species and ex Vvivo cardioprotective action
against oxidative injury on isolated rat heart, comparable to the cardioprotective action of authentic
antioxidant drugs, such as mannitol or desferoxamine[78,79]. On the other hand, it should be also taken
into account that monoamine degradation by MAO can lead to the release of ROS, which in turn are
involved in endothelial dysfunction, vasoconstriction, and tissue damage. In this context, paradoxically,
histaminase on one hand and MAO-A inhibitors on the other hand can have therapeutic potential, as
recently shown in studies in which blockade of 5-HT metabolism by pargyline, a MAO-A, inhibitor,
affords protection against cardiac ischemia-reperfusion[80].

In conclusion, the results of the studies summarized in this review highlight the therapeutic potential
of plant-derived histaminase in allergic diseases and anaphylaxis, as well as its ability to inhibit
inflammatory and ROS-mediated tissue injury due to ischemia-reperfusion. Recent progress with
polymeric conjugates of histaminase should enhance the pharmacological profile of this enzyme, enabling
it to be administered by alternative routes, such as aerosol, which appear to be as effective as the
parenteral ones.

ACKNOWLEDGMENTS

This research was supported by grants from Ente Cassa di Risparmio di Firenze, Italy. The authors are
grateful to Mrs. Mary Forrest for English language review.

REFERENCES

899



Masini et al.: Therapeutic perspectives of histaminase TheScientificWorldJOURNAL (2007) 7, 888-902

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.
27.

28.

29.

Janes, S.M., Mu, D., Wernmer, D., Smith, A.J., Kaur, S., Maltby, D., Burlingame, A.L., and Klinman, J.P. (1990) A
new redox cofactor in eukaryotic enzymes: 6-hydroxydopa at the active site of bovine serum amine oxidase. Science
248, 981-987.

Cai, D. and Klinman, J.P. (1994) Evidence of a self-catalytic mechanism of 2,4,5-trhydroxyphenylalanine quinone
biogenesis in yeast coppe ramine oxidase. J. Biol. Chem. 269, 32039-32042.

Matsuzaki, R., Suzuki, S., Yamaguchi, K, Fukui, T., and Tanizawa, K. (1995) Spectroscopic studies on the
mechanism of the topa quinine generation in bacterial monoamine oxidase. Biochemistry 34, 4524-4530.

Brazeau, B.J., Johnson, B.J., and Wilmot. C.M. (2004) Copper-containing amine oxidases. Biogenesis and catalysis;
a structural perspective. Arch. Biochem. Biophys. 428, 22-31.

Lunelli, M., Di Paolo, M.L., Biadene, M., Calderone, V., Battistutta, R., Scarpa, M., Rigo, A., and Canotti, G. (2005)
Crystal structure of amine oxidases from bovine serum. Mol. Biol. 34, 991-1004.

Thomas, T. and Thomas, T.K.J. (2001) Polyamines in cell growth and cell death: molecular mechanisms and
therapeutic applications. Cell. Mol. Life Sci. 58, 244-248.

Sen, C.K. and Packer, L. (1996) Antioxidant and redox regulation of gene transcription. FASEB J. 10, 709—720.
Mondovi, B., Gerosa, P., and Cavaliere, R. (1982) Studies on effect of poliamines and their products on Ehrlich
ascite tumors. Agents Actions 12, 450—451.

Bachrach, U., Abzug, S., and Bekierkunst A. (1967) Cytotoxic effect of oxidized spermine in Ehirlich ascite cells.
Biochem. Biophys. Acta 134, 174-181.

Mondovi, B., Agostinelli, E., Przybytkowski, F., Mateescu, M.A., Averill-Bates, D.A., Alberghina, L., Frontali, L.,
and Sensi, P. (1994) Amine oxidases as possible antineoplastic drugs. In Proceedings of the 6th European Congress
on Biotechnology. Elsevier Science. pp. 775-778.

Averill-Bates, D.A., Agostinelli, E., Przybytkowski, E., and Mondovi, B. (1994) Aldehyde dehydrogenase and
cytotoxicity of purified bovine serum amine oxidase and spermine in Chinese hamster ovary cells. Biochem. Cell
Biol. 72, 36-42.

Wang, X., Pietrangeli, P., Mateescu, M.A., and Mondovi, B. (1996) Extended substrate specificity of serum amine
oxidase: possible involvement in protein posttranslational modification. Biochem. Biophys. Res. Commun. 223, 91-97.
Wu, L.Y., Mateescu, M.A., Wang, X.T., Mondovi, B., and Wang, R. (1996) Modulation of K* channel currents by
serum amine oxidase in neurons. Biochem. Biophys. Res. Commun. 220, 47-52.

Mondovi, B., Wang, X.T., Pietrangeli, P., Wang, R., Nadeau, R., and Mateescu, M.A. (1997) New aspect on the
physiological role of copper amine oxidases. Curr. Topic Med. Chem. 2, 31-43.

Salmi, M. and Jalkanen, S. (2001) VAP-1: an adhesin and an enzyme Trends Immunol. 22, 211-216.

Smith, D.J., Salmi, M., Bono, P., Hellman, J., Leu, T., and Jalkanen, S. (1998) Cloning of vascular adhesion protein 1
reveals a novel multifunctional adhesion molecule. J. Exp. Med. 188, 17-27.

Gokturk, C., Nordquist, J., Sugimoto, H., Forsber-Nilsson, K., Nilsson, J., and Oreland, L. (2004) Semicarbazide-
sensitive amine oxidase in transgenic mice with diabetes. Biochem. Biophys. Res. Commun. 325, 1013-1020.

Ucar, G., Topaloglu, E., Burak Kandilci, H., and Gumusel, B. (2005) Elevated semicarbazide-sensitive amine
oxidase (SSAO) activity in lung with ischemia-reperfusion injury: protective effect of ischemic preconditioning plus
SSAO inhibition. Life Sci. 78, 421-427.

Befani, O., Missiroli, F., and Mondovi, B. (1999) Histaminase (diamine oxidase) activity in human cataract. Inflamm.
Res. 48, S77-S78.

Wang, X., Pietrangeli, P., Mateescu, M.A., and Mondovi, B. (1996) Extended substrate specificity of serum amine
oxidase: possible involvement in protein posttranslational modification. Biochem. Biophys. Res. Commun. 223, 91-97.
Mondovi, B., Rotilio, G., Finazzi-Agro, A., and Scioscia Santoro, A. (1964) Purification of pig-kidney amine
oxidases and its identity with histaminase. Biochem. J. 91, 408-412.

Weisburger, W.R., Mendelsohn, G., Eggleston, J.C., and Baylin, S.B. (1978) Immunohistochemical localization of
histaminase (diamine oxidase) in decidual cells of human placenta. Lab. Invest. 38, 703-706.

Janne, J., Poso, H., and Raina, A. (1978) Polyamines in rapid growth and cancer. Biochem. Biophys. Acta 473, 241-293.
Argento-Ceru, M.P., Oratore, A., Mondovi, B., and Finazzi-Agro, A. (1981) Localization of diamine oxidase in pig
kidney: immunofluorescence method. Cell. Mol. Biol. 27, 359-362.

Buffoni, F. (1995) Semicarbazide-sensitive amine oxidases: some biochemical properties and general considerations.
Progr. Brain Res. 106, 323-331.

Pino, R., Mazzetti, L., and Buffoni, F. (1998) Semicarbazide-sensitive amine oxidase activity in the human heart.
Mol. Genet. Metab. 64, 70-75.

Schimutzler, W. (1966) Habilitationsschrift. Albert-Ludwigs Universitat, Friburg, Germany.

Sattler, J., Hesterberg, R., Klotter, H.-J., and Lorenz, W. (1988) A new complex shock model in pigs for upper
gastrointestinal (GI) bleeding: haemorrhage, instillation of blood and drug-induced diamine oxidase (DAO)
inhibition. Circ. Shock 24, 283-284.

Sattler, J., Hafmer, D., Klatter, H.J., Lorenz, W., and Wagner, P.K. (1988) Food-induced histaminosis as an
epidemiological problem: plasma histamine elevation and haemodynamic alteration after oral histamine
administration and blockade of diamine oxidase. Agents Actions 23, 361-365.

900



Masini et al.: Therapeutic perspectives of histaminase TheScientificWorldJOURNAL (2007) 7, 888-902

30.

31.

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Moneret, D.A., Vautrin, S., Muller, H.R., and Ochfuizen, T. (1991) Food Allergy and Food Intolerance: Nutritional
Aspects and Developments (Forum of Nutrition/Bibliotheca Nutritio Et Dieta). S Karger, Basel. pp. 61-67.

Slorach, S.A. (1991) Histamine in food. In Histamine and Histamine Antagonists. Uvnas, B., Ed. Springer-Verlag,
Berlin. pp. 511-520.

Taylor, S.L., Leatherwood, M., and Lieber, E.M. (1978) A survey of histamine levels of sausages. J. Food Protect.
41, 634-637.

Chin, K.W., Garriga, M.M., and Metcalfe, D.D. (1989) The histamine content in oriental foods. Food Chem. Toxicol.
27,283-287.

Taylor, S.L. (1986) Histamine food poisoning: toxicology and clinical aspects. CRC Crit. Rev. Toxicol. 17, 91-128.
Dukor, P., Kallos, P., Schlumberger, H.D., and West, G.B. (1980) Introduction. In Pseudo-Allergic Reactions:
Involvement of Drugs and Chemicals. Vol. 1. Karger, Basel. pp. IX-XIV.

Juhlin, L. (1981) Cold with persistent weals. Br. J. Dermatol. 104, 705-707.

Yoshinaga, D.H. and Frank, H.A. (1982) Histamine producing bacteria in decomposing skipjack tuna (Katsuwamas
pelamis). Appl. Environ. Microbiol. 44, 447-452.

Tonescu, G. and Kiehl, R. (1989) Cofactor levels of mono- and diamine oxidase in atopic eczema. Allergy 44, 298-300.
Sattler, J., Hesterberg, R., Lorenz, W., Schmidt, U., Crombach, M., and Stahlknecht, C.D. (1985) Inhibition of
human and canine diamine oxidase by drugs used in an intensive care unit: relevance for clinical side effects? Agent
Actions 16, 91-94.

Gang, V., Baldus, M., and Kadereit, M. (1976) Serum level changes of endogenous and postheparin diamine oxidase
(histaminase) in clinical and experimental hepatitis. Acta Hepatogastroenterol. 23, 104-109.

Wantke, F., Hemmer, W., Haglmuller, T., Gotz, M., and Jarish, R. (1996) Histamine in wine. Bronchoconstriction
after a double-blind placebo-controlled red wine provocation test. Int. Arch. Allergy Immunol. 110, 397-400.

Nilsson, B.O., Kockum, 1., and Rosengren, E. (1996) Inhibition of diamine oxidase promotes uptake of putrescine
from rat small intestine. Inflamm. Res. 45, 513-518.

Amon, U., Bangha, E., Kuster, T., Menne, A., Vollrath, I.B., and Gibbs, B.F. (1999) Enteral histaminosis: clinical
implications. Inflamm. Res. 47, 291-295.

Raithel, M., Matek, M., Baenkler, H.W., Jorde, W., and Hahn, E.G. (1995). Mucosal histamine content and histamine
secretion in Crohn's disease, ulcerative colitis and allergic enteropathy. Int. Arch. Allergy Immunol. 108, 127-133.
Schmidt, W.U., Sattler, J., Hesterberg, R., Roher, H.D., Zoedler, T., Sitter, H., and Lorenz, W. (1990) Human
intestinal diamine oxidase (DAO) activity in Crohn's disease: a new marker for disease assessment? Agents Actions
30, 267-270.

Fogel, W.A., Wagner, W., Sasiak, A., and Stasiak, A. (2005) The role of histamine in experimental ulcerative colitis
in rats. Inflamm. Res. 64, S68—S69.

Fogel, W.A. and Lewinski, A. (2006) The effect of diamine oxidase administration on experimental ulcerative colitis
in rats. Inflamm. Res. 55(Suppl 1), S63-S64.

Rea, G., Laurenzi, M., Tranquilli, E., D’Ovidio, R., Federico, R., and Angelici, R. (1998) Developmentally and
wound regulated expression of the gene encoding a cell wall copper amino oxidase in chickpea seedlings. FEBS Lett.
437, 177-182.

Wisniewski, J.P., Rathbun, E.A., Knox, J.P., and Brewin, N.J. (2000) Involvement of diamine oxidase and peroxidase
in insolubilization of the extracellular matrix: implications for pea nodule initiation by Rhizobium leguminosarum.
Mol. Plant-Microbe Interact. 13, 413—420.

Federico, R. and Angelini, R. (1991) Polyamine catabolism in plant. In Biochemistry and Physiology of Polyamines
in Plants. Slocum, R.D. and Flores, H.E., Eds. CRC Press, Boca Raton, FL. pp. 41-56.

Federico, R., Cona, A., Caliceti, P., and Veronese, F.M. (2006) Histaminase PEGylation: preparation and
characterization of a new bioconjugate for therapeutic application. J. Control Release 115, 168—174.

Giotti, A., Guidotti, A., Mannaioni, P.F., and Zilletti, L. (1966) The influence of drenotropic drugs and noradrenaline
on the istamine release in cardiac anaphylaxis in vitro. J. Physiol. 184, 924-941.

Mondovi, B., Scioscia Santoro, A., Rotilio, G., Costa, M.T., and Finazzi-Agro, A. (1965) In vivo anti-histaminic
activity of histaminase. Agents Actions 5, 460-465.

Guirl, M.A., Mc Cahon, C.D., Mc Keown, K.A., and Dooley, D.M. (1994) Purification and characterization of pea
seedling amine oxidase for crystallization studies. Plant Physiol. 106, 1205-1211.

Federico, R., Befani, O., Mondovi, B., Mulhbacher, J., and Mateescu, M.A. (2000) Immobilization of plant
histaminase for medical applications. Inflamm. Res. 491, S60-S61.

Masini, E., Vannacci, A., Marzocca, C., Mannaioni, P.F., Befani, O., Federico, R., Toma, A., and Mondovi, B.
(2002) A plant histaminase modulates cardiac anaphylactic response in guinea pig. Biochem. Biophys. Res. Commun.
296, 840—846.

Dale, M.M. and Foreman, J.C. (1984) Textbook of Immunopharmacology. Blackwell Scientific. Oxford.

Tohse, N., Nakaya, H., Takeda, Y., and Kanno, M. (1995) Cyclic GMP-mediated inhibition of L-type Ca2+ channel
activity by human natriuretic peptide in rabbit heart cells. Br. J. Pharmacol. 114, 1076-1082.

Page, S., Ammit, A.J., Black, J.L., and Armour, C.L. (2001) Human mast cell and airway smooth muscle cell

901



Masini et al.: Therapeutic perspectives of histaminase TheScientificWorldJOURNAL (2007) 7, 888-902

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

7.

78.

79.

80.

interactions: implications for asthma. Am. J. Physiol. Lung Cell Mol. Physiol. 281, L1313-L1323.

Masini, E., Vannacci, A., Giannini, L., Befani, O., Nistri, S., Mateescu, M.A., Mannaioni, P.F., Mondovi, B., and
Federico, R. (2004) Effect of a plant histaminase on asthmalike reaction induced by inhaled antigen in sensitized
guinea pig. Eur. J. Pharmacol. 502, 253-264.

Masini, E., Bani, D., Vannacci, A., Pierpaoli, S., Mannaioni, P.F., Comhair, S.A., Xu, W., Muscoli, C., Erzurum,
S.C., and Salvemini, D. (2005) Reduction of antigen-induced respiratory abnormalities and airway inflammation in
sensitized guinea pigs by a superoxide dismutase mimetic. Free Radic. Biol .Med. 39, 520-531.

Harvima, R.J. and Schwartz, L.B. (1993) Mast cell-derived mediators. In Immunopharmacology of Mast Cells and
Basophils. Foreman, J.C., Eds. Academic Press, London. pp. 116-132.

Gupta, M.K., Gupta, P., and Rezai, F. (2001) Histamine-can it cause an acute coronary event? Clin. Cardiol. 24,
258-259.

McCord, J.M. (1985) Oxygen-derived free radicals in postischemic tissue injury. N. Engl. J. Med. 312, 159-163.
Valen, G., Kaszaki, J., Szabo, 1., Nagy, S., and Vaage, J. (1996) Activity of histamine metabolizing and catabolizing
enzymes during reperfusion of isolated, globally ischemic rat hearts. Inflamm. Res. 45, 145-149.

Masini, E., Salvemini, D., Ndisang, J.F., Gai, P., Berni, L., Moncini, M., Bianchi, S., and Mannaioni, P.F. (1999)
Cardioprotective activity of endogenous and exogenous nitric oxide on ischaemia reperfusion injury in isolated
guinea pig hearts. Inflamm. Res. 48, 561-568.

Stremoukhov, A.A. (2001) Histamine-dependent changes in free radical processes during coronary heart disease.
Bull. Exp. Biol .Med. 132, 1157-1159.

Levrand, S., Vannay-Bouchiche, C., Pesse, B., Pacher, P., Feihl, F., Waeber, B., and Liaudet, L. (2006) Peroxynitrite
is a major trigger of cardiomyocyte apoptosis in vitro and in vivo. Free Radic. Biol. Med. 41, 886-895.

Wolff, A.A. and Levi, R. (1986) Histamine and cardiac arrhythmias. Circ. Res. 58, 1-16.

Masini, E., Pierpaoli, S., Marzocca, C., Mannaioni, P.F., Pietrangeli, P., Mateescu, M.A., Zelli, M., Federico, R., and
Mondovi, B. (2003) Protective effects of a plant histaminase in myocardial ischaemia and reperfusion injury in vivo.
Biochem. Biophys. Res. Commun. 309, 432—439.

Mallick, H., Yang, W., Winslet, M.C., and Seifalian, A.M. (2004) Ischemia-reperfusion injury of the intestine and
protective strategies against injury. Dig. Dis. Sci. 49, 1359-1377.

Sreenarasimhaiah, J. (2005). Chronic mesenteric ischemia. Best Pract. Res. Clin. Gastroenterol. 19, 283-295.

Lefer, A.M. and Lefer, D.J. (1993). Pharmacology of the endothelium in ischemia-reperfusion and circulatory shock.
Annu. Rev. Pharmacol. Toxicol. 33, 71-90.

Zimmermann, B.J., Arndt, H., Kubes, P., Kurtel, H., and Granger, D.N. (1993) Reperfusion injury in the small
intestine. In Pathophysiology of Shock, Sepsis and Organ Failure. Schlag, G. and Redl, H., Eds. Springer-Verlag,
Berlin. pp. 322-335.

Kusche, J., Lorenz, W., Stahlknecht, C.D., Richter, H., Hesterberg, R., Schmal, A., Hinterlang, E., Weber, D., and
Ohmann, C. (1981) Intestinal diamine oxidase and histamine release in rabbit mesenteric ischemia. Gastroenterology
80, 980-987.

Yamaki, K., Thorlacius, H., Xie, X., Lindbom, L., Hedqvist, P., and Raud, J. (1998) Characteristics of histamine-
induced leukocyte rolling in the undisturbed microcirculation of the rat mesentery. Br. J. Pharmacol. 123, 390-399.
Masini, E., Cuzzocrea, S., Bani, D., Mazzon, E., Muja, C., Mastroianni, R., Fabrizi, F., Pietrangeli, P., Marcocci, L.,
Mondovi, B., Mannaioni, P.F., and Federico, R. (2007) Beneficial effects of a plant histaminase in a rat model of
splanchnic artery occlusion and reperfusion. Shock 27, 409—415.

Mateescu, M.A., Dumoulin, M.J., Wang, X.T., Nadeau, R., and Mondovi, B. (1997). A new physiological role of
copper amine oxidases: cardioprotection against reactive oxygen intermediates. J. Physiol. Pharmacol. 48, 110-121.
Mondovi, B., Wang, X.T., Pietrangeli, P., Wang, R., Nadeau, R., and Mateescu, M.A. (1997) New aspect in the
physiological role of copper amine oxidases. Curr. Top. Med. Chem. 2, 31-43.

Bianchi, P., Kunduzova, O., Masini, E., Cambon, C., Bani, D., Raimondi, L., Seguelas, M.H., Nistri, S., Colucci, W.,
Leducq, N., and Parini, A. (2005) Oxidative stress by monoamine oxidase mediates receptor-independent
cardiomyocyte apoptosis by serotonin and postischemic myocardial injury. Circulation 112, 3297-3305.

This article should be cited as follows:

Masini, E., Bani, D., Marzocca, C., Mateescu, M.A., Mannaioni, P.F., Federico, R., and Mondovi, B. (2007) Pea seedling
histaminase as a novel therapeutic approach to anaphylactic and inflammatory disorders: a plant histaminase in allergic asthma
and ischemic shock. TheScientificWorldJOURNAL 7, 888-902. DOI 10.1100/tsw.2007.139.

902



MEDIATORS

INFLAMMATION

The SCientiﬁc Gastroentero\ogy & . Journal of )
World Journal Research and Practice Diabetes Research Disease Markers

International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
PPAR Research Research International

Journal "’f
Obesity

Evidence-Based

Journal of Stem CGHS Complementary and L o' ‘ Journal of
Ophthalmology International Alternative Medicine & Oncology

Parkinson’s
Disease

Computational and . z
Mathematical Methods Behavioural AI DS Oxidative Medicine and
in Medicine Neurology Research and Treatment Cellular Longevity



