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permeability, increases mucosal secretion, causes tachycar-
dia and arrhythmias, influences blood pressure, stimulates
secretion of gastric juices and irritates nociceptive nerve
fibres. Other important processes in which histamine
is involved include neurotransmission, immunomodulation
(enhanced chemotaxis of eosinophils and neutrophils, pro-
duction of prostaglandins and thromboxane B, suppressed
synthesis of lymphokines, etc.), haemopoiesis, wound heal-
ing, intestinal ischaemia, day-night rhythm, the regulation
of histamine- and polyamine-induced cell proliferation
and angiogenesis in tumour models.>* Pleiotropic effects
of histamine are mediated by its bond to membrane
receptors of different cell types. Presently, there are
four subtypes of histamine receptors described: histamine
receptor 1 (H{R), histamine receptor 2 (H;R), histamine
receptor 3 (H3;R) and histamine receptor 4 (H4R). All
these receptors belong to a family of receptors coupled
with G-proteins. They are heptahelical transmembrane
molecules, which act as transducers of extracellular sig-
nals via G-protein and intracellular system of second
messengers.’

Endogenous sources of histamine in organism

Histamine originates in decarboxylation of amino acid
histidine mediated by enzyme L-histidine decarboxylase,
which contains pyridoxal phosphate (vitamin B6). The
name histamine comes from Greek histos - tissue, because
it is present in many tissues of organism. It was isolated
from liver and lung samples in 1927 by Best et al.” Classical
sources of histamine in the organism are gastric ente-
rochromaffin cells, histaminergic neurons, mast cells and
basophils, which store histamine in intracellular vesicles,
from where it is released upon stimulation. It is known that
degranulation of mast cells and histamine release is a result
of bonding of specific antigen to FceRI receptor, which
can be inhibited by luteolin (flavonoid with antioxidant
properties).®® Activation of mast cells can also occur in
non-immune stimuli, such as neuropeptides (substance P),
parts of complement system (e.g. C3a and C5a), cytokines
(IL-1, IL-3, IL-8, and GM-CSF), platelet activating factor
(PAF), hyperosmolarity, lipoproteins, adenosine, superox-
idases and hypoxia. Many chemical and physical factors can
be responsible for histamine release as well, for example

extreme temperatures, trauma, vibrations or alcohol and
some certain types of food and medication.® Mast cell
activation plays a crucial role in the pathogenesis of many
diseases - not only allergic, but autoimmune as well, such
as rheumatoid arthritis.®’ Ability of de novo synthesis of
histamine is also present in other cell types, e.g. platelets,
monocytes/macrophages, dendritic cells, neutrophils and
lymphocytes.’

Exogenous sources of histamine

Apart from endogenous production, histamine is introduced
to the organism from exogenous sources by ingestion of
some types of food, where histamine is naturally present
in a high concentration. Histamine in exogenous sources
can be synthesised by microbial decarboxylation of his-
tidine by different fermenting bacteria, including natural
human flora in the gut. Some bacteria are able to decar-
boxylate histidine in temperatures around +4°C. To prevent
histamine contamination of food the cooling is insufficient,
freezing and early liquidation of viable bacteria is neces-
sary. Due to thermostability, histamine which is present in
food is almost irremovable. Some types of food contain
naturally high amount of histamine (cocoa, spinach, toma-
toes, ...). A high content of histamine is present in foods
which originate by fermentation, either spontaneous or tar-
geted (fermentation of alcoholic beverages - beer, wine;
fermented vegetables, cheeses, meat, soy, yoghurt, ...).
It is also important not to forget bacterial contamination
of food when stored improperly.’® The ability to produce
histamine is present in Gram-positive, as well as Gram-
negative bacteria. Many Gram-negative bacteria with this
ability are common contaminants of food. From fish, inges-
tion of which caused histamine intoxication, the strains of
Hafnia alvei, Morganella morganii, Klebsiella pneumoniae,
Morganella psychrotolerans, Photobacterium phosphoreum
and Photobacterium psychrotolerans were isolated. In fer-
mented foods, the strains of Oenococcus oeni, Pediococcus
parvalus, Pediococcus damnosus, Tetragenococcus species,
Leuconostoc species, Lactobacillus saerimneri 30a, Lacto-
bacillus hilgardii, Lactobacillus buchnerii and Lactobacillus
curvatus are responsible for histamine production. Fur-
thermore, it was discovered that for the contamination of
ingredients in manufacturing process of wine and histamine
production the strains of Lactobacillus parabuchneri, or
Lactobacillus rossiae are responsible."" Enzymatic activity
of histidine decarboxylase can last even after bacterial
autolysis.'?

Histamine degradation

Based on localisation, histamine can be inactivated by two
processes - oxidative deamination of primary aminogroup
to imidazolacetaldehyde, catalysed by enzyme diaminoox-
idase (DAO, histaminase)’® or methylation of imidazole
core to N4-methylhistamine catalysed by enzyme histamine
N-methyltransferase (HNMT)." For proper function of DAO
enzyme its cofactors are important - vitamins Bé6 and C and
copper. DAO protein, stored in vesicular structures, bonds to
plasma membrane of cells and is released in circulation after
stimulation and is responsible for degradation of extracellu-
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lar histamine. On the other hand, HNMT is present in cytosol
of cells and is able to degrade histamine only in intracellular
space. In mammals, DAO expression is limited to specific
tissues - the highest activity of DAO is present in small intes-
tine and ascending colon, placenta and kidneys. Decrease
of DAO activity can be a potential marker of damage of
intestinal mucosa by inflammatory, malignant processes or
by chemotherapy. HNMT is widely expressed in many human
tissues - kidneys, liver, spleen, prostate, ovaries, in cells
of spinal cord, in bronchi and the trachea.® Although both
enzymes, DAO and HNMT, are present in intestinal epithe-
lium, the main barrier of absorption of histamine into the
blood stream is DAO. HNMT plays only a minor role in this
process. Under normal circumstances, this enzymatic bar-
rier sufficiently protects from resorption of histamine into
blood stream (Fig. 2A)."> Diamine oxidase is continuously
secreted into the intestinal lumen. Therefore, in a healthy
person histamine-rich food is largely eradicated of his-
tamine in the intestine. The remaining quantity of histamine
is degraded by DAO when it passes through the intestinal
mucosa. DAO also protects the body from histamine formed
physiologically by intestinal bacteria in the intestine.'®

Histamine intoxication

Though histamine is quickly inactivated by diamine oxidase
in healthy individuals, even in them severe symptoms resul-
ting from increased concentration of histamine in blood can
occur - histamine intoxication in case of ingestion of food
with high contents of histamine, such as fish of fermented
cheeses. Previous terms for histamine intoxication were
scombroid fish poisoning, pseudoallergic fish poisoning, his-
tamine overdose, or mahi-mahi flush. The term scombroid

was used because the first fish species implicated in this poi-
soning were from the suborder Scombridae, which includes
mackerel, tuna, marlin, swordfish, albacore, bonito, skip-
jack, and almost 100 other species (Scombridae is derived
from the Greek word scombros, which means mackerel
or tunny)."”” Not only scombroid fish, but also some non-
scombroid fish (mahi mahi, bluefish, sardines, pilchards...)
have high contents of histamine thanks to naturally
occurring histidine, which is decarboxylated by the bacteria
mentioned earlier in improper processing and storage of fish.
Histamine is the only biogenic amine with regulatory limits
set by legislation of the European Union, up to a maximum
of 200 mg/kg in fresh fish and 400 mg/kg in fishery products
treated by enzyme maturation in brine.'® Pathogenesis of
histamine intoxication cannot be explained by action of his-
tamine alone. Scombrotoxic fish present with higher toxicity
when compared to equivalent per oral dose of pure his-
tamine. Other mechanisms are suggested, such as inhibition
or potentiation of enzymes controlling histamine, presence
of substances, which cause degranulation of mast cells, the
presence of other histamine agonists and the existence of
histamine intolerance, by which high interindividual vari-
ability in response to decomposed fish can be explained.?
Toxicity of histamine can be potentiated by other substances
produced in the process of decomposition of fish - cadaverin
and putrescin, which inhibit intestinal inactivation enzymes
mono- and diamine oxidases'® or release histamine from
bond to mucosal mucin and facilitate its absorption. Typical
symptoms of histamine intoxication include rash, erythema,
sweating, nausea, vomiting, diarrhoea, sensation of burning
in mouth, swelling of tongue and face, headaches, respira-
tory distress, palpitations and hypotension. The symptoms
of histamine poisoning can be present for few hours or a day,
but in rare cases they may persist for several days. How-
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ever, statistical data about its incidence are not available
because the poisoning incidents are often underestimated
due to mild or not recognised nature of illness and to
inadequate systems to attribute food-borne diagnosis.'®
Diagnosis is confirmed by increased plasmatic concentration
of histamine in the patient or in contaminated food.? In
differential diagnosis from food allergy, the concentration
of serum tryptase measured within 1-2h after onset of
symptoms can be helpful.?' In food allergy, the activity of
serum tryptase is increased and in histamine intoxication it
is within physiological values. The course of histamine intox-
ication is usually mild, self-limited, lasts for short period
of time and does not require therapy. In severe cases of
histamine intoxication, therapeutic intervention is required
- supportive volumotherapy and oxygenotherapy and oral
antihistamines and bronchodilators are administered.

Histamine intolerance (HIT)

Histamine intolerance (abbreviated HIT) is a pathological
process, in which due to the disproportion between intake of
histamine and ability of the organism to eliminate it, exces-
sive accumulation of histamine occurs and development of

Table 1

symptoms caused by its bond to corresponding receptors
(Hy-H4) (Fig. 2C). HIT has typically presented more often
in people who are middle-aged and prevalence of it is esti-
mated to be 1% of the population?? although this diagnosis
can be unrecognised and underestimated, because it mani-
fests via the multi-faced clinical symptoms, which are often
misinterpreted by the patient as well as by the physician.
Sources of histamine and possible causes of its levels in
organism are summarised in Table 1.

Under normal circumstances, there is an enzymatic
barrier formed by DAO and HMNT in cells of intestinal epithe-
lium in otherwise healthy individuals, which sufficiently
protects from resorption of histamine from ingested food
into the blood stream. Histamine intolerance, therefore
increased histamine concentration in blood, can be caused
when the amount of these protective enzymes is insufficient
or these enzymes are inhibited.” In such cases, develop-
ment of symptoms resulting from increased concentration
of histamine occurs even in ingestion of small amount of
histamine in food, which is usually well tolerated in healthy
individuals.

Insufficient activity of DAO can occur based on genetic
predisposition, in diseases of gastrointestinal tract, which
decrease production of DAO by damaged enterocytes

Sources of histamine and possible causes of increase of concentration in organism.

Naturally produced histamine, mostly in mast cells

Naturally occurring histamine in larger
quantities
Histamine liberators of natural origin

Tomatoes, eggplant, spinach, fish, chicken and every stored meat
All fermented food (cheeses, sausages, sauerkraut, wine, beer, champagne ...
Pineapple, bananas, citrus fruits, strawberries, nuts, papaya, tomatoes,

liquorice, spices, legumes, cocoa, alcohol; fish, seafood, pork, egg white

Histamine liberators of artificial origin

Bacteria and yeast contributing to
histamine production

Substances decreasing DAO activity in food

Substances decreasing DAO activity in
medication

Alcohol

Additives (colourants, preservatives, stabilisers, taste enhancers, flavourings ...)
Foods with viable yeast - sourdough, fresh bread

Antiarrhythmics (verapamil, propafenone), antibiotics (cefuroxime, cefotiame,
acidum clavulanicum, doxycyclinum, isoniazid, framycetin), painkillers

(metamizole), antidepressants, psychiatric medication (amitriptiline,
diazepam, inhibitors MAO-1, haloperidol), antiemetics (metoclopramide),
antihistamines (promethazine, cimetidine), antihypertensive drugs
(dihydralazine), antimalarials (chloroquin), bronchodilators (aminophylline,
theophylline), diuretics (furosemide), mucolytics (N-acetylcysteine, ambroxol),
muscle relaxant (alcuronium, pancuronium, p-tubocurarin), antiseptics
(acriflavinium chloride), chinidin

Histamine liberators in medication

Painkillers (morphine, pethidine, codeine, metamizole, antiflogistics

(acetylsalicylic acid), antibiotics (p-cycloserine, chloroquin, pentamidine),
anti-hypotensives (dobutamine), antihypertensive drugs (verapamil,
alprenolol), antitussives (codeine), cytostatics (cyclophosphamide), diuretics
(amilorid), iodine-containing contrast medium, local anaesthetics (mesocaine,
procaine, marcaine, prilocaine), muscle relaxant (p-tubocurarin), narcotics -
anaesthetics (barbiturates, thiopental)

Pyridoxine (vitamin B6) inactivating drugs

Antihypertensive drugs (hydralazine), antibiotics (p-cyklosporine, isoniazid),

hormonal contraception (containing oestrogens)

Allergic reaction

Substances potentiating allergic
IgE-mediated histamine release

Infection, trauma, shock

IgE-mediated histamine release from mast cells
Painkillers - antipyretics (acetylsalicylic acid, diclofenac, flurbiprofen,
indomethacin, ketoprofen, mefenamin, naproxen...)

Modified according to 29.
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(inflammatory bowel diseases, infections, parasitic infes-
tations, dysmicrobia, metabolic malabsorption),” or in
inhibition of DAO by other biogenic amines, alcohol or
medication. DAO gene polymorphisms significantly influence
expression and activity of DAO, but they are not sufficient for
the development of HIT on their own. Concurrence of envi-
ronmental cofactors is of high importance, such as potential
modifications of alternative histamine N-methyltransferase
pathway, vesicular shift of both enzymes and amines or abil-
ity of enterocytes to reuptake histamine. Therefore, on the
development of HIT there is a contribution of genetic, as
well as environmental factors.?*

Reduced DAO activity can be found in patients with
chronic renal failure, viral hepatitis, advanced hepatic cir-
rhosis, and chronic urticaria - a typically histamine related
illness with a reduced tolerance for endogenous histamine.?

Decreased degradation capacity of DAO can be caused
by lack of its cofactors, vitamin B6, vitamin C, copper and
zinc.? Some substances (histamine liberators) have the abil-
ity to release histamine from endogenous reserves in the
organism.'? Histamine can be synthesised from L-carnosine,
which is released in the organism in physical activity and
in stress in general. Dipeptide carnosine is present in tissues
and is hydrolysed in stress, thus providing histamine. Studies
realised in animal models suggest that in stress the concen-
tration of carnosine decreases with a simultaneous increase
of histamine concentration.?’

Histamine concentration in the organism is also influ-
enced by psychological stress. Hormones, which are released
during stress reaction directly activate mast cells, which
leads to the release of histamine and other inflammation
factors.?®% Apart from that, stress has negative effects on
epithelium of small intestine with proved influence on activ-
ity of membrane processes and increased permeability of
this important barrier. This potentiates increase of input of
histamine from intestine and its liberation from mast cells
by CRH-dependent mechanisms.

Because the fact that histamine is an important medi-
ator responsible for symptoms of classical allergy reaction

Table 2 Symptoms of histamine intolerance.

type | - (IgE-mediated) hypersensitive reaction, it is difficult
to differentiate this reaction from histamine intolerance,
which has basically the same clinical manifestation. Unlike
IgE-mediated food allergy, when even small amounts of
ingested antigen lead to development of symptoms, in
histamine intolerance the cumulative amount of ingested
histamine plays the key role.?

Symptoms of HIT

Most symptoms of HIT develop primarily due to an increase
in concentration of histamine in the organism. Secondary
symptoms result from the fact that increased concentration
of histamine stimulates synthesis and release of cate-
cholamins, which can cause paradoxical increase of blood
pressure (even though histamine itself causes its decrease),
tachycardia, dysrhythmias, nervousness, sensation of inner
tremor and sleep disturbances. Signs of HIT are summarised
in Table 2.7

Symptoms of HIT - nervous system
Neurological symptoms of HIT include headaches. In patients
diagnosed with migraine, increased plasmatic levels of his-
tamine were reported not only during migraine attack,
but also in asymptomatic stages of disease. In many such
patients, HIT was confirmed based on decreased DAO activ-
ity. Foods rich in histamine (cheeses, wine) were triggers of
headache. Limit of histamine intake in food led to disap-
pearance of migraine symptoms.3°

Nowadays we know that histamine may elicit, maintain,
and aggravate headache, although the mechanisms for this
are not completely understood. In some pathological pro-
cesses (migraine, cluster headache, multiple sclerosis) an
increased number of mast cells in brain was reported.3' His-
tamine does not penetrate the blood-brain barrier (BBB);
however, circulating histamine may influence hypothalamic
activity via the circumventricular organs that lack BBB. The
study of Levy et al.*’ corroborated that dural mast cell
degranulation, which can be antagonised by capsaicin,®

Acute symptoms

Skin Itching, redness, hives, swelling
Pain - cramps, bloating, diarrhoea, gastro-oesophageal reflux
Itching and swelling of the lips, tongue, Eustachian tube, glottis, sneezing, watery discharge,

Gastrointestinal tract
Oral cavity, upper airways

swelling of the lining of the nose, phlegm, cough

Lower airways
Cardiovascular system

Cough, respiratory distress, asthmatic symptoms
Changes in blood pressure (increased release of catecholamines results in large amounts of

histamine), palpitations, heart rhythm disorders

Nervous system
consciousness

Chronic symptoms

Headache (dependent on movement - the position of the head, migraine) dizziness and loss of

Chronic inappropriate fatigue
Dysmenorrhoea

Nervousness, sleep disturbances (insomnia)
Anxiety, panic disorder, depression

Modified according to 29.
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activates a pain pathway underlying migraine headache.
Most antihistamines have been shown to be ineffective
as acute medication for migraine. Two centrally acting
potent H; receptor antagonists (cinnarizine and cyprohep-
tadine) have been reported to be efficacious in preventing
migraine.>* H, receptor is vastly expressed on large intracra-
nial arteries; it causes release of endothelial relaxation
factor - NO.3* However, efficacy of antihistamines has been
ascribed other actions than antihistaminergic. In addition
to H; receptors, other histamine receptor subtypes can
be involved in pathophysiology of headaches. Activation
of both the H; and the H4 receptor promotes inhibitory
actions on neurons. The H; receptor causes auto-inhibition
of histaminergic neurons themselves, and centrally acting H;
receptor agonist prodrugs have been shown to both inhibit
neurogenic inflammation in dura, to induce sleep and to pro-
duce antinociception. Subcutaneous injections of N-alpha-
methylhistamine, a catabolite of histamine with high affinity
to the histamine Hs receptor, probably have some migraine
preventive effect.’® A negative feedback on histamine
release from mast cells in proximity to C-fibre endings has
been a postulated mechanism. There are no registered ongo-
ing studies on H; and H,4 receptor ligands in migraine.*?

Brain histamine is synthesised by neurons that are
restricted to the posterior basal hypothalamus, more spe-
cific to the tuberomamillary nucleus (TMN) which projects
practically to the whole central nervous system. The pos-
terior hypothalamus is the place in which several primary
headaches originate. This area is initially involved in the
prodromal phase of migraine attacks.3¢

The central histaminergic system plays an important
role in the complex sleep-wake cycle, promoting cortical
excitability during wakening and attention, and it consoli-
dates the wake state. The period of the day, in the evenings
and during the night, when there is reduced susceptibility
for migraine attacks corresponds with less central histamin-
ergic firing.3*

Symptoms of HIT - gastrointestinal system

Apart from headache, other important symptoms of his-
tamine intolerance are diffuse pain of stomach, colic,
flatulence and diarrhoea. Increased concentration of his-
tamine and decreased DAO activity were reported not only
in histamine intolerance, but also in many inflammatory and
cancer diseases of gastrointestinal tract (Crohn’s disease,
ulcerative colitis, allergic enteropathy, food allergy, colo-
rectal cancer).® In intestinal mucosa of patients with food
allergy, there is simultaneous decrease of HNMT. Enzymes
DAO and HNMT cannot therefore compensate each other
and total degradation capacity for histamine decreases.*’
DAO levels are decreased also in patients with anorexia ner-
vosa, where malnutrition causes intestinal mucosal atrophy
and damage. > On the other hand, histamine intolerance can
mimic anorexia nervosa and due to similar symptoms (weight
loss, diarrhoea, abdominal pain...) it can be misdiagnosed
as anorexia nervosa. Accurate diagnosis and histamine-poor
diet in such patients can lead to weight gain and improve-
ment of all symptoms.*°

Symptoms of HIT - respiratory tract

In patients with histamine intolerance, during or immedi-
ately after ingestion of foods with high content of histamine
or alcohol symptoms such as rhinorrhoea, nasal obstruction
and in extreme cases even attack of bronchial asthma, bron-
choconstriction, coughing, wheezing with decrease in lung
function can occur.®“ In patients with bronchial asthma
the decreased activity of HNMT was reported.*" HNMT is
considered the key enzyme for histamine degradation in
bronchial epithelium.*?

Symptoms of HIT - skin

Decreased levels of DAO in serum, symptoms of HIT (chronic
headaches, dysmenorrhoea, flush, gastrointestinal discom-
fort, intolerance of foods rich in histamine and alcohol) were
observed in patients with atopic dermatitis significantly
more often when compared with the control group. Diet
with limited amounts of histamine led not only to suppres-
sion of symptoms of histamine intolerance, but mitigation of
symptoms of atopic dermatitis as well in these patients.?6*
Decreased activity of DAO was reported in patients with
chronic urticaria as well, which is a disease mediated by
histamine. Reduction of histamine in diet led to relief of
urticaria symptoms.*

HIT and reproductive system

Women with histamine intolerance often suffer from dys-
menorrhoea and headaches connected with menstrual cycle.
These symptoms can be explained by mutual interaction
between histamine and female sex hormones and its abil-
ity to support uterine contractions. Uterus contracts at the
onset of menstruation. When the effect of histamine is at its
highest, such cramps in the uterus may well be triggered by
histamine. This hypothesis is confirmed by clinical obser-
vation that the administration of H; receptor blocker on
the first day of menstruation may prevent pain.* Histamine
by its bond to H; receptor dose-dependently stimulates
synthesis of oestradiol and slightly influences synthesis of
progesterone.“® Oestradiol has the ability to stimulate, and
progesterone to inhibit production of prostaglandin PGF2a,
which causes painful uterine contractions in primary dys-
menorrhoea. The responsiveness of mast cells in relation
to the menstrual cycle and their histamine release have
also been investigated. Experiments in rats revealed high
uterine histamine levels, mediated by oestradiol, and also
greater uterine contractility, which might be a sign of the
modulation of myometrial histamine receptors secondary to
ovarian steroids.*>*” Symptom intensity of histamine intol-
erance can vary based on phase of menstrual cycle, with
mitigation during luteal phase, when the DAO level is the
highest.*

Balance between histamine and DAO is necessary for
uncomplicated course of pregnancy. Due to interaction with
female sex hormones, vasoactive effects, and the abil-
ity to stimulate cell growth and proliferation, histamine
plays an important role in interaction between embryo and
uterus during pregnancy and substantially helps by pro-
cess of placental development.”® The placenta produces
large quantities of DAO during pregnancy, which repre-
sents metabolic barrier preventing excessive amounts of
biologically active histamine entering from the placenta into
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maternal and foetal circulation. Concentration of DAO in
pregnant women increases by 500 times in comparison with
women who are not pregnant. Due to high placental DAO
production in pregnant women with histamine intolerance
the symptoms transitionally mitigate during pregnancy.® On
the other hand, insufficient activity of placental DAO leads
to many complications in pregnancy, such as diabetes, mis-
carriage and disturbances of trophoblast (mola hydatidosa,
choriocarcinoma), premature rupture of foetal membranes
and to premature births - these facts cause us to observe
more pregnancy complications and more miscarriages in
women with histamine intolerance.’’

In addition, a role for histamine intolerance has been dis-
cussed in relation to sea sickness. In favour of an association
is the similar risk profile (women, migraine patients), the
predominantly histamine rich food at sea due to preserved
foods and the therapeutic use of antihistamines.?

Diagnosis of HIT

Diagnosis of histamine intolerance is still quite difficult,
because it manifests via the multi-faced histamine-
mediated clinical symptoms (Table 3), which are often
misinterpreted by the patient as well as physician and there
is lack of a reliable biomarker for HIT diagnostics. These
symptoms and their provocation by certain kinds of food,
beverages and drugs are often attributed to different dis-
eases, such as food allergy and other food intolerances,
mastocytosis, psychosomatic diseases or adverse drug reac-
tions. Potential food allergies should be excluded by skin
prick test or by the determination of specific IgE for
food allergens. Occult systemic mastocytosis should also be
excluded, for example by measuring serum tryptase levels.
Diagnosis of histamine intolerance requires the presentation
of two or more typical symptoms of histamine intolerance.*
The diagnostic algorithm of HIT should start with a diet
accompanied by careful recording of symptoms which devel-
oped after ingestion of food, identification of the exact
types of food which cause the symptoms to develop and
determination of histamine content in those foods. Further-
more, it is necessary to rule out other potential sources of

Table 3  Diagnosis of HIT.

Diagnosis of histamine intolerance

Diet diary - association of food consumption and
symptoms

Identification of food causing symptoms

Determination of histamine content of symptom causing
food

Exclusion of other causes (allergic, metabolic, toxic)

Double-blind, placebo-controlled oral histamine
provocation in combination with determination of
plasma histamine concentration and objective
physical parameters (heart rate, blood pressure,
erythema)

Determination of DAO and HMT content and activity in
intestinal mucosa (not in peripheral blood plasma

Analysis of DAO and HMT genetic polymorphisms

Adapted from 56.

symptom development. Improvement following the intro-
duction of a histamine-free diet can help aid in the diagnosis
of a HIT. Since exposure to histamine exists beyond diet,
total avoidance of histamines is not attainable.>

For determination of HIT diagnosis the use of double-
blind placebo-controlled histamine food challenges with
assessment of plasmatic histamine concentrations and
objective assessment of symptoms developed by accumu-
lated histamine have been proposed.?” Besides its expense
in daily practice, oral provocation with histamine is very
difficult to standardise. It has been published that even
in patients with overt histamine intolerance, oral provoca-
tion was positive in only 50% of those tested.> Komericki
et al.” published a multicentre study on the non-reliability
of blinded oral histamine provocation to confirm histamine
intolerance.

Another diagnostic method is measurement of intestinal
activity of DAO and HNMT and analysis of DAO and HNMT
gene polymorphisms in order to determine possible genetic
predisposition.>® Determination of activity of histamine DAO
and HNMT in peripheral blood is less credible, because plas-
matic histamine concentration is very unstable and serum
activity of DAO is decreased only in half of patients with HIT
and in 17% of healthy control group.?*

Kofler et al.”” propose the use of so-called Histamine-
50 skin-prick-test for diagnosis of HIT, which is histamine
skin prick test with readings at 50 min. That study showed
that patients with histamine intolerance and a control
group do not remarkably differ in the size of their his-
tamine wheals, but remarkably in their time course of the
histamine wheals >3 mm read at different time points.
This difference in skin prick test allows discriminating
for histamine intolerance with sufficient sensitivity and
specificity.

Therapy of HIT

The most effective therapy of histamine intolerance
(Table 4) is limitation of foods rich in histamine. Selection
of appropriate foods is often difficult, because manufactur-
ers do not usually detail amounts of histamine in foods; it is
therefore necessary to follow general suggestions. Because
exposure to histamine exists beyond diet, total avoidance of
histamines is not attainable.?” Furthermore, it is important
to limit intake of substances, which either directly cause or
stimulate endogenous histamine release and inhibit activity
of DAO and HNMT. Because intolerance to medications which
interfere with histamine metabolism is common, these med-

Table 4 Therapy of histamine intolerance.

Therapy of histamine intolerance

Histamine receptor antagonists

Avoidance of histamine containing food (histamine
content?)

Avoidance of substances inhibiting DAO and HMT

Avoidance of histamine releasing substances
(endogenous histamine release)

DAO substitution (encapsulated pig kidney DAO)

Adapted from 29,56.
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ications should be avoided if at all possible whenever they
are suspected of playing a role in causing or maintaining his-
tamine intolerance. Where their administration cannot be
avoided, e.g. in studies using contrast media, or perioper-
atively, antihistamines and corticosteroids should be given
prophylactically.?

Patients usually respond to a low-histamine diet in a
few days, and the diet should be kept up for one month
in responders (subjects no longer with symptoms); foods
withdrawn are then gradually reintroduced one by one.
Overall, fresh foods are advisable, whilst processed, pre-
served, and highly elaborated foods should be avoided. HIT
is transient in many patients, who may go back to a normal
diet. For more severe cases H; antihistamines such as dex-
chlorpheniramine and H, antihistamines such as ranitidine
are recommended by some authors.®® Nowadays, enzyme
DAO can be per orally substituted by dietary supplements.>°
Supplementation of zinc, copper, vitamin C and vitamin B6,
which act as cofactors for DAO, may also be administered
to improve function. In the study by Hagel et al.,>® an intra-
venous infusion of ascorbic acid decreased serum histamine
concentrations in patients with pathologically increased his-
tamine concentration.

In patients with most severe, practically every day
manifestations of HIT, apart from diet and DAO supple-
mentation the prevention of histamine-mediated reactions
by H; antihistamines (such as dex-chlorpheniramine) and
H, antihistamines (such as ranitidine) or cromolyn-derived
medications which prevent mast cells degranulation are rec-
ommended by some authors.®® In the case of HIT, these
medications are effective only in higher dosage (twice as
high as used in e.g. pollinosis) and they have to be taken
continuously.?’

Ethical disclosures

Patients’ data protection. Confidentiality of data. The
authors declare that no patient data appear in this article.

Right to privacy and informed consent. The authors
declare that no patient data appear in this article.

Protection of human subjects and animals in research.
The authors declare that no experiments were performed
on humans or animals for this investigation.

References

1. Ortolani C, Pastorello EA. Food allergies and food intolerances.
Best Pract Res Clin Gastroenterol. 2006;20:467-83.

2. Dale HH, Laidlaw PP. The physiological action of beta-
iminazolylethylamine. J Physiol. 1910;41:318-44.

3. Hungerford JM. Scombroid poisoning: a review. Toxicon.
2010;56:231-43.

4. Luss LV. Use of antihistamines in a physician’s clinical practice.
Ter Arkh. 2014;86:106-9.

5. Nakamura T, Itadani H, Hidaka Y, Ohta M, Tanaka K. Molecular
cloning and characterization of a new human histamine recep-
tor, HH4R. Biochem Biophys Res Commun. 2000;279:615-20.

6. Endo Y. Simultaneous induction of histidine and ornithine decar-
boxylases and changes in their product amines following the

20.

21.

22.

23.

24.

25.

26.

27.

. Fuchs M,

. Schwelberger HG. Histamine N-methyltransferase

injection of Escherichia coli lipopolysaccharide into mice.
Biochem Pharmacol. 1982;31:1643-7.

. Best CH, Dale HH, Dudley HW, Thorpe WV. The nature of the

vaso-dilator constituents of certain tissue extracts. J Physiol.
1927;62:397-417.

. Maintz L, Novak N. Histamine and histamine intolerance. Am J

Clin Nutr. 2007;85:1185-96.

. Jutel M, Akdis M, Akdis CA. Histamine, histamine recep-

tors and their role in immune pathology. Clin Exp Allergy.
2009;39:1786-800.

Svarcovd |, Mackovad L, Minafikovd H. His-
taminova intolerance, snizena aktivita diaminoxidazy. Alergie.
2011;13:229-33.

. European Food Safety Authority, 2011. Scientific Opinion on

risk based control of biogenic amine formation in fermented
foods, EFSA Panel on Biological Hazards (BIOHAZ). EFSA J.
2011;9:2393.

. Kanki M, Yoda T, Tsukamoto T, Baba E. Histidine decarboxylases

and their role in accumulation of histamine in tuna and dried
saury. Appl Environ Microbiol. 2007;73:1467-73.

. Schwelberger HG. Diamine oxidase (DAO) enzyme and gene.

In: Falus A, editor. Histamine: biology and medical aspects.
Budapest: SpringMed Publishing; 2004. p. 43-52.

(HNMT)
enzyme and gene. In: Falus A, editor. Histamine: biology and
medical aspects. Budapest: SpringMed Publishing; 2004. p.
53-9.

. Schwelberger HG. Histamine intolerance: overestimated or

underestimated? Inflamm Res. 2009;58 Suppl. 1:551-2.

. Jarisch R, Wantke F, Raithel M, Hemmer W. Histamine and

biogenic amines. In: Jarisch R, editor. Histamine intolerance,
histamine and seasickness. Berlin, Germany: Springer Berlin
Heidelberg; 2015. p. 3-43.

. Birkun A, Noltkamper D. Histamine toxicity from fish. Med-

scape. 2014;(April) http://emedicine.medscape.com/article/
1009464-overview

. Visciano P, Schirone M, Tofalo R, Suzzi G. Histamine poisoning

and control measures in fish and fishery products. Front Micro-
biol. 2014;5:500.

. Al Bulushi I, Poole S, Deeth HC, Dykes GA. Biogenic amines in

fish: roles in intoxication, spoilage, and nitrosamine formation
- areview. Crit Rev Food Sci Nutr. 2009;49:369-77.

Bédry R, Gabinski C, Paty MC. Diagnosis of scombroid poi-
soning by measurement of plasma histamine. N Engl J Med.
2000;342:520-1.

Ricci G, Zannoni M, Cigolini D, Caroselli C, Codogni R, Caruso B,
et al. Tryptase serum level as a possible indicator of scombroid
syndrome. Clin Toxicol (Phila). 2010;48:203-6.

Kohn JB. Is there a diet for histamine intolerance? J Acad Nutr
Diet. 2014;114:1860.

Honzawa Y, Nakase H, Matsuura M, Chiba T. Clinical significance
of serum diamine oxidase activity in inflammatory bowel dis-
ease: importance of evaluation of small intestinal permeability.
Inflamm Bowel Dis. 2011;17:E23-5.

Maintz L, Yu CF, Rodriguez E, Baurecht H, Bieber T, Illig T, et al.
Association of single nucleotide polymorphisms in the diamine
oxidase gene with diamine oxidase serum activities. Allergy.
2011;66:893-902.

Maintz L, Bieber T, Novak N. Histamine intolerance in clinical
practice [Die verschiedenen Gesichter der Histaminintoleranz].
Dtsch Arztebl. 2006;103:3477-83.

Maintz L, Benfadal S, Allam JP, Hagemann T, Fimmers R, Novak
N. Evidence for a reduced histamine degradation capacity in
a subgroup of patients with atopic eczema. J Allergy Clin
Immunol. 2006;117:1106-12.

Nagai K, Tanida M, Niijima A, Tsuruoka N, Kiso Y, Horii Y, et al.
Role of L-carnosine in the control of blood glucose, blood pres-
sure, thermogenesis, and lipolysis by autonomic nerves in rats:


http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0320
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0325
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0330
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0335
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0340
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0345
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0350
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0355
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0360
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0365
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0370
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0375
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0380
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0385
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0390
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0395
http://emedicine.medscape.com/article/1009464-overview
http://emedicine.medscape.com/article/1009464-overview
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0405
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0410
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0415
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0420
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0425
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0430
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0435
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0440
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0445
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450

506

E. Kovacova-Hanuskova et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

involvement of the circadian clock and histamine. Amino Acids.
2012;43:197-109.

Harvima IT, Nilsson G. Stress, the neuroendocrine system and
mast cells: current understanding of their role in psoriasis.
Expert Rev Clin Immunol. 2012;8:235-41.

Hrubisko M. Histaminova intolerancia - znama a neznama; 2011,
28 pp. http://www.daosin.sk/files/Daosin-brozura-web.pdf
Steinbrecher I, Jarisch R. Histamin und Kopfschmerz [Histamine
and headache]. Allergologie. 2005;28:84-91.

Huszti Z. Histamine in CNS-resident non-neuronal cells. In: Falus
A, Grosman N, Darvas Z, editors. Histamine: biology and medi-
cal aspects. Budapest, Hungary: SpringMed Publishing; 2004. p.
272-80.

Levy D, Burstein R, Kainz V, Jakubowski M, Strassman AM. Mast
cell degranulation activates a pain pathway underlying migraine
headache. Pain. 2007;130:166-76.

Alstadhaug KB. Histamine in migraine and brain. Headache.
2014;54:246-59.

Thomsen LL. Investigations into the role of nitric oxide and the
large intracranial arteries in migraine headache. Cephalalgia.
1997;17:873-95.

Millan-Guerrero RO, Isais-Milldn R, Benjamin TH, Tene CE.
Nalpha-methyl histamine safety and efficacy in migraine pro-
phylaxis: phase Il study. Can J Neurol Sci. 2006;33:195-9.
Maniyar F, Sprenger T, Schankin C, Goadsby P. Imaging the pre-
monitory phase of migraine - new insights into generation of
the migraine attack. J Headache Pain. 2013;1:112.

Kuefner MA, Schwelberger HG, Weidenhiller M, Hahn EG, Raithel
M. Both catabolic pathways of histamine via histamine-N-
methyltransferase and diamine oxidase are diminished in the
colonic mucosa of patients with food allergy. Inflamm Res.
2004;53 Suppl. 1:531-2.

Takimoto Y, Yoshiuchi K, Shimodaira S, Akabayashi A. Diamine
oxidase activity levels in anorexia nervosa. Int J Eat Disord.
2014;47:203-5.

Stolze |, Peters KP, Herbst RA. Histamine intolerance mimics
anorexia nervosa. Hautarzt. 2010;61:776-8.

Wantke F, Hemmer W, Haglmiiller T, Gotz M, Jarisch R.
Histamine in wine. Bronchoconstriction after a double-blind
placebo-controlled red wine provocation test. Int Arch Allergy
Immunol. 1996;110:397-400.

Preuss CV, Wood TC, Szumlanski CL, Raftogianis RB, Otter-
ness DM, Girard B, et al. Human histamine N-methyltransferase
pharmacogenetics: common genetic polymorphisms that alter
activity. Mol Pharmacol. 1998;53:708-17.

Yamauchi K, Sekizawa K, Suzuki H, Nakazawa H, Ohkawara Y,
Katayose D, et al. Structure and function of human histamine
N-methyltransferase: critical enzyme in histamine metabolism
in airway. Am J Physiol. 1994;267:342-9.

Chung BY, Cho SI, Ahn IS, Lee HB, Kim HO, Park CW, et al.
Treatment of atopic dermatitis with a low-histamine diet. Ann
Dermatol. 2011;23 Suppl. 1:591-5.

. Guida B, De Martino CD, De Martino SD, Tritto G, Patella V, Trio

R, et al. Histamine plasma levels and elimination diet in chronic
idiopathic urticaria. Eur J Clin Nutr. 2000;54:155-8.

Jarisch R. Histamine intolerance in women. In: Jarisch R, edi-
tor. Histamine intolerance, histamine and seasickness. Berlin,
Germany: Springer Berlin Heidelberg; 2015. p. 109-15.

Bodis J, Tinneberg HR, Schwarz H, Papenfuss F, Torok A, Hanf
V. The effect of histamine on progesterone and estradiol secre-

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

tion of human granulosa cells in serum-free culture. Gynecol
Endocrinol. 1993;7:235-9.

Rubio E, Estan LA, Morales-Olivas FJ, Martinez-Mir |. Influence of
hormonal treatment on the response of the rat isolated uterus
to histamine and histamine receptor agonists. Eur J Pharmacol.
1992;212:31-6.

Hamada Y, Shinohara Y, Yano M, Yamamoto M, Yoshio M, Satake
K, et al. Effect of the menstrual cycle on serum diamine
oxidase levels in healthy women. Clin Biochem. 2013;46:
99-102.

Pap E. Connection between histamine and the sexual steroids.
In: Falus A, Grosman N, Darvas Z, editors. Histamine: biology
and medical aspects. Budapest, Basel: SpringMed Publishing,
Karger AG; 2004. p. 317-28.

Morel F, Surla A, Vignais PV. Purification of human placenta
diamine oxidase. Biochem Biophys Res Commun. 1992;187:
178-86.

Maintz L, Schwarzer V, Bieber T, van der Ven K, Novak
N. Effects of histamine and diamine oxidase activities on
pregnancy: a critical review. Hum Reprod Update. 2008;14:
485-95.

Smolinka S, Jutel M, Crameri R, O’Mahony L. Histamine and gut
mucosal immune regulation. Allergy. 2014;69:273-81.
Vickerstaff Joneja J. The health professional’s guide to food
allergies and intolerances. Acad Nutr Diet. 2013:291-304.
Wohrl S, Hemmer W, Focke M, Rappersberger K, Jarisch R. His-
tamine intolerance-like symptoms in healthy volunteers after
oral provocation with liquid histamine. Allergy Asthma Proc.
2004;25:305-11.

Komericki P, Klein G, Reider N, Hawranek T, Strimitzer T, Lang
R, et al. Histamine intolerance: lack of reproducibility of single
symptoms by oral provocation with histamine: a randomised,
double-blind, placebo-controlled cross-over study. Wien Klin
Wochenschr. 2011;123:15-20.

Schwelberger HG. Histamine intolerance: a metabolic disease?
Inflamm Res. 2010;59 Suppl. 2:5219-21.

Kofler L, Ulmer H, Kofler H. Histamine 50-skin-prick test: a tool
to diagnose histamine intolerance. ISRN Allergy. 2011:353045.
Rosell-Camps A, Zibetti S, Pérez-Esteban G, Vila-Vidal M, Ferrés-
Ramis L, Garcia-Teresa-Garcia E. Histamine intolerance as a
cause of chronic digestive complaints in pediatric patients. Rev
Esp Enferm Dig. 2013;105:201-6.

Hagel AF, Layritz CM, Hagel WH, Hagel HJ, Hagel E, Dauth
W, et al. Intravenous infusion of ascorbic acid decreases
serum histamine concentrations in patients with allergic and
non-allergic diseases. Naunyn Schmiedebergs Arch Pharmacol.
2013;386:789-93.

Kritas SK, Saggini A, Varvara G, Murmura G, Caraffa A,
Antinolfi P, et al. Luteolin inhibits mast cell-mediated aller-
gic inflammation. J Biol Regul Homeost Agents. 2013;27:
955-9.

Kritas SK, Saggini A, Varvara G, Murmura G, Caraffa A, Antinolfi
P, et al. Mast cell involvement in rheumatoid arthritis. J Biol
Regul Homeost Agents. 2013;27:655-60.

Frydas S, Varvara G, Murmura G, Saggini A, Caraffa A, Antinolfi
P, et al. Impact of capsaicin on mast cell inflammation. Int J
Immunopathol Pharmacol. 2013;26:597-600.

Kritas SK, Saggini A, Cerulli G, Speziali A, Caraffa A, Anti-
nolfi P, et al. Asthma and mast cell biology. Eur J Inflamm.
2014;12:261-5.


http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0450
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0455
http://www.daosin.sk/files/Daosin-brozura-web.pdf
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0465
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0470
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0475
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0480
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0485
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0490
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0495
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0500
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0505
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0510
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0515
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0520
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0525
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0530
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0535
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0540
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0545
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0550
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0555
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0560
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0565
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0570
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0575
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0580
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0585
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0590
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0595
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0600
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0605
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0610
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0615
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0620
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0625
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630
http://refhub.elsevier.com/S0301-0546(15)00093-2/sbref0630

Evaluation of the inhibitory effect of various drugs/active
ingredients on the activity of human diamine oxidase in
vitro. Leitner, R.; Zoernpfenning, E.; Missbichler, A. Clin.

Transl. Allergy 2014, 4, P23



Leitner et al. Clinical and Translational Allergy 2014, 4(Suppl 3):P23
http://www.ctajournal.com/content/4/S3/P23

Clinical and Translational
Allergy

POSTER PRESENTATION Open Access

Evaluation of the inhibitory effect of various
drugs / active ingredients on the activity of
human diamine oxidase in vitro

Roland Leitner', Eva Zoemnpfenning?, Albert Missbichler®”

From 6th Drug Hypersensitivity Meeting (DHM 6)
Bern, Switzerland. 9-12 April 2014

Background

In this study the influence of active ingredients of certain
drugs on the activity of human diamine oxidase (DAO;
EC 1.4.3.22) was quantified. DAO is the main enzyme
in catabolism of biogenic amines in the intestine. Ingestion
of food containing high amounts of biogenic amines in
case of reduced activity of DAO leads to an accumulation
of histamine which causes symptoms of histamine intoler-
ance. Many drugs are suspected to inhibit DAO-activity,
nevertheless, only few scientific data are available to
support this thesis.

Method

Therefore, based on a selection of drugs / active ingredi-
ents by literature research, the interaction with purified
human diamine oxidase is determined and quantified in
vitro with an activity test. Various drugs at pharmacologic
concentrations were incubated with human diamine
oxidase. Inhibition of diamine oxidase activity was calcu-
lated as the percentage of inhibition versus control (no
inhibitor). To exclude drug formulation specific influences
active ingredients (AI) of drug products (D) in pure form
were examined.

Results

Chloroquine and clavulanic acid showed greatest inhibi-
tion potential on diamine oxidase (> 90%). Cimetidine
and verapamil showed inhibition of about 50%.
Moderate influence on DAO was caused by isoniazid
and metamizole, acetyl cysteine and amitriptyline
(>20%). Diclofenac, metoclopramide, suxamethonium
and thiamine have very low inhibition potential (<20%).

3SCIOTEC Diagnostic Technologies GmbH, R&D, Austria
Full list of author information is available at the end of the article

Interestingly cyclophosphamide and ibuprofen displayed
no effect on DAO.

Conclusion

Since even levels of about 30% inhibition may be critical,
most of the observed substances, can be designated as
DAO inhibitors. Other drug components than active
ingredients did not affect DAO activity or its interaction
with a specific drug.
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Abstract

Objective To evaluate the evidence regarding the disease
concept of histamine intolerance as a state of inadequate
histamine inactivation.

Methods Keyword-based systematic screening of the
scientific literature and of public websites focusing on
diagnostic and therapeutic procedures.

Results Histamine intolerance is commonly diagnosed
based solely on subjective reporting of symptoms instead
of following systematic diagnostic procedures based on
objective laboratory and physical parameters. The only
effective long-term therapy is avoidance of histamine-
containing food.

Conclusions The concept of histamine intolerance as a
metabolic disease is in need of more experimental and
clinical evidence and affected patients will benefit from a
clear, evidence-based diagnostic and therapeutic regime.

Keywords Histamine intolerance -
Histamine metabolism - Diamine oxidase -
Histamine N-methyltransferase - Diagnosis - Therapy

Introduction
Histamine intolerance describes a state where the catabolic

capacity for endogenously released or exogenously
administered histamine is insufficient leading to histamine

H. G. Schwelberger (D<)

Molecular Biology Laboratory, Department of Visceral,
Transplant and Thoracic Surgery, Medical University Innsbruck,
Schopfstraie 41, 6020 Innsbruck, Austria

e-mail: hubert.schwelberger @i-med.ac.at

mediated adverse reactions [1, 2]. Specifically, the terms
histamine intolerance or enteral histaminosis are used to
explain a variety of symptoms that appear to be caused by
dietary histamine upon ingestion of food with a high his-
tamine content, such as fish, cheese, meat products, and
alcoholic beverages [3, 4]. The hype about this disease
concept in the media and on numerous websites, especially
in Central Europe, called for a critical evaluation of the
current evidence regarding diagnostic procedures and
therapeutic strategies.

Materials and methods

Scientific journal articles published on histamine intoler-
ance were retrieved by a comprehensive medical subject
heading and keyword search of the PubMed database
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=PubMed) and
evaluated for diagnostic and therapeutic approaches used.
Additionally, the information presented on public websites
retrieved by a Google search on “histamine intolerance”
was screened for comprehensibility, accuracy, scientific
foundation, and citation of sources.

Results and discussion

Histamine intolerance is thought to be caused mainly by
ingestion of food containing high amounts of histamine by
people with low intestinal histamine inactivation or inhi-
bition of this activity by other food constituents or drugs,
which leads to resorption of histamine in amounts suffi-
cient for causing adverse reactions [1, 2]. Evaluation of
more than 200 scientific journal articles and over 30 patient
oriented websites dealing with this disease concept
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Fig. 1 Histamine (HA) is
inactivated inside cells by
histamine N-methyltransferase
(HMT) yielding
N4-methylhistamine (Me-HA)
and extracellularly by diamine
oxidase (DAO) yielding
imidazole acetaldehyde (IAA)

revealed that a lot more is being alleged and stated than is
actually substantiated by scientific evidence.

Histamine present in food is usually associated with
other pharmacologically active biogenic amines and is
produced from the amino acid L-histidine by microorgan-
isms possessing histidine decarboxylase activity in the
course of food processing or spoilage [4]. For histamine to
cause adverse reactions and symptoms it has to be resorbed
in the intestine and transported via the bloodstream without
being inactivated by the enzymes, diamine oxidase (DAO)
and histamine N-methyltransferase (HMT), present in
intestinal epithelial cells (Fig. 1). HMT is a cytosolic
enzyme that inactivates histamine by methylation of the

imidazole ring forming N*-methylhistamine, which
requires transport of histamine into the cell either by
receptor mediated endocytosis or by specific transporters
[5]. DAO is a secretory enzyme acting extracellularly that
oxidatively deaminates the primary amino group of hista-
mine yielding imidazole acetaldehyde and animal studies
suggested that DAO forms the primary barrier for intestinal
histamine resorption [6].

The major problem with the diagnosis of histamine
intolerance is the variety of tests currently in use, ranging
from the red wine provocation test to plasma DAO deter-
mination [1]. Adequate diagnosis of histamine intolerance
(Fig. 2) should start with carefully recording symptoms

Fig. 2 Diagnosis and therapy
of histamine intolerance

Diagnosis of histamine intolerance

» Association of food consumption and symptoms (diet diary)

» Identification of food causing symptoms

»> Determination of histamine content of symptom causing food

» Exclusion of other causes (allergic, metabolic, toxic)

> Double-blind, placebo-controlled oral histamine provocation in combination
with determination of plasma histamine concentration and objective physical
parameters (heart rate, blood pressure, erythema)

» Determination of DAO and HMT content and activity in intestinal mucosa (not
in peripheral blood plasma)

» Analysis of DAO and HMT genetic polymorphisms

Therapy of histamine intolerance

» Histamine receptor antagonists

» Avoidance of histamine containing food (histamine content?)

» Avoidance of histamine releasing substances (endogenous histamine release)
» Avoidance of substances inhibiting DAO and HMT

> DAO substitution (encapsulated pig kidney DAO)
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after food consumption, identification of causative food-
stuffs and determination of their histamine content. This
will also be useful to either exclude or identify causes other
than histamine. Definitive diagnosis necessitates double-
blind, placebo-controlled oral histamine provocation with
determination of plasma histamine concentrations and
objective physical parameters. In proof of the concept,
measurement of intestinal DAO and HMT activities is
required and could be complemented by analysis of DAO
and HMT gene polymorphisms to identify a possible
genetic predisposition [7].

It is clear that therapy of histamine intolerance (Fig. 2)
is useless without a firm diagnosis. Treatment with hista-
mine H; and H, receptor antagonists is warranted only
when uptake of high amounts of histamine occurs as in fish
poisoning [8] but not for long-term therapy. The only
effective therapy of confirmed histamine intolerance is
avoidance of histamine containing food, which is difficult
as the histamine content is usually not specified by pro-
ducers and must be inferred from general recommendations
[1]. Additionally, substances should be avoided that can
either lead to endogenous histamine release or inhibit the
activities of DAO and HMT. Controlled trials demon-
strating the efficacy of DAO substitution with encapsulated
pig kidney enzyme are still lacking. Even if the concept of
histamine intolerance as a metabolic disease is in need of

further experimental and clinical evidence, therapeutically
any diet that improves the condition and does not lead to
malnutrition will be beneficial for the patient.
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ABSTRACT

Histamine intolerance results from a disequilibrium of accumulated
histamine and the capacity for histamine degradation. Histamine is
a biogenic amine that occurs to various degrees in many foods. In
healthy persons, dietary histamine can be rapidly detoxified by
amine oxidases, whereas persons with low amine oxidase activity
are at risk of histamine toxicity. Diamine oxidase (DAO) is the main
enzyme for the metabolism of ingested histamine. It has been pro-
posed that DAO, when functioning as a secretory protein, may be
responsible for scavenging extracellular histamine after mediator
release. Conversely, histamine N-methyltransferase, the other im-
portant enzyme inactivating histamine, is a cytosolic protein that can
convert histamine only in the intracellular space of cells. An im-
paired histamine degradation based on reduced DAO activity and the
resulting histamine excess may cause numerous symptoms mimick-
ing an allergic reaction. The ingestion of histamine-rich food or of
alcohol or drugs that release histamine or block DAO may provoke
diarrhea, headache, rhinoconjunctival symptoms, asthma, hypoten-
sion, arrhythmia, urticaria, pruritus, flushing, and other conditions in
patients with histamine intolerance. Symptoms can be reduced by a
histamine-free diet or be eliminated by antihistamines. However,
because of the multifaceted nature of the symptoms, the existence of
histamine intolerance has been underestimated, and further studies
based on double-blind, placebo-controlled provocations are needed.
In patients in whom the abovementioned symptoms are triggered by
the corresponding substances and who have a negative diagnosis of
allergy or internal disorders, histamine intolerance should be con-
sidered as an underlying pathomechanism. Am J Clin Nutr
2007;85:1185-96.

KEY WORDS Histamine intolerance, histamine, diamine ox-
idase, food intolerance, allergy

INTRODUCTION

Histamine intolerance results from a disequilibrium of accu-
mulated histamine and the capacity for histamine degradation.
The main enzyme for metabolism of ingested histamine is dia-
mine oxidase (DAO) (1-5). An impaired histamine degradation
based on a reduced DAO activity and the resulting excess of
histamine may cause numerous symptoms mimicking an allergic
reaction. Ingestion of histamine-rich food (6), alcohol (7-9), or
drugs (10-13) that release histamine or block DAO may provoke
diarrhea, headache (14), congestion of the nose, asthmatoid
wheezing (6, 8, 15), hypotension, arrhythmia, urticaria (16, 17),
pruritus, flushing, and other conditions in these patients. Approx-
imately 1% of the population has histamine intolerance, and 80%

Am J Clin Nutr 2007;85:1185-96. Printed in USA. © 2007 American Society for Nutrition
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of those patients are middle-aged (18). Because of the multifac-
eted symptoms, the existence of histamine intolerance is fre-
guently underestimated, or its symptoms are misinterpreted.
Clinical symptoms and their provocation by certain foods and
beverages appear similar in different diseases, such as food al-
lergy and intolerance of sulfites, histamine, or other biogenic
amines (eg, tyramine). Therefore, the differentiation of the causal
agentinadverse reactions to food, alcohol, and drugs is a difficult
challenge. There is poor evidence of adverse reactions to these
agents based on double-blind, placebo-controlled (DBPC) prov-
ocations (19). However, a better understanding of the pathophys-
iology, clinical picture, trigger factors, and diagnostic tools may
help to clarify the confusing debate surrounding histamine intol-
erance.

HISTAMINE AND HISTAMINE METABOLISM

Histamine (2-[4-imidazolyl]ethylamine) was discovered in
1910 by Dale and Laidlaw (20), and it was identified as a medi-
ator of anaphylactic reactions in 1932 (21). Histamine belongs to
the biogenic amines and is synthesized by the pyridoxal phos-
phate (vitamin B-6)-containing L-histidine decarboxylase
(HDC) from the amino acid histidine. It is synthesized by mast
cells, basophils, platelets, histaminergic neurons, and entero-
chromaffine cells, where it is stored intracellularly in vesicles
and released on stimulation. Histamine is a potent mediator of
numerous biologic reactions. Besides the well-known triggering
of degranulation of mast cells by crosslinking of the FceRI re-
ceptor by specific allergens, several other nonimmunologic stim-
uli, suchas neuropeptides, complement factors (ie, C3aand C5a),
cytokines, hyperosmolarity, lipoproteins, adenosine, superoxi-
dases (22), hypoxia, chemical and physical factors (eg, extreme
temperatures, traumas) (23), or alcohol and certain food and
drugs, may activate mast cells.

Histamine exerts its effects by binding to its 4 receptors [his-
tamine 1 receptor (H1R), H2R, H3R, and and H4R] on target
cells in various tissues (Figure 1, Table 1). It causes smooth
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FIGURE 1. Summary of histamine-mediated symptoms. Adapted with permission from Maintz L et al. Dtsch Artzebl 2006;103:A3477-83.

muscle cell contraction, vasodilatation, increased vascular per-
meability and mucus secretion, tachycardia, alterations of blood
pressure, and arrhythmias, and it stimulates gastric acid secretion
and nociceptive nerve fibers. In addition, histamine has been
known to play various roles in neurotransmission, immuno-
modulation, hematopoiesis, wound healing, day-night rhythm,
and the regulation of histamine- and polyamine-induced cell
proliferation and angiogenesis in tumor models (24, 25) and
intestinal ischemia (26). Histamine can be metabolized in 2
ways: by oxidative deamination by DAO (former name: histam-
inase) or by ring methylation by histamine-N-methyltransferase
(HNMT) (27) (Figure 2, Table 2). Whether histamine is catab-
olized by DAO or HNMT is supposed to depend on the local-
ization of histamine. The DAO protein is stored in plasma mem-
brane-associated vesicular structures in epithelial cells and is

TABLE 1
Histamine effects according to plasma histamine concentration (ng/mL)
Histamine Clinical effect
0-1 Reference
1-2 1 Gastric acid secretion
1 Heart rate
3-5 Tachycardia, headache, flush, urticaria, pruritus
6-8 | Arterial pressure
7-12 Bronchospasm
~100 Cardiac arrest

on 10 March 2018

secreted into the circulation on stimulation (28, 29). Therefore, it
has been proposed that DAO may be responsible for scavenging
extracellular histamine (eg, after ingestion of histamine-rich
food) after mediator release. Conversely, HNMT, the second
most important enzyme inactivating histamine, is a cytosolic
protein (30), which can convert histamine only in the intracellu-
lar space of cells (31, 32). Thus, the enzymes do not seem to
compete for the substrate, although they have a similar affinity
for histamine and they are expressed in some overlapping tissues.
HNMT has a slightly higher affinity for histamine [Michaelis-
Menten constant (ky,): 6-13 wmol/L] than does DAO (ky:
20 pmol/L). In mammals, DAO expression is restricted to spe-
cific tissues; the highest activities are shown for small bowel and
colon ascendens (4, 5, 33) and for placenta and kidney (28, 31).
Lower DAO activity has been discussed as a potential indicator
of intestinal mucosa damage in inflammatory and neoplastic
diseases (17, 24, 34) and in persons undergoing chemotherapy
(35). HNMT is widely expressed in human tissues; the greatest
expression is in kidney and liver, followed by spleen, colon,
prostate, ovary, spinal cord cells, bronchi, and trachea (36).
HNMT is regarded as the key enzyme for histamine degradation
in the bronchial epithelium (37).

ETIOPATHOGENESIS OF HISTAMINE INTOLERANCE

Different mechanisms have been proposed as causing hista-
mine intolerance (38). Histamine intolerance can develop
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FIGURE 2. Summary of the histamine metabolism. The biogenic amine histamine is synthesized by decarboxylation of the amino acid histidine catalyzed
by L-histidine decarboxylase (HDC) (1). Histamine can be metabolized by extracellular oxidative deamination of the primary amino group by diamine oxidase
(DAO) (2) or intracellular methylation of the imidazole ring by histamine-N-methyltransferase (HNMT) (3). Therefore, insufficient enzyme activity caused by
enzyme deficiency or inhibition may lead to accumulation of histamine. Both enzymes can be inhibited by their respective reaction products in a negative
feedbackloop (4). N-Methylhistamine is oxidatively deaminated to N-methyl-imidazole acetaldehyde by monoamine oxidase B (MAO B) (5) or by DAO (6).
Because the methylation pathway takes place in the cytosolic compartment of cells, MAO B (5) has been suggested to catalyze this reaction in vivo (35).

through both increased availability of histamine and impaired
histamine degradation. Underlying conditions for increased
availability may be an endogenous histamine overproduction
caused by allergies, mastocytosis, bacterias, gastrointestinal
bleeding, or increased exogenous ingestion of histidine or hista-
mine by food or alcohol. Other biogenic amines, such as pu-
trescine, may also be involved in displacing histamine from its
mucosal mucine linkage, which results in an increase of free
absorbable histamine in circulation. However, the main cause of
histamine intolerance is an impaired enzymatic histamine deg-
radation caused by genetic or acquired impairment of the enzy-
matic function of DAO or HNMT. Gastrointestinal diseases with
altered enterocytes also may cause decreased production of DAO
(17, 33, 39). Yet another cause can be competitive inhibition of
histamine degradation of DAO by other biogenic amines, alcohol
(7-9), ordrugs (10, 12, 40). Acquired histamine intolerance may
be transient and therefore reversible after the elimination of
causes, such as by discontinuing DAO-blocking drugs. DAO
inhibits the transepithelial permeation of exogenous histamine
(41, 42), and impaired DAO activity results in increased enteral
histamine uptake with consequent increased plasma histamine
concentrations (10, 41) and corresponding symptoms. Increased
amounts of histamine metabolites may also inhibit HNMT, the
second enzyme metabolizing histamine (6, 43).

THE GENETIC BACKGROUND OF HISTAMINE
INTOLERANCE

Recently, a potential genetic background of a reduced hista-
mine metabolism has also been investigated. The human DAO
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gene spans ~10 kbp and is located on chromosome 7q35 (27)
Various single-nucleotide polymorphisms (SNPs) in the DAO
gene have been shown to be associated with inflammatory and
neoplastic gastrointestinal diseases, such as food allergy (44),
gluten-sensitive enteropathy, Crohn disease, ulcerative colitis,
and colon adenoma (45-47). No significant difference in the
distribution of the investigated HNMT alleles could be shown
between patients with gastrointestinal diseases and control sub-
jects (45, 47), but a functional relevant polymorphism of the
HNMT gene (chromosome 2g22) has been described for white
asthma patients (48). Conversely, this association could not be
observed in Japanese (49), German pediatric (50), and East In-
dian (51) populations. Thus, histamine intolerance seems to be
acquired mostly through the impairment of DAO activity caused
by gastrointestinal diseases or through the inhibition of DAO, but
the high interindividual variations in the expression of DAO in
the gut and the association of SNPs in the DAO gene with gas-
trointestinal diseases provide evidence for a genetic predisposi-
tion in a subgroup of patients with histamine intolerance (27).

CLINICAL PICTURE

Basal plasma histamine concentrations of 0.3 to 1.0 ng/mL are
considered normal (52). Exceeding the individual histamine
tolerance gives rise to concentration-dependent histamine-
mediated symptoms (15, 53, 54) (Table 1). Even healthy persons
may develop severe headache or flushing due to ingestion
of massive amounts of histamine as is known from studies of
scromboid poisoning (55). It has been shown that inhibition of
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HNMT

Chromosome 2¢22
35 kbp, 6 exons
Asthma

Soluble, cytosolic protein of Mg 33 000 with
subunits of 29-34 kDa; 292 amino acid residues

Methyltransferases

TABLE 2
Characteristics of the histamine-degrading enzymes diamine oxidase (DAO) and histamine N-methyl-transferase (HNMT)*
DAO
Gene
Gene map locus Chromosome 7g35
Gene 10 kbp, 5 exons, 4 introns
Associated with Inflammatory and neoplastic gastrointestinal diseases such as
SNPs food allergy, gluten-sensitive enteropathy, Crohn disease,
ulcerative colitis, and colon adenoma
Protein Soluble homodimeric glycoprotein of Mg 200 000 with subunits
of 70-125 kDa; 750 amino acid residues
Enzyme
Group Copper-containing amine oxidases
Active form Homodimer with the active-site cofactor 2,4,5-

Enzyme kinetics (k)

Optimum pH
Inhibititors

Major expression

trihydroxyphenylalanine quinone (Topa quinone)
Histamine, 20 wmol/L
Putrescine, 350 umol/L
Spermidine, 3 mmol/L
7.2
Copper-chelating agents, eg cyanide
Carbonylgroup reagents, eg, aminoguanidine, semibarbacide

Intestine, kidney, placenta

Storage Plasma membrane—associated vesicular structures in epithelial
cells, secretion into the circulation upon stimulation
Function Extracellular scavenger of histamine and other diamines by

oxidative deamination of the primary amino group of

Monomer with a 2-domain structure

Histamine, 6-13 wmol/L
S-adenosyl-L-methionine, 6-10 wmmol/L

7.5-9.0

Reaction products: N-methylhistamine, S-adenosyl-
L-homocysteine

Sulphydryl groups: p-chloromercuriobenzoate

Highest: kidney and liver; considerable: spleen,
colon, prostate, ovary, spinal cord cells, trachea,
and bronchi; to a smaller amount, nearly
ubiquitous expression

Cytosolic compartment of the cells

Intracellular histamine inactivation by methylation
of the imidazole ring
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* SNPs, single-nucleotide polymorphisms; kbp, kilobase pair; Mg, molecular weight; kDa, kiloDalton; k,,, Michaelis-Menten constant.

DAO followed by oral histamine administration may induce
severe and even life-threatening reactions, such as hypotension,
bronchospasm, or shock (10, 43). Recurrent anaphylactic reac-
tions have been reported in patients with hyperhistaminemia
(56). In histamine-sensitive patients with reduced DAO activity,
symptoms occur even after the ingestion of the small amounts of
histamine that are well tolerated by healthy persons. Symptoms
can be manifest via the abovementioned actions of histamine in
multiple organs, such as the gastrointestinum, lung, skin, cardio-
vascular system, and brain, according to the expression of his-
tamine receptors. Typical symptoms of histamine intolerance
include gastrointestinal disorders, sneezing, rhinorrhea and con-
gestion of the nose, headache (14, 57), dysmenorrhea, hypoto-
nia, arrhythmias (58, 59), urticaria (16, 60), pruritus, flushing,
and asthma (7, 8).

Histamine and headache

Headache can be induced dose-dependently by histamine in
healthy persons as well as in patients with migraine (53, 61).
Histamine-induced headache is a vascular headache caused
mainly by nitrate monoxide (62). Histamine releases endothelial
nitrate monoxide upon stimulation of H1R, which is also ex-
pressed in the large intracranial arteries (63). In migraine pa-
tients, plasma histamine concentrations have been shown to be
elevated both during headache attacks and during symptom-free
periods. An increase in the number of brain mast cells is associ-
ated with pathologic conditions such as migraine, cluster head-
ache, and multiple sclerosis (64). Many migraine patients have
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histamine intolerance evidenced by reduced DAO activity, trig-
gering of headache by food rich in histamine (eg, long-ripened
cheese or wine), and the alleviation of headache (ie, disappear-
ance of symptoms) under a histamine-free diet (57, 65) and
therapy with antihistamines (66).

Histamine and gastrointestinum

Besides headache, gastrointestinal ailments including diffuse
stomach ache, colic, flatulence, and diarrhea are leading symp-
toms of histamine intolerance. Elevated histamine concentra-
tions and diminished DAO activities have been shown for vari-
ous inflammatory and neoplastic diseases such as Crohn disease
(17), ulcerative colitis (67), allergic enteropathy (39), food al-
lergy (33, 68, 69), and colorectal neoplasmas (24). In the colonic
mucosa of patients with food allergy, a concomitant reduced
HNMT (70) and an impaired total histamine degradation capac-
ity (THDC) (69) have been found (33), so that the enzymes
cannot compensate each other. Therefore, an impaired histamine
metabolism has been suggested to play a role in the pathogenesis
of these diseases.

Histamine and airways

During or immediately after the ingestion of histamine-rich
food or alcohol, rhinorrea or nasal obstruction may occur in
patients with histamine intolerance; in extreme cases, asthma
attacks also may occur. Reduced HNMT activity has been shown
for patients with food allergy (70) and asthma bronchiale (71).
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TABLE 3
Foods rich in histamine®

Recommended upper limit

Food categories Histamine for histamine Tyramine
mg/kg mg/L mg/kg mg/L mg/kg mg/L
Fish (frozen/smoked or salted/canned) 200 ND
Mackerel 1-20/1-1788/ND-210
Herring 1-4/5-121/1-479
Sardine ND/14-150/3-2000
Tuna ND/ND/1-402
Cheese No recommendation
Gouda 10-900 10-900
Camembert 0-1000 0-4000
Cheddar 0-2100 0-1500
Emmental 5-2500 0-700
Swiss 4-2500 0-700
Parmesan 10-581 0-840
Meat No recommendation
Fermented sausage ND-650 ND-1237
Salami 1-654 -
Fermented ham 38-271 123-618
Vegetables
Sauerkraut 0-229 10 2-951
Spinach 30-60
Eggplant 26
Tomato ketchup 22
Red wine vinegar 4
Alcohol
White wine ND-10 2 1-8
Red wine ND-30 2 ND-25
Top-fermented beer ND-14 1.1-36.4
Bottom-fermented beer ND-17 0.5-46.8

Champagne

670

1 ND, not detected. Data taken from references 13, 73, 75, 78, and 86.

Histamine and food

Histamine and other biogenic amines are present to various
degrees in many foods, and their presence increases with matu-
ration (1, 72). The formation of biogenic amines in food requires
the availability of free amino acids, the presence of decar-
boxylase-positive microorganisms, and conditions allowing bac-
terial growth and decarboxylase activity. Free amino acids either
occur as such in foods or may be liberated by proteolysis during
processing or storage (73). Numerous bacterias and some yeast
display high HDC activity and thus have the capacity to form
histamine. Histidine is generated from autolytic or bacterial pro-
cesses (74). Therefore, high concentrations of histamine are
found mainly in products of microbial fermentation, such as aged
cheese (75), sauerkraut, wine (76), and processed meat (77, 78)
(Table 3) or in microbially spoiled food. Thus, histamine, tyra-
mine, putrescine, and cadaverine serve as indicators of hygienic
food quality (73). Tyramine and putrescine also may lead to
intolerance reactions in combination with histamine. Possible
explanations may be the inhibition of DAO by other amines (43)
or the promotion of histamine liberation from the mucosa by
putrescine (34).

Intolerance of tyramine that has vasoconstrictive properties
that lead to hypertensive crisis and headache has been known
mostly in patients taking monoamine oxidase (MAQO)—-inhibiting
drugs. Orally administered tyramine in doses of 200 to 800 mg
has been shown to increase systolic blood pressure by 30 mm Hg

in otherwise unmedicated subjects. Conversely, in patients tak-
ing MAO-inhibiting drugs, the pressor sensitivity was 7- to 56-
fold that in patients not taking MAO-inhibiting drugs (79). Eight
DBPC studies have investigated the effect of tyramine on mi-
graine. Two studies showed positive results in migraine patients
who were sensitive to foods that are high in tyramine (n = 45)
(19) or who had wine-provoked migraine (n = 19) (80); 6 studies
showed negative results with 97 (81), 80 (82), 25 (83), and 65
(84) patients. The 2 positive studies and 2 of the negative studies
were regarded as inconclusive (19) because of a lack of random-
ization (79), questionable blinding (80), or inappropriate
selection of migraine patients without a history of suspected
tyramine intolerance (81, 82). Conversely, in 2 conclusive stud-
ies of migraine patients with a positive or negative dietary his-
tory, 125 mg oral tyramine did not precipitate more headaches
than did placebo.

In addition to histamine-rich food, many foods such as citrus
foods are considered to have the capacity to release histamine
directly from tissue mast cells, even if they themselves contain
only small amounts of histamine (Table 4). In vitro studies of
persons with a history of pseudoallergic reactions to food have
shown a fragility of duodenal mast cells with massive degranu-
lation in the presence of histamine-releasing substances that is
significantly greater than that shown by control subjects (85).
However, clinical studies using oral challenge tests to support the
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TABLE 4

Foods with suggested histamine-releasing capacities®

Plant-derived Animal-derived Other
Citrus fruit Fish Additives
Papaya Crustaceans Liquorice
Strawberries Pork Spices
Pineapple Egg white

Nuts

Peanuts

Tomatoes

Spinach

Chocolate

1 Data were taken from reference 21.

hypothesis for the histamine-releasing capacity of foods are re-
quired (22).

Alcohol, especially red wine, is rich in histamine and is a
potent inhibitor of DAO (9, 86). The relation between the inges-
tion of wine, an increase in plasma histamine, and the occurrence
of sneezing, flushing, headache, asthma attacks, and other ana-
phylactoid reactions and a reduction of symptoms by antihista-
mines has been shown in various studies (7, 8, 14, 65, 87, 88).
However, among the multitude of substances contained in wine,
other biogenic amines such as tyramine (80) and sulfites (89)
have been supposed to contribute to symptoms summarized as
“wine intolerance” or “red wine asthma” (19, 89, 90). In DBPC
wine tests with healthy persons (91) and in patients with chronic
urticaria and wine intolerance (92), the histamine content did not
influence wine tolerance. In the latter group, an increase in
plasma histamine could be shown, paradoxically, after ingestion
of the histamine-poor wine. In these patients, the ethanol metab-
olite acetaldehyde has been discussed as a histamine-releasing
substance (92). However, the high percentage of responses to the
placebo (87%) could be responsible for the absence of an effect
in this study (19). Another randomized DBPC oral wine chal-
lenge in patients with a history of red wine—-provoked asthma
(n = 18) found no relation between wine tolerance and the wine’s
content of histamine or other amines but did find a greater bron-
choconstrictive response to wine with a high sulfite content (89).
Sulfiting agents are widely used as antioxidants and preserva-
tives in foods, beverages, and pharmaceuticals. Adverse reac-
tions with a presumed relation to sulfites include anaphylactic
shock, bronchospasm, urticaria, angioedema, nausea, abdominal
pain, diarrhea, stroke, and death (93). Sulfite hypersensitivity has
been reported mainly in patients with chronic asthma; the esti-
mated prevalence is 5-10% in all patients (94). Asthmatic reac-
tions have been attributed to reflex activation of the parasympa-
thetic system by the irritating effect of sulfites, possibly
enhanced by a deficiency of sulfite oxidase. Besides this
pseudoallergic mechanism, in at least some cases of sulfite hy-
persensitity, an immunoglobulin E (IgE)-mediated immediate-
type allergic reaction must be considered (95). Sulfites may be
contained in wine, but they are also contained in foods that are
poor in histamine, such as fruit juice, frozen vegetables, and
lettuce. Thus, in patients reporting intolerance to wine, a careful
history of reactions to other foods rich in histamine or sulfites
should be taken. In patients who are suspected of having sulfite
intolerance, skin testing and a DBPC challenge with capsules
containing increasing doses of bisulfite or placebo should be
performed.
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In contrast to an IgE-mediated food allergy, in which the
ingestion of even a small amount of the allergen elicits symp-
toms, in histamine intolerance, the cumulative amount of hista-
mine is crucial. Besides variations in the amount of histamine in
food according to storage and maturation, the quantity con-
sumed, the presence of other biogenic amines, and the additional
intake of alcohol or DAO-blocking drugs are pivotal factors in
the tolerance of the ingested food. Generally, an upper limit of
100 mg histamine/kg in foods and of 2 mg histamine/L in alco-
holic beverages has been suggested (96). This threshold may be
too high, considering the occurrence of histamine-mediated
symptoms after oral ingestion of 75 mg histamine in 5 of 10
females without a history of histamine intolerance (15).

However, most of the positive studies for intolerant reactions
to sulfite, histamine, and other biogenic amines do not fulfill the
current scientific criteria for providing substantiated evidence of
the clinical effect of these foods. Nevertheless, patients who have
a conclusive history of adverse reactions to food, alcohol, drugs
containing histamine, other biogenic amines, and sulfite but
without proof of IgE exist. In such patients, a DBPC provocation
of the suspected causal agents under close supervision by expe-
rienced specialists should be performed after exclusion of other
causal diseases and informed consent of the patients—if the
provocation is not unreasonably hazardous, considering the
grade of the anaphylactoid reaction. Because of the great effort,
time, and costs or because of patients’ fear of a repeated reaction,
DBPC provocations often are not performed in clinical practice,
even when they are indicated.

Histamine and drugs

The effect of drugs as specific DAO inhibitors and their ca-
pacity to induce histamine intolerance have been shown in var-
ious studies with human placental DAO and in animal experi-
ments (10, 40, 97, 98). A clinically relevant activity via histamine
release or inhibition of DAQ has been observed for various drugs
(10, 40, 97, 98) (Table 5). Therefore, the intake of drugs,
especially long-term medication, should be considered in inter-
pretation of histamine intolerance symptoms and DAO concen-
trations.

Other associated diseases

Reduced DAO activity—or, rather, reduced DAO release—
after the application of heparin could be shown to be a marker of
tissue damage in patients with chronic renal failure (99, 100),
viral hepatitis (101), or gut failure and of endotoxemia in patients
with liver cirrhosis (102). Reduced DAO activity has also been
shown in patients with chronic urticaria as a typical histamine-
mediated disease (60) combined with a reduced tolerance for
infused histamine (16) and an improvement of urticaria by main-
taining a histamine-free diet (103).

Histamine and atopic eczema

Higher basal plasma histamine concentrations (104, 105) and
increased spontaneous histamine release toward different stimuli
(106-108) and after food challenges (109) have been shown in
patients with severe atopic eczema (AE) than in control subjects.
In addition, reduced DAO activities have been shown in a sub-
group of AE patients (104, 110, 111). Thus, these patients have
a significantly greater occurrence of chronic headache, dysmen-
orrhea, flushing, gastrointestinal symptoms, and intolerance to
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Drugs releasing histamine or inhibiting diamine oxidase

Substance class

Agent interfering with the
histamine metabolism

Contrast media
Muscle relaxants

Narcotics
Analgetics

Local anesthetics
Antihypotonics
Antihypertensive drugs
Antiarrhythmics

Diuretics

Drugs influencing gut motility
Antibiotics

Mucolytics
Broncholytics
H2-receptor antagonists
Cytostatics
Antidepressants

Pancuronium, alcuronium,
D-tubocurarine

Thiopental

Morphine, pethidine, nonsteroidal
antiinflammatory drugs,
acetylsalicylic acid, metamizole

Prilocaine

Dobutamine

Verapamil, alprenolol, dihydralazine

Propafenone

Amiloride

Metoclopramide

Cefuroxime, cefotiam, isoniazid,
pentamidin, clavulanic acid,
choroquine

Acetylcysteine, ambroxol

Aminophylline

Cimetidine

Cyclophosphamide

Amitriptyline

alcohol and food than do control subjects. Reduction of both
the symptoms of histamine intolerance and the severity score
of atopic dermatitis (SCORAD) has been shown in a subgroup
of patients with AE and low DAO serum activity who were
following a histamine-free diet for 2wk (111). Orally ingested
histamine has been shown to aggravate eczema in AE patients
in a DBPC provocation (112). A feedback inhibition of DAO
through its degradation product imidazole acetic acid (113,
114) or substrate inhibition (115, 116) caused by the elevated
histamine concentrations in AE may be a pathomechanism of
a reduced histamine degradation capacity in a subgroup of
patients with AE.

Histamine and sexual steroids

In the female genital tract, histamine is mainly produced by
mast cells, endothelial cells, and epithelial cells in the uterus and
ovaries. Histamine-intolerant women often suffer from headache
that is dependent on their menstrual cycle and from dysmenor-
rhea. Besides the conctractile action of histamine, these symp-
toms may be explained by the interplay of histamine and
hormones. Histamine has been shown to stimulate, in a dose-
dependent manner, the synthesis of estradiol via H1R; mean-
while, only a moderate effect on progesterone synthesis was
observed (117). The painful uterine contractions of primary dys-
menorrhea are mainly caused by an increased mucosal
production of prostaglandine F2« stimulated by estradiol and
attenuated by progesterone. Thus, histamine may augment dys-
menorrhea by increasing estrogen concentrations. And, in re-
verse, estrogen can influence histamine action. A significant
increase in weal and flare size in response to histamine has been
observed to correspond to ovulation and peak estrogen concen-
trations (118). In pregnancy, DAO is produced at very high
concentrations by the placenta (119, 120), and its concentration
may become 500 times that when the woman is not pregnant
(120). This increased DAO production in pregnant women may
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be the reason why, in women with food intolerance, remissions
frequently occur during pregnancy (14).

PRACTICAL CONSEQUENCES

Because of the multifaceted symptoms in multiple organs, a
detailed history of the basal histamine-mediated symptoms, any
triggering of symptoms after the intake of histamine-rich food or
drugs interfering with the histamine metabolism, and concomi-
tant gastrointestinal diseases or allergies is indispensable for
diagnosis of histamine intolerance (Figure 3). Clinically,
histamine-induced symptoms cannot always be assigned to the
underlying pathomechanism. A massive intake of histamine
from decomposed fish may result in the same symptoms as are
seen in a person with an IgE-mediated fish allergy. Histamine
actions may be possible causes of endogenous cell activation,
increased exogenous uptake, decreased histamine degradation,
or a combination of these mechanisms. An occult systemic mas-
tocytosis should be excluded by measurement of the serum
tryptase. Diagnosis of histamine intolerance is set by presenta-
tion of =2 typical symptoms of histamine intolerance (122) and
improvement by histamine-free diet and antihistamines. The di-
agnosis of allergy using using the skin-prick test for food aller-
gens or determination of specific IgE should be carried out to
exclude food allergy. The diagnosis of allergy usually proves to
be negative because histamine intolerance is a pseudoallergy.
Keeping of a diet diary has proven useful in tracking significant
improvement of symptoms with a histamine-free diet and re-
lapses in histamine intolerance after dietary errors.

Inapatientwith clinical suspicion of histamine intolerance (ie,
=2 typical symptoms), improvement of symptoms by histamine-
free diet or antihistamines, DAO may be determined in serum
(123) ortissue biopsy (32). Several radioextraction assays (REA)
have been developed for the determination of the enzymatic
activity of DAO by using [3H]- or [**C]-labeled putrescinedihy-
drochloride as a substrate (124, 125). Determination of the
HNMT activity is based on transmethylation of histamine by
S-adenosyl-L [methyl-**C] methionine (126). Furthermore, the
total histamine degradation capacity can be measured (69).
Plasma activity of DAO, which generally is relatively low, may
be increased by the liberation of tissue-bound DAO through an
injection of heparin (127-132), which was the main method used
before the development of more sensitive assays. Serum DAO
concentrations showed no significant daily variations and no
significant sex differences (97). In patients with a DAO activity
Histamine intolerance is presumably highly likely in patients
with DAO activity <3 U/mL, likely (but less likely) in patients
with DAO activity <10 U/mL, and improbable in patients with
DAO activity =10 U/mL (18, 131).

Conversely, in some patients with a clear clinical picture of
histamine intolerance, normal DAO activities have been ob-
served, so that an additional determination of histamine concen-
trations and interpretation of laboratory data in view of the clinic
seemadvisable. Histamine can be measured in plasmaor in urine,
as can its degradation product N-methylhistamine (53, 132). De-
ficiency of the DAO cofactors vitamin B-6, copper, and vitamin
C, which are thought to supplement histamine degradation (133),
has been discussed as being controversial (14). Elevated hista-
mine concentrations, reduced DAO activities, or both are clas-
sically found in histamine intolerance. A DBPC histamine prov-
ocation after a 4-wk histamine-free diet is considered the gold
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FIGURE 3. Diagnostic pathway for histamine intolerance. Adapted with permission from Maintz L et al. Dtsch Artzebl 2006;103:A3477-83.
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standard in diagnosis. Because the amount of histamine in natural
food varies pronouncedly according to storage and maturation,
the provocation can be performed with alternate administration
of capsules containing increasing doses of histamine-di-
hydrochloride (0.75 and 1.5 mg/kg body wt, respectively) and
placebo capsules (112). Blood pressure and heart rate should be
continuously controlled, and positive reactions (eg, hypotonia,
tachycardia, urticaria, or other symptoms of an anaphylactoid
reaction) should be immediately treated by a physician. After-
ward, symptoms should be evaluated by using a standardized
symptom-scoring system.

Therapy is based on the consequent conduction of a histamine-
free diet. Alcohol and long-ripened or fermented (and therefore
histamine-rich) food, such as aged cheese, cured meat, and yeast
products; histamine-rich food, such as spinach or tomatoes; or
histamine liberators, such as citrus fruit, should be avoided (65,
134); the histamine-free diet can be complemented with adjuvant
administration of H1 and H2 antagonists. Most antihistamines
have no influence on DAO activity, although inhibition of DAO
by cimetidine and dihydralazine and increased activity by di-
phenhydramine have been observed (97). In patients consuming
a strictly histamine-free diet, no additional benefit due to an
intake of antihistamines could be observed (57). An increase in
DAO activity with the histamine-free diet was shown in migraine
patients (57). In addition, histamine degradation can be sup-
ported by the administration of vitamin C (133) and vitamin B-6,
which leads to an increase in DAO activity (14, 135). Positive
effects have been reported for mast cell stabilizers and pancreatic
enzymes (136), especially with respect to gastrointestinal symp-
toms. Because of the frequent intolerant reactions toward drugs
that interfere with the histamine metabolism, their intake should
be avoided. Recently, capsules containing DAO isolated from
pig kidneys have been generated to supplement the lack of en-
dogenous human DAO in patients with histamine intolerance.
These capsules contain only stabilizers—ie, cellulose, sucrose,
solanum tuberosum, polyacrylic acid, cellulose gum, triethyl
citrate, and potato starch. Patients who are suspected of having
histamine intolerance should be given a certificate noting that
condition and stating that the administration of contrast and other
drugs that release histamine should be avoided. If the adminis-
tration of theses drugs is unavoidable (137), prior medication
with antihistamines is recommended.

CONCLUSIONS

In patients with typical symptoms of histamine intolerance
that are triggered by histamine-rich food and alcohol, with intol-
erance of drugs that liberate histamine or block DAO, and with a
negative diagnosis of allergy or internal disorders, histamine
intolerance should be considered. A histamine-free diet, if nec-
essary, supported by antihistamines or the substitution of DAO,
leads to an improvement of symptoms. However, further studies
investigating histamine intolerance due to DBPC provocations
are indispensable. [ 4 |
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Abstract Human kidney diamine oxidase has been
overexpressed as a secreted enzyme under the control of
a metallothionein promoter in Drosophila S2 cell culture.
This represents the first heterologous overexpression and
purification of a catalytically active, recombinant
mammalian copper-containing amine oxidase. A rapid
and highly efficient purification protocol using chroma-
tography on heparin affinity, hydroxyapatite, and gel
filtration media allows for the recovery of large quanti-
ties of the recombinant enzyme, which is judged to be
greater than 98% homogenous by SDS/PAGE. The
availability of large quantities of highly purified enzyme
makes it now possible to investigate the spectroscopic,
mechanistic, functional, and structural properties of this
human enzyme at the molecular level. Visible absorp-
tion, circular dichroism, electron paramagnetic reso-
nance, and resonance Raman spectroscopic results are
presented. The recombinant enzyme contains the co-
factors 2,4,5-trihydroxyphenylalaninequinone and cop-
per at stoichiometries of up to 1.1 and 1.5 mol per mol
homodimer, respectively. In addition, tightly bound and
stoichiometric calcium ions were identified and proposed
to occupy a second metal-binding site. The apparent
molecular weight of the recombinant protein, deter-
mined by analytical ultracentrifugation, suggests 20—
26% glycosylation by weight. Detailed kinetic studies
indicate the preferred substrates (k.,/Ky) of human
diamine oxidase are, in order, histamine, 1-methylhis-
tamine, and putrescine, with Ky; values of 2.8, 3.4, and
20 uM, respectively. These results, demonstrating the
substrate preference for histamine and 1-methylhista-
mine, were unanticipated given the available literature.
The pH dependence of k., for putrescine oxidation gives
two apparent pK, values at 6.0 and 8.2. Tissue-specific
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expression of the human diamine oxidase gene was in-
vestigated using an mRNA array. The relevance of this
work to earlier work and the suggested physiological
roles of the human enzyme are discussed.

Keywords Copper amine oxidase - Diamine
oxidase - Topaquinone - Human - Expression

Abbreviations ABTS: 2,2’-azinobis(3-ethylbenzthiazo-
linesulfonic acid - CAO: copper amine oxidase - CHES:
2-(N-cyclohexylamino)ethanesulfonic acid - DAB:
p-dimethylaminomethylbenzylamine - DAO: diamine
oxidase - HEPES: N-(2-hydroxyethyl)piperazine- V-
(2-ethanesulfonic acid) - K KDAQO: human kidney
diamine oxidase - MES: 2-(N-morpholino)
ethanesulfonic acid - rhKDAO: recombinant human
kidney diamine oxidase - TPQ: 2,4,5-trihydroxy-
phenylalaninequinone

Introduction

Copper-containing amine oxidases (E.C.1.4.3.6) catalyze
the two-electron oxidative deamination of primary am-
ines to the corresponding aldehyde, using dioxygen as
the oxidant, with the concomitant production of am-
monia and hydrogen peroxide. Catalysis proceeds
through a ping-pong mechanism divided into two half-
reactions (Egs. 1, 2, and Scheme 1):

Eox + RCH,NH, 2 E — RCH,NH; — E,oq + RCHO
(1)

Eieq + O — Eox + H O, + NH; (2)

Copper-containing amine oxidases (CAOQOs) are
widespread in Nature, having been found in bacteria,
yeasts and fungi, plants and animals. These enzymes are
homodimers, generally ranging in size from 140 to
200 kDa, with two active sites per dimer [1]. Each active
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Scheme 1. Proposed reaction mechanism for the oxidation of
amines by copper-containing amine oxidases. The oxidized, resting
enzyme (A) combines with amine substrate to give a substrate
Schiff base (B). Proton abstraction by the conserved active-site
aspartate from the substrate’s a-carbon results in a product Schiff
base and reduced TPQ (C). Product aldehyde is release by
hydrolysis, leaving the aminoquinol form of the enzyme (D). This
Cu(II)-aminoquinol is in equilibrium with a Cu(I)-aminosemiqui-
none radical form (E). The enzyme is then oxidized, with dioxygen
serving as the electron acceptor. Oxidation proceeds through a
postulated aminoquinone intermediate (F), liberates ammonium
and regenerates the resting enzyme (A)

site contains two cofactors: (1) a single type Il copper
ion, and (2) a quinone (2,4,5-trihydroxyphenylalanine-
quinone, TPQ) derived from the post-translational
modification of an invariant tyrosine residue [2]. TPQ
has been shown to be produced in a novel, self-pro-
cessing reaction requiring only copper and dioxygen [3,
4,5, 6].

Three general classes of CAOs have been described
from mammalian sources; unfortunately, the nomencla-
ture in the literature is frequently confusing. One type of
amine oxidase is found tightly associated with tissues, is
active against monoamine substrates, and is commonly
designated semicarbazide-sensitive amine oxidase
(SSAO). It must be noted that all CAOs are inhibited by
semicarbazide, so the designation of the tissue-associated
amine oxidases as SSAOs is simply a convention.
Sequence analysis has recently revealed these tissue-
bound enzymes possess a single putative N-terminal

transmembrane helix [7]. Another variety of CAO is
soluble, found in blood plasma, and is active against a
wide range of monoamines, diamines, and aromatic am-
ines. These enzymes are generally termed plasma amine
oxidases, serum amine oxidases, or benzylamine oxidases,
and are likely synthesized in the liver [8]. The third type of
mammalian CAO is also soluble, but displays distinct
substrate specificity for diamines. This group is therefore
termed diamine oxidases (DAOs). These are also distinct
in sequence homology from the soluble plasma and the
membrane-bound CAOs [9, 10, 11].

Barbry and co-workers [12] identified the first
complete sequence for a mammalian copper-containing
diamine oxidase, that of the human kidney (previously
misidentified as a protein associated with the amilo-
ride-sensitive Na' channel). The translated cDNA
sequence encodes a 751 amino acid polypeptide with a
predicted 19 amino acid signal sequence for the clas-
sical secretory pathway. N-terminal sequencing of
human DAO purified from kidney and placenta
demonstrated the mature protein lacked these residues,
confirming the predicted signal cleavage site. The
amino acid sequence contains the copper amine oxi-
dase consensus sequence T/SXXNYD/EY/N (residues
457-463), in which the first tyrosine residue is modi-
fied to TPQ in the mature enzyme. A heparin-binding
consensus sequence, RFKRRLPK, was also recog-
nized (residues 569-576).

The structures of four copper amine oxidases have
been solved by X-ray crystallography: two are bacterial
(Escherichia coli and Arthrobacter globiformis), one is
from the yeast Hansenula polymorpha (formally classi-
fied as Pichia angusta), and one is from pea seedling
(Pisum sativum) [13, 14, 15, 16]. Collectively these four
enzymes exhibit considerable structural homology,
although primary sequence identity is less than 40%
between any two. The enzymes are ‘““‘mushroom” shaped
with an extensive intersubunit contact, including a pair
of “arms” extending from each subunit to embrace the
other. Three or four domains are in each monomer,
including an N-terminal domain that forms the mush-
room ‘‘stalk” (not present in all CAOs) and a large,
C-terminal f# sandwich catalytic domain.

The crystallographically determined structures con-
firm the copper coordination environment as predicted
from spectroscopy [17, 18, 19]. The active-site copper ion
is coordinated in a distorted square pyramidal geometry
by three conserved histidine residues and two water
molecules, one axial and the other equatorial. Also, the
quinone cofactor is in close proximity to the copper ion
and is observed in different conformations, indicative of
inherent side-chain flexibility.

One unanticipated finding in the crystal structures of
the E. coli and pea seedling CAOs was the identification
of an additional metal-binding site in each subunit,
modeled as being occupied by a calcium and a manga-
nese ion, respectively. Three aspartate carboxylates, two
peptide carbonyl oxygens, and one water molecule co-
ordinate this second metal ion. These aspartate ligands



are absolutely conserved in all 10 sequenced mammalian
CAOs, as well as in 16 of 25 sequences representing
bacteria, fungi, plants, and animals. Seven additional
organisms retain two of the three aspartates. The sec-
ond-metal site and the inferred location of the heparin
binding sequence are both on the solvent-exposed upper
surface of the ‘““‘mushroom cap” [14].

To date, direct examination of the mammalian di-
amine oxidase has been very limited, especially for the
human enzyme. We report herein the heterologous
overexpression and purification of recombinant human
kidney DAO, the first successful overexpression of any
mammalian copper-containing amine oxidase. Further-
more, high expression levels and a purification protocol
described herein provide rapid and efficient recovery of
significant quantities of the highly purified enzyme, as
required for detailed investigations of its molecular
properties. Initial characterization of the recombinant
enzyme includes molecular weight determination,
cofactor quantification, and measurement of its visible
absorption, circular dichroism, electron paramagnetic
resonance, and resonance Raman spectra. Steady-state
kinetic parameters, pH dependence, and substrate
specificity for the recombinant enzyme are reported. A
tissue-specific expression profile for the human enzyme
is presented, as is an analysis of the biological relevance
of the enzyme.

Materials and methods

Expression cell line

The coding sequence for mature human kidney diamine oxidase
was amplified by PCR from a cDNA clone (kindly provided by Dr.
Barbry, Institut de Pharmacologie Moléculaire et Cellulaire,
France) using Vent DNA Polymerase and appropriate primer
adapters. The forward primer (5-GTGAGATCTCCGGG-
GACTCTGCCC) replaced the N-terminal codons for glutamic
acid and proline of mature kidney DAO with the codon for
arginine and introduced a Bg/ll site. The reverse primer
(5-CCGGAATTCACGATGCCGGCCCTGGGCTGGGCCO) in-
troduced an EcoRI site just downstream from the native stop
codon. The PCR product and the expression vector pMT/BiP/V5-
His A (Invitrogen) were digested with Bg/II and EcoRI, agarose gel
purified, recovered using Prep-A-Gene (Bio-Rad), and ligated with
T4 DNA ligase. The 5" end of the resulting construct was confirmed
by DNA sequencing (Silver Sequence, Promega) through the fusion
site to an internal BstIl site, 350 base pairs into the coding
sequence. The remainder of the coding sequence was swapped with
a Bstll and EcoRI fragment from the cDNA clone to generate the
expression vector pMTDAO. All DNA manipulations used
enzymes from New England Biolabs. Constructs were maintained
in E. coli strain TOP10 and purified using either Perfect Prep
(5Prime3Prime) or Quantum Prep (Bio-Rad).

Transfection and cell culturing procedures were those outlined
in the Drosophila Expression System Manual (Invitrogen), except
as noted. Plasmids pMTDAO and the selection vector pCoHY-
GRO were cotransfected into Drosophila Schneider 2 (S2) cells at a
ratio of 19:1 (ug) using the Calcium Phosphate Transfection Kit
(Invitrogen). Selection for the stably transfected subpopulation
used 500 pg mL ! hygromycin B (Roche Molecular Biochemicals).
The resulting polyclonal cell line was adapted to and maintained in
a serum-free medium (Ex-Cell 400, JRH Biosciences) supplemented
with 300 pug mL™" hygromycin B at 27 °C.

567
Expression and purification

The transfected cell line was expanded from a 5 mL culture in a
25 ¢cm? tissue culture flask to a single 130 mL culture in a 250 mL
spinner flask. When the spinner culture reached a density of 1x10’
cells mL™', 25 mL of the culture was added to each of four 500 mL
baffled shake flasks (Bellco Glass) containing 150 mL serum-free
medium. The flasks were incubated in a gyrotary water bath at
110 rpm and 27 °C for about 24 h. At a density of 5x10° cells mL ™",
expression was induced by addition of copper sulfate to a final
concentration of 500 uM, and incubation was then continued for
48 h. Nontransfected Drosophila S2 cells and the uninduced
expression cell line were used as negative expression controls.

Cultures were harvested and cells spun out by centrifugation for
2 min at 1000xg. The supernatant was spun for 10 min at 10,000xg
to remove particulates and then loaded on a 5 mL HiTrap Heparin
HP column (Amersham Pharmacia Biotech) using a peristaltic
pump. The column was then washed with 100 mM potassium
phosphate buffer, pH 7.2, until 4,59 of the flow through reached
zero, and bound protein was eluted with 100 mM potassium
phosphate with 1 M sodium chloride, pH 7.2. The eluant was ex-
tensively dialyzed against 100 mM potassium phosphate, pH 7.2,
and then loaded on Macro-Prep Ceramic Hydroxyapatite (type I,
40 pm particle size, Bio-Rad) in a HR 10/10 column using a FPLC
system (Amersham Pharmacia Biotech). Buffers for the ceramic
hydroxyapatite column were 100 mM potassium phosphate,
pH 7.2 (buffer A) and 400 mM potassium phosphate, pH 7.2
(buffer B). Protein fractions were eluted with a two-column volume
wash at 25% buffer B, a single column volume wash at 35% buffer
B, and a two-column volume linear gradient from 35% to 100%
buffer B. The most active fractions were pooled and concentrated
in a 50 mL centrifugal concentrator (Millipore) before being run
over a 1.6x100 cm Ultrogel AcA 34 (BioSepra) gel filtration col-
umn equilibrated in 100 mM potassium phosphate, pH 7.2. SDS/
PAGE and IEF gels were by a PhastSystem (Pharmacia). Sub-
stantial absorbance at 280 nm in the culture media necessitated
that initial protein concentration be determination by the Bradford
protein assay (Bio-Rad) with bovine serum albumin standards.
Subsequent protein concentrations were determined spectropho-
tometrically by absorbance at 280 nm wusing the predicted
extinction coefficient for the mature, recombinant enzyme of
280.5 mM 'em ! [20]. The extinction coefficient at 280 nm was
later determined by magnetic circular dichroism and calculated as
297.6 mM ' cm™! (data not shown) [21].

Amine oxidase activity was measured at 37 °C in a stirred,
thermostatted cuvette using a coupled assay with putrescine
(dihydrochloride, Sigma) as the substrate. Assays used 30 U
horseradish peroxidase (Sigma), 10 mM putrescine, and 2 mM
ABTS [2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)] in
100 mM potassium phosphate, pH 7.2, in a final volume of 2 mL.
Reaction progress was followed spectrophotometrically by moni-
toring the change in absorbance at 414 nm (¢=24.6 mM ' cm
[22]. Activities measured by dioxygen depletion using an Instech
oxygen electrode and chamber were in close agreement to those
measured by the coupled assay (data not shown).

General characterization

UV and visible absorption data were acquired with either a Hew-
lett-Packard 8452A or 8453 diode-array spectrophotometer. CD
spectra were obtained with a Jasco J-710 spectropolarimeter.
Titrations with phenylhydrazine (HCI, Sigma) were used to quan-
tify TPQ in the purified recombinant enzyme [23]. One mL of 10—
20 uM protein in 100 mM potassium phosphate buffer was titrated
with 2 pL aliquots of fresh, anaerobically prepared phenylhdrazine
(~775 uM) at room temperature. Spectral changes were monitored
and recorded after the absorbance at 445 nm reached a constant
value following each addition (1045 min). The derivatized enzyme
was subsequently concentrated in a Microcon 30 (Millipore) with
buffer exchange to remove unreacted phenylhydrazine. The con-
centrated phenylhydrazine-derivatized enzyme was then used for
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resonance Raman spectroscopy on a Spex Triplemate spectrometer
with a CCD detector, with excitation by a Coherent argon-ion
laser. EPR spectra were recorded on a Bruker 220D SRC interfaced
with a personal computer. Simulation of EPR spectra used the
DOS EPR spectra manipulation program EPPER from Professor
John Lipscomb (University of Minnesota), which incorporates the
simulation program EPRGHA [24]. Copper, zinc, calcium, and
magnesium analyses were performed by ICP emission spectroscopy
(Little Bear Laboratories, Golden, Co.), or copper analysis by
flame atomic absorption spectroscopy using a Buck Scientific
model 210 VGP. Metal-free buffer was prepared by passage over
Chelex-100 (Bio-Rad) and by using plasticware treated with 0.1 M
EDTA solution. Analytical ultracentrifugation and ES/MS services
were kindly provided by Andy Baron and Alison Ashcroft,
respectively, at the University of Leeds, Leeds, UK.

Steady-state kinetics

Ky and ke, were determined spectrophotometrically in a 37 °C
thermostatted cell holder with magnetic stirring. Ionic strength of
the assay buffer, 50 mM HEPES, pH 7.2, was maintained
at 150 mM by addition of potassium chloride. Oxidation of
p-dimethylaminomethylbenzylamine (DAB) and benzylamine were
followed by the change in absorbance at 250 nm, using an
extinction coefficient of 11 mM ' cm ! for p-dimethylaminometh-
ylbenzaldehyde [25]. Assays with DAB or benzylamine used
890 uL of assay buffer and 10 pL enzyme in a 1 cm pathlength
cuvette. This mixture was allowed to equilibrate for 2-3 min in
the thermostatted cell holder before rapid addition of 100 pL
substrate stock solution. Data acquisition was initiated immedi-
ately. All other assays used the coupled assay of Holt et al. [26]
and an extinction coefficient for the quinoneimine dye of
6.00 mM ' cm ™' at 498 nm [27]. Chromogen stock solution was
prepared to give final concentrations of 1 mM 4-aminoantipyrine
and 2 mM vanillic acid. Coupled assays used 880 pl. chromogen
stock solution, 10 pL (14.5 U) horseradish peroxidase, and 10 pL
enzyme. Substrate, horseradish peroxidase, and chromogen stock
solutions were freshly prepared in the assay buffer, and kept in a
37 °C water bath until use. Recombinant DAO was kept on ice.
Thermal equilibration, substrate addition, and data acquisition
were as described above. Assays used 10 uL of 4.37 uM recom-
binant human kidney DAO, or 4.09 uM enzyme in the case of 1-
methylhistamine. Water bath and thermostatted cell holder tem-
peratures were monitored with an electronic thermocouple. Initial
rates were determined by at least duplicate experiments (most
often triplicate) at six or more substrate concentrations and fitting
to the Michaelis-Menten equation using Origin software (Origin-
Lab). Those substrates demonstrating substrate inhibition were
also fit to Eq. 3 [28]:

v = Vo [8]/ (Kna + 18] + [17/K3) 3

Substrates that oxidized either extremely slowly or at rates un-
detectable under these conditions were assayed up to millimolar
substrate concentrations. Potential substrates were purchased
commercially (highest grade available) and used without further
purification, except for DAB, which was synthesized by the
method of Bardsley et al. [25].

The pH dependence of Michaelis-Menten parameters for the
oxidation of putrescine was determined using the coupled 4-am-
inoantipyrine/vanillic acid assay as described above. Buffers used
were 50 mM MES (pH 5.69-6.33), 50 mM HEPES (pH 6.33-
7.78), and 50 mM CHES (pH 8.12 and 8.85). Ionic strength was
adjusted to a final concentration of 150 mM with potassium
chloride. After equilibration at 37 °C, the pH was measured with
an Orion perpHect LogR meter, model 310, equipped with an
Automatic Temperature Compensation Probe. At least two
(usually three or four) initial rates were determined at six or more
substrate concentrations for each pH value. k., values were
plotted against proton concentration and fit to the following
equation [29]:

keat = (kcal)max [H*]pKal/<pKa1pKa2 + pKai [HJT + [H+}2> (4)

Enzyme stability in the pH range used was tested by incubation
of the enzyme in the appropriate buffers for 15 min at 37 °C
and then measuring the activity. Possible effects of pH on
the quinoleimine dye generated during the assay were investi-
gated by titrating hydrogen peroxide into the chromogenic
solution plus horseradish peroxidase at appropriate pH values.
Neither loss of enzyme activity nor change in quinoleimine dye
absorption features was detected in the buffers and pH range
investigated.

Heparin effects on enzyme activity were investigated by incu-
bating recombinant kidney DAO with an approximately four-fold
excess of heparin (from porcine intestinal mucosa, average molec-
ular weight of 3000 Da, Sigma) over dimeric protein for 1 h on ice.
Initial rate determinations for putrescine oxidation were as
described above. The enzyme-heparin mix was stored at 4 °C and
assayed for activity with 250 pM putrescine after 24, 48, and 72 h.
All assays used air-saturated solutions and dissolved oxygen levels
were not varied in these experiments (about 233 uM).

Tissue-specific gene expression

A Multiple Tissue Expression Array (Clontech) was used to de-
termine the human, tissue-specific expression profile of human
DAO. The manufacturer’s instructions were followed for generat-
ing *°P-labeled cDNA probes by random primer labeling, hybrid-
ization, and autoradiography.

Results
Expression and purification

The expression vector pMTDAO contains the coding
sequence for mature human kidney diamine oxidase
(hKDAO) fused to the Drosophila BiP signal sequence
for secretion from Drosophila S2 cell culture. Expres-
sion is under the control of the Drosophila metallo-
thionein promoter and induced by addition of copper
sulfate to 500 uM. Mature recombinant human kidney
diamine oxidase (thKDAO) primary sequence, as
deduced from the DNA sequence, differs from that of
the natural protein in only the replacement of the
N-terminal glutamic acid and proline with an arginine
residue.

Culture media was harvested 48 h post-induction at a
cell density of 1.45x107 cells mL'. Cells were greater
than 99% viable, as determined by trypan blue staining,
and exhibited normal morphology. No amine oxidase
activity was detected in either the uninduced expression
cell line or in the parental S2 cell line.

The recombinant enzyme is readily purified by hep-
arin affinity chromatography, ceramic hydroxyapatite
chromatography, and gel filtration; the summary of a
typical purification is given in Table 1. Total enzymatic
activity increases during the protocol and likely reflects
the loss of an inhibiting substance (of either the amine
oxidase or the coupled assay) that is present in the
growth medium. The purified protein is estimated at
greater than 98% homogeneous by SDS/PAGE, and the
highest specific activity obtained from any purification
was 1.25 TU mg .
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Table 1. Purification of recombinant human kidney diamine oxidase

Total volume (mL) Total protein (mg) Total activity (IU)  Specific activity IU mg ') Purification factor

Step

Culture medium 630 117
Hi-Trap Heparin 13.5 41
Ceramic hydroxyapatite 44 14
Ultrogel AcA34 0.74 12

7.3 0.063 1
12.5 0.30 4.8
13.0 0.93 14.8
12.7 1.1 16.7

Fig. 1. SDS/PAGE showing purification of recombinant human
kidney diamine oxidase. Lane I: harvested Drosophila S2 media
diluted 1:1 with gel loading buffer. Lane 2: molecular weight
standards: 94, 67, 43, 30, 20.1, and 14.4 kDa. Lane 3: protein after
Hi-Trap Heparin affinity column, 3.6 pg. Lane 4: following ceramic
hydroxyapatite chromatography. Lane 5: purified protein after gel
filtration chromatography, 2.4 pg. Lane 6: 9.6 pg of the rhKDAO.
The distorted band is a consequence of the severe overloading of
the gel; however, this lane demonstrates the high degree of purity
for the recombinant enzyme

Purified rhKDAO is stable for several months when
stored on ice. However, freezing the enzyme at —20 °C
gives a significant drop in specific activity; thawed en-
zyme has about 40% the specific activity of that before
freezing. Thawed protein can recover 85% of the origi-
nal specific activity after storing on ice for 10 days.
Bieganski and co-workers [30] have previously noted a
90% loss in activity with natural human DAO when
stored at —20 °C.

Electrophoresis and analytical ultracentrifugation

Isoelectric focusing acrylamide gel electrophoresis gives
an estimated p/ of 6.2, and only a single protein band
was observed. A p/ of 6.7 is predicted from the primary
sequence of thKDAO [31]. Previous investigations re-
ported isoelectric points of 6.0 and 7.1 for the natural
human DAO [32, 33].

SDS/PAGE of the purified enzyme gives a single
protein band with an apparent molecular weight of
94 kDa (Fig. 1), although the primary sequence of
rhKDAO predicts 83.4 kDa for the mature monomer.
No corresponding band is detected in negative controls.
The ~10 kDa discrepancy between the predicted and

observed molecular weights suggests the expressed pro-
tein is substantially glycosylated (vide infra). Literature
values for the apparent molecular weight of the natural
human DAO have been reported as 70, 90, and 105 kDa
by SDS/PAGE [33, 34, 35]. As evident in Fig. 1, the
recombinant protein band represents the major protein
in harvested media.

Several attempts to determine the native molecular
weight by acrylamide gel electrophoresis were unsuc-
cessful. Gel filtration on a calibrated AcA 34 Ultrogel
column gave an apparent molecular weight of 113 kDa,
unrealistically low for the homodimer (data not shown).
Interestingly, Crabbe et al. [34] reported native molec-
ular weights for the purified human placental DAO as
70 kDa by Sephadex G-200 gel filtration and 69.5 kDa
by polyacrylamide gel electrophoresis. However, sedi-
mentation equilibrium ultracentrifugation data in the
same work indicated a native molecular weight of
235 kDa. Baylin and Margolis [35] reported the native
molecular weight of human pregnancy plasma DAO as
close to 200 kDa, as determined with Sephadex G-200.

Sedimentation equilibrium ultracentrifugation of
rhKDAO gave an average apparent molecular weight of
210 kDa (five runs with two protein concentrations at
two speeds, data not shown). Curvature of the Ay,
versus radius plot suggests the recombinant enzyme is in
reversible equilibrium between dimers and higher-order
complexes. The data could equally fit dimer-tetramer,
dimer-hexamer, or dimer-octamer models, with an as-
sociation constant of 1.2 A,g ' for the dimer-tetramer
model.

Sedimentation velocity ultracentrifugation gave a
sedimentation coefficient of 10 S and a diffusion coeffi-
cient of 4.4 Ficks (two runs, data not shown). The ap-
parent molecular weight calculated by the Svedberg
equation is 200 kDa. Both sedimentation velocity runs
indicated a small shoulder of faster moving material,
consistent with a very small amount of higher-order
protein association.

Copper, calcium and TPQ

Copper, zinc, calcium, and magnesium content in the
recombinant enzyme were investigated using either ICP
emission spectroscopy or flame atomic absorption.
Table 2 shows the results from three different enzyme
preparations. The data suggest a mixture of copper and
zinc occupying the active sites in the recombinant en-
zyme; the sum of copper and zinc approaches 2 mol per
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Table 2. Metal ion and TPQ stoichiometry for rhKDAO as iso-
lated from three enzyme purifications. Metal ion and TPQ values
reported as mol per mol dimeric enzyme

Specific activity {U mg ')  Cu Zn Ca Mg TPQ
0.85 1.03 079 1.84 091 0.72
1.21 142 ND® ND ND 1.04
1.25 148 040 320 00  1.08

*Value determined by flame atomic absorption spectroscopy; all
other metal ion quantifications were by ICP emission spectroscopy
"Not determined

3000 3200 3400 3600

Field (Gauss)

2600 2800

Fig. 2. X-band EPR spectra of the purified enzyme at ~200 uM in
100 M potassium phosphate buffer (upper line). The simulated
spectra is shown with g, =2.043, g, =2.265, and A4, =162 G (lower
dashed line). Experimental conditions: 77 K, 9.42 GHz, 0.796 mW,
20 G modulation amplitude

mol dimeric enzyme. In contrast, purified mammalian
copper amine oxidases, as well as those from other or-
ganisms, are most often characterized as having two
copper ions per dimer [1]. Our results indicate a corre-
lation between copper content and specific activity for
the recombinant enzyme; not surprisingly, samples with
a higher copper content correspond to an increased
specific activity.

Metal analysis and the lack of a manganese signal in
the EPR spectra (Fig. 2) strongly suggest calcium oc-
cupies the putative second metal site in recombinant
human kidney DAO. Purified enzyme was dialyzed ei-
ther against metal-free 100 mM potassium phosphate
buffer alone or against three changes of 2 L metal-free
100 mM potassium phosphate, 2 mM EDTA, pH 7.2,
followed by extensive dialysis against metal-free phos-
phate buffer. The sample dialyzed against buffer alone
was found by ICP emission spectroscopy to contain
2.37 mol calcium and 0.17 mol magnesium per mol of
dimeric protein, whereas the sample treated with EDTA
contained 2.16 mol calcium per homodimer, and mag-
nesium levels were below the detection limit of the in-
strument.

Figure 2 shows the X-band EPR spectra of Cu(Il)
in purified thKDAO. EPR parameters derived from
simulated spectra (g, =2.043, g,=2.265, 4,=162 G)
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Fig. 3. Absorption spectra of the purified recombinant human
kidney DAO, 164 mgmL "' enzyme in 100 mM potassium
phosphate buffer, pH 7.2
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Fig. 4. Circular dichroism spectra of rhKDAO. Experimental
conditions: 32 uM protein in 100 mM potassium phosphate buffer,
pH 7.2, 1 nm resolution, 20 mdeg sensitivity, 1 s response, 500 pm
slit, 5 accumulations

are consistent with published values for CAOs from
various sources [1]. Crabbe et al. [34] reported a g,
value of 2.05 from Q-band EPR spectra of purified
human placental DAO; however, the presence of
manganese prevented the determination of other cop-
per parameters. Manganese was not removed by
passing the protein over a Chelex 100 column, leading
those investigators to conclude the human placental
DAO was a Cu(Il)-Mn(IT) metalloprotein, with an
apparent stoichiometry of 2.0 mol copper and 2.4 mol
manganese per mol enzyme dimer. The lack of a
characteristic six-line Mn(II) signal in our spectra is
convincing evidence against any manganese associated
with the recombinant enzyme.

The purified protein is peach colored with a broad
visible absorption band having a A, at 470 nm
(Fig. 3). This spectral feature is associated with the TPQ
and gives copper amine oxidases their recognizable col-
or. The shoulder in the absorption spectra at 400 nm is
an unidentified feature, perhaps due to a modified
(possibly incompletely processed) form of the cofactor.
The CD spectrum shown in Fig. 4 exhibits a negative
band around 470 nm that is attributed to TPQ and



0.5
g 04
=
oy
I 03
]
—% 02
=
@ (0.1
2z 0
< - ..._
0.0 300 400 500 600
Wavelength (rm)
00 05 10 15 20
Equivalents Phenylhydrazine

Fig. 5. Phenylhydrazine titration of TPQ in purified rhKDAO.
Plot shows the change in absorbance at 442 nm versus equivalents
phenylhydrazine added per enzyme dimer. One mL of enzyme
(11.8 uM enzyme in 100 mM potassium phosphate buffer, pH 7.2)
titrated with 2830 uM phenylhydrazine. The inset shows the
increase in absoption of the intensely yellow-colored adduct with
successive phenyhydrazine additions

a negative band around 800 nm from a Cu(Il) d-d
transition. These electronic transitions are consistent
with other CAOs [1], and is consistent with a tetragonal
Cu(IT) complex with N,O donors.

Copper amine oxidases and the carbonyl reagent
phenylhydrazine react to give a characteristic, yellow
phenylhydrazone adduct that is commonly used to
identify and quantify the TPQ cofactor [1]. Recombi-
nant enzyme was titrated with phenylhydrazine and
spectra were recorded after each addition when no fur-
ther change in absorbance at 442 nm was noted. A
typical titration demonstrating the formation of the
intensely colored covalent adduct is shown in Fig. 5 and
the results of TPQ quantification for three individual
enzyme preparations are shown in Table 2. As described
above for copper, the quantified organic cofactor
correlates with specific activity.

The resonance Raman spectrum of phenylhydr-
azine-derivatized recombinant enzyme is shown in
Fig. 6, along with that of the phenylhydrazone of
TPQ-hydantoin, a model compound for the cofactor.
Protein was concentrated after extensive buffer
exchange to remove unreacted phenylhydrazine. The
two spectra are essentially identical and thus conclu-
sively identify TPQ as the quinone cofactor in the
recombinant enzyme. Neither the visible absorption
(Fig. 5) nor the resonance Raman spectrum of the
phenylhydrazine adduct of rhKDAO suggests the
absorption feature at ~400 nm (Fig. 3) reacts with
this carbonyl reagent. Thus this unidentified absorp-
tion feature may be a modified form of the TPQ
cofactor which is conformationally inaccessible to
phenylhydrazine or one which is lacking a reactive
carbonyl.
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Fig. 6. Resonance Raman spectra of the phenyhydrazine-deriv-
atized human rhKDAO (upper spectrum). The lower spectrum is the
phenylhydrazine-derivatized model compound, TPQ-hydantoin.
Experimental conditions: excitation 457.9 nm, power 40 mW,
integration 1 min, 10 accumulations

Steady-state kinetics

Ky and ke, were determined for several aliphatic
diamines, the aromatic diamine DAB, and biologically
important amines and polyamines. Initial rates were fit
to the Michaelis-Menten equation and determined under
the physiologically relevant conditions of 37 °C, pH 7.2,
and an ionic strength of 150 mM. The results are sum-
marized in Table 3.

Recombinant human DAO shows a substrate pref-
erence, as indicated by the specificity constant k.,./Kn,
for the diamines histamine (2-(4-imidazolyl)ethylamine)
and 1-methylhistamine (1-methyl-4-[f-aminoethyl]imi-
dazole), the metabolite of histamine N-methyltransferase
(E.C.2.1.1.8). The aliphatic diamines putrescine and
cadaverine give k¢, /Ky values close to, but lower than,
those of the histidine metabolites. Histamine and 1-
methylhistamine exhibit two of the three lowest turnover
numbers, but note the turnover constants for all sub-
strates investigated are quite similar and differ by less
than a factor of 10. However, the determined Ky, values
vary by over three orders of magnitude, with the Ky, for
histamine about seven times less than that of any ali-
phatic diamine. The results of these experiments, namely
that histamine and 1-methylhistamine are the preferred
substrates, was completely unanticipated given the body
of available literature, which inferred that the aliphatic
diamines were the preferred substrates of human DAO
(vide infra).

It should be kept in mind that the recombinant pro-
tein used for this work does not contain two copper ions
and two organic cofactors per dimer; these experiments
used rhKDAO with 1.42 copper ions and 1.04 titratable
TPQ per dimer. Therefore the actual substrate turnover
numbers for the natural hKDAO could be up to twice
the values reported herein.

The pH dependence of k., for putrescine is shown
in Fig. 7. The plot reveals a bell-shaped curve with
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Table 3. Steady-state kinetic

parameters and substrate speci- Compound Km (HM) Fecar (min ") Feca Knt (WM min)

oty (keay/ Iri“;)o of iKDAQ. | Histamine® 2.8+0.07 139£0.6 501

error 1-Methylhistamine 34+0.3 103+1.5 30+£3
Putrescine® 201 47511 24+ 1
Cadaverine 30+2 453+ 14 15+1
DAB 110+4 548 £4.6 5.0+0.2
1,3-Diaminopropane 130+ 10 487+23 3.84+0.3
1,6-Diaminohexane 150 +£20 293+ 14 2.0+0.3
Ethylenediamine 630+ 10 126 +0.70 0.20+0.003
Spermidine 1100 +480 187+0.4 0.17£0.07
L-Lysine methyl ester 2800+ 110 345+4.6 0.12+0.005
(-)-Arterenol +2 + +
Benzylamine + + +
3-Hydroxytyramine + + +
Kynuramine + + +
Spermine + + +
5-Hydroxytryptamine - - -
L-Lysine - - -
N*-Acetyl-L-lysine methyl - - -

ester

Methylamine

“The positive symbol (+) denotes substrate oxidation could be detected, but at rates too low to

determine kinetic parameters

The negative symbol (-) indicates no rate was observed
“Partial substrate inhibition was observed only with histamine and putrescine
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Fig. 7A, B. pH dependence of steady-state kinetic parameters for
recombinant human kidney DAO. A k., versus pH. Fit to Eq. 4
gives two apparent pK, values of 6.0 and 8.2. B 1/K,, versus pH

apparent pK, values of 6.04+0.06 and 8.22+0.09. We
attribute the lower pK, to the ionization of the active site
catalytic base in the enzyme-substrate complex (Asp373
in hKDAO). The higher pK, likely represents the

ionization of the product Schiff base (Scheme 1, species
B, C). Klinman and co-workers [36, 37] have described
detailed work on the pH dependence of steady-state
parameters for the CAOs from bovine plasma and a
yeast, and our data are consistent with their interpreta-
tion. A plot of 1/Ky; versus pH reflects ionization po-
tentials in the free enzyme and free substrate [29]. As
shown in Fig. 7, the reciprocal Michaelis constant for
rhKDAO is relatively constant from pH 5.7 to pH 7.0
and increases at higher pH values. These data could not
be used to determine apparent pK, values, although the
data are in agreement with the interpretation of Klin-
man and co-workers of the catalytic aspartate residue in
the free enzyme (Scheme 1, A) having an unusually high
apparent pK, (~8) and dramatically decreasing by about
two orders of magnitude upon substrate binding.
Partial substrate inhibition was observed with hista-
mine and putrescine (Fig. 8). Bardsley et al. [38] have
previously described substrate inhibition with pig kidney
DAO and attributed this inhibition as a primary kinetic
salt effect, suggesting enzyme and substrate association
might be partially rate limiting. Data for histamine and
putrescine were fit to Eq. 3, which describes classical
substrate inhibition where a second molecule of sub-
strate binds to the enzyme-substrate complex to give a
catalytically inactive complex. Panel B demonstrates
that, at histamine concentrations of up to 250 uM,
rhKDAO closely fits this model of substrate inhibition.
However, at higher substrate concentrations (panel C)
the data deviate from this model, suggesting that at
higher histamine concentrations the enzyme kinetics are
more complicated than the classical description of
substrate inhibition. Figure 8C also shows the striking
difference in kinetic behavior between histamine and
I-methylhistamine. Methylation of the imadazole
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Fig. 8A—C. Plots of initial rates of reaction versus substrate
concentration, demonstrating substrate inhibition observed with
rhKDAO. Putrescine and histamine data were fit to Eq. 3;
I-methylhistamine data were fit to the Michaelis-Menten equation.
A Putrescine substrate, K;=430+40 uM (0.8 pg enzyme at
1.00 IU mg' in a 1 mL assay volume, 50 mM HEPES, pH 7.5,
ionic strength adjusted to 150 mM with KCl, at 37 °C). B
Histamine substrate, K; =280+ 30 uM. C Comparison of histamine
and 1-methylhistamine. Histamine and 1-N-methylhistamine assays
used 7.3 pg enzyme (1.17 ITUmg ') in a 1 mL assay volume,
50 mM HEPES, pH 7.2, ionic strength adjusted to 150 mM with
KCl, at 37 °C

nitrogen apparently abolishes the substrate inhibition
observed with histamine.

Two recent reports have suggested porcine kidney
DAO is inhibited by heparin, either during prolonged
binding on a heparin affinity column or through
exposing the enzyme to free heparin [39, 40]. To inves-
tigate the possible effects of heparin on rhKDAO and to
determine whether or not this is a general phenomenon
of mammalian DAOs, the purified recombinant enzyme
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was incubated with an approximately two-fold excess of
heparin over heparin-binding sites. Ky; and k., values
were not noticeably different from untreated protein for
up to 72 h. Additionally, no correlation between specific
activity and length of time the protein was bound to
the heparin affinity column during purification was
discerned.

Tissue-specific expression

A commercially available array of polyA* RNA rep-
resenting 76 different human tissues and cell lines was
probed with **P-labeled kidney DAO c¢DNA probes.
The amount of polyA™ RNA dotted on the nylon
membrane was normalized by the manufacturer to give
similar signal intensities for eight housekeeping genes
and therefore varies from 53 to 780 ng. Each dot is
1 mm in diameter. Exposed and developed X-ray film is
shown in Fig. 9. Although the data are not quantifiable,
a qualitative interpretation is informative for compara-
tive analysis of tissue-specific gene expression. The
highest levels of DAO gene expression are in the pla-
centa, followed by kidney tissue. Exposure at these two
mRNA spots has clearly over-saturated the photo-
graphic media. Therefore actual mRNA levels may be
orders of magnitude greater than that indicated by ex-
amination of the film. Gene expression is detectable in
stomach tissue and quite significant through the distal
tissues of the gastrointestinal tract. Prostate and liver
tissues also show fairly strong signals. A positive can be
seen with E. coli DNA; however, kidney DAO ¢cDNA
and the bacterial genome have no significant sequence
homology, and this is assumed to be a false positive. A
similar false positive has previously been reported [41].
Low, but detectable, positive results are seen in tissues
from the stomach, bone marrow, lung, pancreas, testis,
lymph node, and the parietal lobe and pons of the hu-
man brain. Negative results for controls other than the
E. coli DNA, as well as for the majority of human tissues
and cell lines, suggest that these are genuine positives.
However, the weak results for these tissues, as compared
to strong signals from other tissues, are such that actual
gene expression levels in these tissues are normally quite
low.

Discussion

Human kidney DAO, under the control of the metal-
lothionein promoter, has been expressed in a Droso-
phila S2 polyclonal cell line. This work describes the
first overexpression and purification of a copper-
containing amine oxidase from any animal source.
Expression levels for the secreted, recombinant enzyme
are substantial, approaching 20 mg L' of cell culture.
Almost certainly the abundant rhKDAO is a conse-
quence of stably transfected Drosophila S2 cell lines
generally containing multicopy genomic inserts of the
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Fig. 9. Multiple human tissue
expression array with polyA
mRNA from 76 tissues and cell
lines (Clontech). Probed with
randomly primed 3?P-labeled
oligonucleotides generated by
PCR from a cDNA clone of
human kidney DAO

expression and selection plasmids, often with 500-1000
copies arranged in a head-to-tail fashion [42]. Very
recently, Koyanagi and co-workers [43] reported the
heterologous overexpression of a copper amine oxidase
from a multicellular organism, the plant P. sativum.
Unfortunately, low expression levels and considerable
clonal variation mar this notable accomplishment
(Tanizawa K, personal communication). Expression of
the Arabidopsis thaliana enzyme has previously been
described in a baculovirus expression system [44]. The
natural hKDAO heparin-binding site facilitated the
development of a rapid purification scheme, resulting
in the highly efficient recovery of >98% homogeneous
protein. We present herein the first detailed spectro-
scopic investigation and characterization of a highly
purified, recombinant human copper-containing amine
oxidase.

Expression in serum-free media avoids introduction
of exogenous copper amine oxidases [45, 46], as well as
the considerable amount of undesired proteins natu-
rally present in fetal calf serum. Furthermore, searches

of the D. melanogaster genome have not revealed any
sequences with significant homology to CAOs, nor, to
the best of our knowledge, has a CAO been described
from any insect source. However, one member of the
copper-containing amine oxidase family, lysyl oxidase
(E.C. 1.4.3.13), has been identified in the Drosophila
genome [47]. Lysyl oxidase contains a lysine-tyrosyl-
quinone cofactor and catalyzes the oxidative deamina-
tion of peptidyl lysine in elastin and collagen — a
crucial step for connective tissue cross-linking [48].
Therefore the Drosophila Expression System, when
used with serum-free media, is an excellent source of
secreted human DAO, with the inherent advantages of
low levels of unwanted proteins and apparently no
contaminating CAOs, either exogenous or endogenous.
Drosophila S2 cell have previously been used to express
another copper enzyme, human dopamine fS-hydroxy-
lase, at protein yields quite similar to those reported in
this work [49]. This expression system is thus a prom-
ising option for the convenient expression of other
eukaryotic metalloenzymes.



Analytical  ultracentrifugation  results  suggest
rhKDAO contains between 20 and 26% glycosylation
by weight, a value not unreasonable for the natural
mammalian enzyme. The results given by Crabbe et al.
[34] indicate approximately 40% glycosylation for the
natural human placental enzyme. Gel filtration by
Baylin and Margolis [35] suggest 20% glycosylation for
the natural human pregnancy plasma DAO. For com-
parison, the porcine kidney DAO has been estimated at
20% and 11% carbohydrate by weight [50, 51]. Al-
though the data on glycosylation in mammalian DAOs
are limited — and it must be noted that differences in
glycosylation could very well be tissue-specific — the
extent of glycosylation by weight in rhKDAO is within
the range of values reported for the natural enzymes.

SDS/PAGE and analytical ultracentrifugation
results are consistent with a substantially glycosylated
recombinant enzyme, as would be expected for a pro-
tein with potential glycosylation sites and processed
through the secretory pathway. Electrospray mass
spectrometry of the recombinant human kidney protein
gave a large m/z “hump” with no resolvable peaks,
indicative of a population of heterogeneously glycosy-
lated proteins (data not shown). Four consensus N-
glycosylation sequences (NXS/T) are present in the
peptide sequence of human kidney DAO. N-Linked
glycosylation in Drosophila is much like that in other
insect cells, with a high mannose content, although O-
linked glycosylation is also possible [52, 53]. Glycosy-
lation of the recombinant enzyme is expected to be
different from the enzymes processed in mammalian
cells, and strategies to reduce the extent of glycosyla-
tion in thKDAO are actively being pursued.

The heterologously expressed enzyme contains sub-
stoichiometric copper and displays some variability in
copper levels from different purifications. The data
shown in Table 2 indicate the copper content ranges
from 1 to 1.5 ions per dimer. The recombinant enzyme
most likely contains tightly bound zinc in the remaining
active sites; copper and zinc together account for nearly
full metal occupancy of the two active sites in each
protein homodimer. Zinc has previously been described
in recombinant H. polymorpha CAO overexpressed in
Saccharomyces cerevisiae, and zinc was determined to
have a high affinity for the active site and to compete
with copper for binding [54]. The crystal structure of a
zinc-substituted H. polymorpha enzyme has recently
been solved and reveals zinc in the active site, coordi-
nated by three histidine residues and a tyrosine residue
(copper ligands in the active enzyme and the tyrosine
precursor of TPQ) [55]. These residues are remarkably
similar in position to those described in the active site of
apoCAO from Arthrobacter globiformis [15].

We believe active-site metal incorporation most likely
occurs intracellularly during rhKDAO processing in the
Drosophila secretory pathway, and not following secre-
tion into media loaded with 500 uM copper, in which
case fully copper-loaded protein could be expected. Rae
et al. [56] have made a convincing argument for
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extraordinarily low levels of “free’” intracellular copper,
less than one per cell, and suggested copper-dependent
enzymes require accessory factors (i.e. metallochaper-
ones). However, their analysis is based upon cytoplasmic
superoxide dismutase and would not necessarily apply to
the contents of membrane-bound organelles, such as
those of the secretory pathway. Copper most likely en-
ters the Drosophila secretory pathway via a P-type AT-
Pase, homologous to the human Menkes disease protein,
localized in the trans-Golgi network [57]. To date, no
accessory protein for any CAO has been described.
Furthermore, Drosophila S2 culture is quite likely a zero
background expression host and therefore would not be
expected to possess a specific CAO metallochaperone.
Copper and zinc content in the overexpressed enzyme
may be determined by the total metal ion availability in
the secretory pathway and the relative affinity of the
active site for these two transition metals. Differences in
metal loading between purifications might be the con-
sequence of subtle and as yet unrecognized factors
during cell culturing and protein expression.

This study indicates calcium occupies the putative
second metal binding site in recombinant human kidney
DAO. The high specificity and affinity of this site for
calcium, supported by the resistance to removal by
EDTA (logk=10.61 at 25 °C [58]), strongly suggest
calcium would be present in the natural enzyme. Stoi-
chiometric calcium is also present in highly purified
equine plasma copper amine oxidase (unpublished
results).

Although calcium sites in proteins vary considerably
with regard to their coordination structure, the second-
metal site in copper amine oxidases is unusual when
compared to other structurally defined sites (see [59] for
a recent review of the diverse calcium binding sites in
proteins). Five putative KDAO calcium ligands can be
deduced from sequence alignment and the crystal
structures of the CAOs from E. coli and P. sativum [13,
14]. Three of these are aspartyl carboxylates and the
backbone carbonyl of a leucine in the sequence As-
pLeuAsp. These residues are located at the C-terminus
of one f strand. The other two protein-derived oxygen
donors are an aspartyl carboxylate and an adjacent
backbone carbonyl (Leu), located at the N-terminus of
another f strand. Interestingly, the opposite ends of
these two f strands (7-10 residues away) also provide
the active site copper ligands. One coordinating water
molecule is resolved in the crystal structures, giving an
octahedral coordination geometry with calcium-oxygen
distances from 2.2 to 2.5 A. Most calcium ions in biol-
ogy are heptacoordinate and associated with helical and
loop regions [60]. The well-known and extensive family
of helix-loop-helix (EF hand) calcium sites is typically
seven-coordinate with three carboxylates (one of which
is bidentate), two carbonyls, and one water molecule in a
pentagonal bipyramid. EF hand ligands are all located
in a short sequence at the end of one helix, a small loop,
and the beginning of another helix. In contrast, the
calcium binding residues in CAOs are at the ends of two
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f strands, separated in sequence by more than 130
intervening amino acids.

Calcium ions are critical for a variety of important
biological processes, including some involving extracel-
lular proteins [61, 62, 63, 64, 65, 66]. The function of the
second metal site in copper-containing amine oxidases
remains to be elucidated. However, the bound calcium
ion likely serves to stabilize the structure of this extra-
cellular enzyme, although a role in modulating activity is
also possible but unlikely, given the apparently high
affinity for calcium and the separation between the
putative Ca site and the active site.

Recombinant human kidney DAO is conclusively
demonstrated to possess the TPQ cofactor. Visible
absorption, CD, titration with phenylhydrazine, and
resonance Raman of the phenylhydrazine-derivatized
enzyme are entirely consistent with previously char-
acterized copper amine oxidases from various sources
[1, 67]. Similar correlations between specific activity
and titratable TPQ have been described by Klinman
and co-workers [23, 68] for the bovine plasma amine
oxidase and the recombinant yeast methylamine oxi-
dase. As shown in Table 2, the titratable TPQ from
three different preparations is consistently around 72%
of that which could be expected given the copper to
protein stoichiometry, assuming that each active site
containing copper would readily convert the precursor
tyrosine to TPQ. It is presently unclear whether low
TPQ-to-copper ratios reflect incomplete organic co-
factor biogenesis or enzyme conformations in which
the quinone cofactor is inaccessible to phenylhydr-
azine. Low and variable TPQ content is not uncom-
mon in CAOs [1]. For example, recombinant yeast
methylamine oxidase has been described as containing
2.0 mol copper but only 1.5 mol phenylhydrazine-tit-
ratable TPQ per mol of enzyme dimer [68], a TPQ to
copper ratio strikingly close to the results presented
herein.

Recombinant human kidney DAO shows a clear
substrate preference for diamines, with the highest
specificity constants (k¢ /Ky) for histamine and 1-
methylhistamine. It is also apparent that substrate
specificity depends on the separation between the sub-
strate’s two amine groups, as well as other structural
features. Although diaminopropane is a good substrate,
the polyamine spermine, also with three methylene car-
bons between a primary amine nitrogen and the closest
secondary amine, is a very poor substrate, with an oxi-
dation rate nearly undetectable using our assay condi-
tions. Spermidine, on the other hand, has four
methylene carbons between one of the primary amines
and the secondary amine and is a fair substrate, but with
a specificity constant two orders of magnitude less than
that for putrescine. L-Lysine methyl ester is a poor
substrate, and no oxidation was observed with either
L-lysine or N*-acetyl-L-lysine methyl ester. Therefore, it
is extremely unlikely that the DAO-catalyzed oxidation
of peptidyl lysines would occur to a physiologically
relevant extent in vivo.

Earlier literature reported the substrate preference of
DAO solely determined by relative rates of oxidation, a
necessary criterion given the limited amounts of enzyme
available. Misleading conclusions regarding substrate
preference were inevitable, given the difficulty in
obtaining highly purified mammalian DAO, partial
substrate inhibition, and the millimolar substrate con-
centrations used. Generally, cadaverine was reported as
the substrate with highest rate of oxidation, up to nearly
1.5 times the rate for putrescine. Histamine was
described as having only 17-50% the relative rate of
oxidation as compared to putrescine [32, 34, 69].
Unfortunately, this has resulted in a predisposition
to downplay or discount a possible role for DAO in
histamine metabolism in much of the earlier literature.

Our work establishes a Ky for histamine equal to
2.8 uM and a key /Ky of 50 uM 'min !, Previously re-
ported Ky values for DAO purified from human tissues
range from 1.5 pM for the enzyme isolated from preg-
nancy serum to 19 uM for the intestinal DAO [30, 70,
71]. The apparent Ky determined for 1-methylhistamine
is 3.4 uM, whereas earlier work reported 97 pM [30, 71].
It is interesting to note that aliphatic diamines and
polyamines would be protonated at physiological pH
and therefore be di- or polycationic. Histamine, how-
ever, would only be about 8% present as the doubly
charged species at pH 7.2.

The recombinant enzyme exhibits an apparent Ky
for putrescine of 20 uM. Previously reported values
from purified human DAOs range from 13 pM to
83 uM [30, 71, 72]. Holttd et al. [72] reported that hu-
man seminal plasma DAO displays a Ky, of 100 uM for
spermine and 560 pM for spermidine. In contrast, we
find an apparent Ky; of 1.1 mM for spermidine, and that
of spermine could not be determined with our experi-
mental conditions. This discrepancy is perhaps due to
contaminating enzymes in the seminal plasma enzyme
purification or impurities in commercially available
polyamines; in fact, Ho6lttd and co-workers described
contaminating spermidine and putrescine in purchased
spermine.

Scheme 1 diagrams the proposed steps in the catalytic
cycle of CAOs [73, 74]. Detailed kinetic studies have
elucidated many of the details of the reductive half-re-
action. Proton abstraction from the substrate Schiff base
(species B) has been shown to at least partially con-
tribute to the rate-determining step in some mammalian
CAOs [36, 75]. Substrate turnover (k.,) values for
rhKDAO are quite similar among the substrates inves-
tigated in this work, from 1 to 10s ', suggesting a
common rate-limiting step.

The oxidative-half reaction is less well understood.
Anaerobic substrate-reduced enzyme has been shown to
be a kinetically competent, equilibrium mixture of the
Cu(II)-aminoquinol and Cu(l)-aminosemiquinone radi-
cal (species D, E), and substantial chemical precedence
suggests the Cu(I)-aminosemiquinone species would
readily react with dioxygen [76, 77, 78]. However, an
obligatory role for Cu(I) has not been established, and a



viable mechanistic alternative that does not invoke a
change in the oxidation state of copper has been pro-
posed [79, 80]. Copper amine oxidases from different
sources have been suggested to use distinctly different
mechanisms for reoxidation [81]. We anticipate that the
work presented herein will facilitate experimental design
to probe the molecular details of TPQ reoxidation and
the concomitant reduction of dioxygen in the human
enzyme.

Biological implications

Mammalian DAOs are found in several tissues, with the
highest activities described in placenta, small intestine,
and kidney, but they are also present in liver, lung, fi-
broblasts, salivary glands, and seminal fluid. Low basal
levels of DAO are present in human serum and are be-
lieved to derive from the gastrointestinal tract [1].
However, the circulatory DAO activity increases signif-
icantly following the intravenous injection of heparin
and during pregnancy [82, 83, 84, 85, 86].

The human expression array results presented herein
largely concurs with earlier studies describing the tissues
with highest DAO activity, but some of the positive re-
sults were unanticipated. To the best of our knowledge,
DAO activity has not been reported in lymph nodes or
bone marrow, and the expression array indicates posi-
tive, albeit low, DAO mRNA in two specific regions of
the human brain, the parietal lobe and the pons. It will
be of considerable interest to see if future studies support
the apparent localized expression of DAO in the human
brain. DAO activity in this organ is normally extremely
low [87, 88]. However, evidence exists for increased
DAO activity in rat brain following focal brain injury,
an increase that tracks the rise in putrescine concentra-
tion [89]. DAO is generally not thought to play a role in
histamine metabolism in the brain, where histamine
serves as a neurotransmitter. The physiological function
(or functions) of this enzyme in the human brain remains
to be demonstrated.

Several investigations have reported putrescine (1,4-
diaminobutane) or cadaverine (1,5-diaminopentane) as
the substrate with the highest rate of oxidation and
suggested these are the preferred substrates for mam-
malian DAOs [30, 32, 34, 72, 90, 91]. Putrescine deam-
ination is the rate-limiting step in catabolism of the
polyamines spermidine and spermine [92]. These poly-
amines are found in millimolar concentrations in cells
and in seminal fluid and are important in cell prolifer-
ation and differentiation [1, 93, 94]. Given the steady-
state parameters determined in this work, putrescine and
spermidine could be viable substrates for the DAO
known to be present extracellularly (e.g., recall that the
expression array gives a strong positive for the pros-
trate). Additionally, y-aminobutyraldehyde, the product
of putrescine oxidation by DAOQO, is a precursor for the
neurotransmitter y-aminobutyric acid in some tissues
[95].
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The current work, however, indicates a substrate
preference for histamine and 1-methylhistamine, sug-
gesting human DAO may play an important role in
histamine metabolism. Histamine is a potent pharma-
cological agent with profound biological effects, in-
cluding smooth muscle contraction, vasodilation,
allergic response, gastric acid secretion, and stimulation
of adenylate cyclase activity in neurons, all of which are
mediated by specific G-protein-coupled receptors [96].

Historically, DAO has been proposed to function as
a safeguard against deleterious effects from exogenous
amines. In the intestinal tract this enzyme is thought to
detoxify ingested histamine [30, 97] and in placental
tissues is suggested to protect from high levels of fetal
putrescine and histamine [98, 99]. However, the striking
substrate inhibition observed with histamine seems to
make DAO an unlikely choice to serve as the first line
of defense against toxic levels of histamine. In circu-
lation, histamine concentrations are usually only a few
micromolar, a physiologically relevant condition in
which DAO could be very efficient in removing unde-
sired histamine. Baenziger, Haddock and co-workers
[45] have demonstrated DAO activity enhances hista-
mine metabolism and uptake by cultured vascular en-
dothelial cells and have proposed that DAO in
circulation can bind to specific endothelial cell surface
receptors and participate in the sequential, enzymatic
degradation of histamine. Collectively, the available
evidence suggests that DAO may be involved in several
critical biological processes in mammals, perhaps de-
pending in part on spatial and temporal factors, as well
as the level of expression.
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Abstract: The serum level of diamine oxidase (DAO) reflects the integrity and maturation of the
small intestinal mucosa. This measure is important in diagnosing various diseases, including chronic
urticaria tachyphylaxis, multiple organ dysfunction syndrome, preterm abortion, and migraine.
This review aimed to summarize the findings of previous studies on the changes in DAO levels in
diverse diseases and the application of this enzyme in the clinical setting, as well as the roles of
this enzyme under physiological and pathological conditions. The advances in the mechanism and
clinical application of DAO presented in this review will contribute to a better understanding of this
enzyme and open up new and broader perspectives for future basic research and clinical applications.

Keywords: histamine; diamine oxidase; molecular mechanisms; clinical application

1. Introduction

Diamine oxidase (DAO) is a secretory protein located in the cytoplasm of human and
mammalian upper intestinal mucosa chromaffin cells and is responsible for catabolizing
histamine (mainly extracellular) to stop allergic reactions [1]. DAO level is extremely low
in peripheral blood; this enzyme is mainly distributed in the intestine and abundant in
the kidney, placenta, and other organs [2]. With the maturation of the intestinal mucosa,
baseline levels of DAO increase significantly, particularly in the small intestine. Various
factors, including drugs and food, influence DAO levels [3].

DAQO level in peripheral blood is comparatively stable, whereas the level in the intesti-
nal mucosa decreases during ischemia, hypoxia, or nutritional dysfunction of the intestinal
luminal tissues, consequently decreasing DAO level in the blood. DAO level reflects
intestinal damage and repair. Specifically, plasma DAO levels can be used to monitor
the function of the small intestinal mucosal barrier under noninvasive conditions. Thus,
this measure has gained increasing clinical attention in recent years in the diagnosis of
gastrointestinal diseases, histamine intolerance (HIT), migraine, and abnormal pregnancy
and the prognosis of tumors.

Histamine is mainly produced by mast cells, platelets, basophils, histaminergic neu-
rons, and enterochromatin cells, where it is stored in vesicles and released in response
to stimulation. It is synthesized from the amino acid histidine by pyridoxal phosphate-
containing L-histidine decarboxylase (HDC) and functions by binding to four receptors
on target cells in various tissues. It causes smooth muscle cell contraction, vasodilation,
increased vascular permeability and mucus secretion, tachycardia, arrhythmias, altered
blood pressure, stimulated gastric acid secretion, and nociceptive nerve fibers [3].

Histamine is primarily metabolized in two ways: oxidative deamination by DAO
and cyclomethylation by histamine-N-methyltransferase (HNMT). Histamine localization
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determines whether it is catabolized by DAO or HNMT. DAO is stored in peripheral
tissues, such as the kidney, colon, placenta, and thymus; it is responsible for scavenging
extracellular histamine after the release of mediators and is secreted into the circulation
when stimulated [4]. DAO can also catabolize other polyamines, such as putrescine and
spermidine. By contrast, HNMT is a cell membrane protein that can only transform
histamine into the intracellular space (containing mast cells and histaminergic neurons).

In recent decades, serum DAO has gained considerable interest from researchers
because of its role in diagnosing various diseases. However, past research on DAO has
mostly focused on fundamental experiments and there is a lack of publications discussing
the latest developments in the application of DAQO in clinical practice. This review aims to
elucidate the differential expression of DAO in diverse diseases (Table 1) and the application
of this enzyme in the clinical setting.

2. The Role of DAO Activity in the Monitoring of Diverse Diseases
2.1. Role of DAO in Detecting Various Gastrointestinal Diseases

Several human and animal experiments have confirmed that plasma DAO level is
a key marker for assessing the function of the intestinal mucosal barrier [5]. The crucial
role of DAO level in monitoring intestinal mucosal damage has also been validated in
various clinical scenarios [6-9]. Injury to the intestinal mucosal barrier increases epithelial
cell permeability, which consequently triggers an inflammatory response that is closely
associated with inflammatory bowel diseases, especially Crohn’s disease [10,11]. Elevated
plasma DAO level indicates the repair of intestinal damage, and it can be used as a
sensitive and precise marker in monitoring Crohn’s disease activity [12,13]. DAO is a
useful molecular parameter for the early and accurate diagnosis and identification of
small bowel obstruction. Clinically, an increase in serum DAO level (twice the basal level)
may be a useful marker to diagnose simple to strangulated intestinal obstruction. An
animal study showed that serum DAO level significantly increases in simple intestinal
obstruction but progressively decreases in strangulated intestinal obstruction [14]. This
result can be attributed to reduced blood flow caused by strangulated intestinal obstruction.
Additionally, an increasing number of animal experiments have demonstrated the value of
DAO in the early diagnosis of acute mesenteric ischemia and superior mesenteric artery
occlusion [15,16]. Another study specified that DAO = 29.81 U/L can be used as an early
diagnostic criterion for diagnosing superior mesenteric artery occlusion [17]; however,
this criterion is insufficient for clinical diagnosis, and extensive clinical studies in humans
are needed.

2.2. DAO and Migraine

Migraine is a common neurological disorder and the third most common disorder,
affecting up to 1 billion people worldwide [18,19]. HIT arises from a deficiency of DAO, and
headache is one of the most documented of the several multifaceted symptoms associated
with HIT. In a single clinical study [20], 198 volunteers were divided into migraine and
control groups, and DAO level was measured using ELISA. The mean DAO level was
significantly lower in patients with migraine than in the healthy volunteers. Moreover, DAO
deficiency was more prevalent in patients with migraine (87%) than in healthy volunteers.
Another RCT by Joan et al. [21] verified that 1 month of oral DAO enzyme supplementation
reduces pain duration by 1.4 h in patients with episodic migraine; however, this treatment
exerts no significant effect on migraine attack frequency or pain intensity.

Regarding the mechanisms underlying the association between DAO and migraine,
a recent genetic study of 22 genome-wide association studies found that 38 genes are
susceptibility loci for migraine [22]. Another study reported that the frequency of mutations
caused by C2029G DAO single-nucleotide polymorphisms (SNPs) is significantly higher
in patients with migraine than in healthy controls and that the C314T mutant allele of
HNMT and the C2029G polymorphism of DAO interact to increase the risk and impact of
migraine [23]. Another study examining alleles and the frequency of their allelic variants
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in patients with migraine found that the DAO SNP rs10156191 is associated with reduced
DAO activity and is related to the risk of migraine onset, particularly in women [24]. These
results suggest that the risk of migraine is associated with the SNP rs10156191 and sex.

However, a recent study exploring the relationship between serum DAO and histamine
levels and three polymorphisms in the DAO gene (rs10156191, rs1049742, and rs1049793)
found similar frequencies of DAO genes and allelic variants in patients with migraine and
controls [25]. Surprisingly, serum DAO levels were significantly higher in the patients with
migraine than in the controls. The opposite conclusion may stem from differences in the
methods used to measure DAO level, whether age- and sex-matched subgroups were used,
and variations in the inclusion criteria.

2.3. DAO in Pregnancy Monitoring

DAO can be generated in large quantities by the placenta and is thought to be a
paracrine signal during endometrial shedding and embryonic implantation [26], serving as
a metabolic barrier against the excessive passage of active histamine from the placenta into
the maternal or fetal circulation [27]. The balance between histamine and its degrading en-
zyme DAO plays an essential role in pregnancy [28]. Serum DAO activity has significant sex
differences, with females showing greater fluctuations in serum DAO levels than males [29].
Hamada et al. [30] found that serum DAO levels vary with the menstrual cycle, with
markedly lower plasma DAO levels in the follicular phase than in the luteal phase. DAO
is synthesized by placental and trophoblast cells, explaining the high plasma DAO level
during pregnancy [31]. The maternal plasma DAO level exponentially increases during the
first 20 weeks of pregnancy by up to even 1000 times the pre-gestational level [28], which
consequently decreases plasma and urinary histamine levels in the maternal circulation. In
abnormal pregnancies, compared to normal pregnancies, the maternal plasma DAO level
ceases to rise and the circulating histamine level increases, which significantly increases the
risk of threatened abortion, pre-eclampsia, and spontaneous abortion [31-33]. Moreover,
this level drops to pre-pregnancy values within 10-15 days after delivery [34]. Low DAO
levels can also be used as a diagnostic tool for trophoblastic diseases. In pregnant females
with trophoblastic diseases, such as choriocarcinoma and hydatid mole, DAO levels remain
low despite high titers of human chorionic gonadotropin. In molar pregnancies, DAO
levels are equal to those in normal pregnancies in early gestation but decline after 15 weeks
of gestation. In addition, a sharp drop in the DAO curve is a sign of fetal distress or
intrauterine death [27].

2.4. DAO as a Predictor of the Gastrointestinal (GI) Tract Toxicity of Drugs

In rats, the DAO level in blood significantly correlates with the level in small intestinal
mucosal villi and with the severity of intestinal toxicity caused by anticancer drugs such as
5-fluorouracil (FT) [35]. Tsutomu et al. [36] measured serum DAO levels in 20 patients with
gastric cancer during adjuvant chemotherapy with oral FT anticancer drugs and found that
antitumor drug treatment decreased DAO levels and health status positively correlated with
DAO levels in these patients. A recent prospective cohort study involving 50 patients with
esophageal cancer treated with docetaxel + cisplatin + 5-FT reported that plasma DAO level
reflects the ability of the intestine to absorb amino acids and thus can be used as an indicator
of the efficacy of chemotherapy in patients with esophageal cancer [37]. Serum DAO activity
decreases gradually over the course of anticancer drug treatment, and the percentage
decrease in DAO activity correlates closely with the severity of gastrointestinal toxicity [38].
This result indicates that plasma DAO levels can be used to monitor and evaluate the GI
toxicity response to chemotherapy in patients with cancer [38,39]. Colchicine increases gut
permeability, alters the intestinal microbiota, exacerbates flora displacement, and inhibits
inflammatory response in mice, which may increase toxic load in the mouse intestine. Thus,
the serum levels of DAO and lipopolysaccharide are increased [40]. Plasma DAO level is an
important measure in conducting drug/food therapy studies of anticancer drug-induced
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gastrointestinal toxicity and monitoring intestinal integrity and related complications in
gastric, esophageal, liver, colorectal, breast, head, and neck cancers [41-46].

Table 1. Serum DAO in different diseases.

Change of Serum

Disease Origin DAO * Comments Refs.
g?strointestinal rats, mice, humans  increased More clinical §tudies are needed to [12,15-17]
diseases support the diagnostic value of DAO.
migraine humans decreased/increased Oral DAO supplerr.lent.a tion might be a [18-21]
new therapy for migraines.
Serum DAO has a role in pregnancy
pregnancy humans increased confirmation and screening for [23,25,26]
trophoblast diseases.
gas.tr.ointestinal tract humans, rats, mice  decreased /increased The? Precision of DAO levels reflecting [28-31]
toxicity toxicity needs further study.
DAO might be a potential biomarker in
liver disease humans increased patients with liver and intestinal [32,33,35]
dysfunction.
The role of DAO in the diagnosis of
histamine intolerance humans increased histamine intolerance and its treatment [38—41]

has been clarified.

* DAO expressed differently in a variety of diseases, suggesting the respective direction of future research.

2.5. DAO in Hepatitis and Post-Hepatitis Cirrhosis

Plasma DAO level has also been associated with the development and prognosis
of many liver disorders, such as hepatitis, cirrhosis, and orthotopic liver transplantation.
Li et al. [47] conducted a 1-month follow-up study of 106 patients newly diagnosed with
acute-on-chronic hepatitis B liver failure (ACHBLF) and found that plasma DAO level
reflects the severity of ACHBLF and is an independent risk factor for 1-month mortality.
Furthermore, DAO level is more sensitive than the conventional model for end-stage liver
disease, with a plasma DAO level of 15.2 ng/mL as the cut-off point. As for patients with
hepatitis B virus-associated decompensated cirrhosis, plasma DAO levels > 19.7 ng/mL
have been associated with high 6-month readmission rates [48]. Considering the connection
between DAO level and intestinal mucosal condition, a previous study measured serum
DAO and endotoxin levels in patients with liver cirrhosis and found that DAO level is
significantly higher in patients with liver cirrhosis than in healthy individuals [49]. This
result suggests that DAO level is a sensitive marker for the early diagnosis of gut failure in
liver cirrhosis.

Recent studies on serum DAO levels have extended their focus to liver transplantation.
The only curative procedure for patients with end-stage liver disease is orthotopic liver
transplantation (OLT). To assess the role of histamine and plasma DAO in OLT, an RCT
of 22 liver transplant patients and 22 healthy adults as controls found that the baseline
levels of histamine and plasma DAO were markedly elevated in patients undergoing OLT;
however, the concentration of histamine decreased and DAO increased significantly during
OLT [50]. This result can be attributed to the intraoperative use of norepinephrine. As
mentioned in these studies, serum DAO mainly reflects the function of the intestine rather
than the liver.

2.6. DAO and HIT

HIT is a disturbance in histamine homeostasis caused by reduced intestinal degrada-
tion of histamine due to DAO deficiency [51]. DAO deficiency may be a major cause of HIT,
in which alterations in histamine homeostasis lead to a decrease in intestinal degradation
and a subsequent increase in plasma [52]. DAO deficiency may be congenitally caused by
genetic mutations in DAO genes or alterations in protein coding resulting in decreased
DADO levels; it may also be acquired from lesions that reduce DAQO secretion, particularly
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in inflammatory or degenerative bowel diseases [53]. The multifaceted clinical symptoms
associated with HIT include headache, gastrointestinal disturbances (such as abdominal
pain, diarrhea, and flatulence), urticaria, pruritus, nausea and sneezing, runny nose, cardiac
arrhythmias, hypotension, and muscle pain [21].

HIT is a disease characterized by a disequilibrium between accumulated histamine
and histamine degradability. The degradation of histamine in the intestine decreases with
reduced DAO activity, resulting in the accumulation of histamine in the blood plasma
and adverse reactions [54,55], which mainly originate in the gut [56]. Impaired histamine
degradation due to reduced DAO activity and subsequent histamine overload may lead
to symptoms similar to those of allergic reactions [3]. In patients with HIT, ingestion
of histamine-rich foods, alcohol, or drugs that either release histamine or block DAO
may induce diarrhea, headache, respiratory allergies (e.g., atopic asthma and allergic
rhinitis) [57], hypotension, cardiac arrhythmias, urticaria [58], pruritus, flushing, and other
conditions. This finding indicates that serum DAO level is valuable in the diagnosis of
HIT [59], and symptom severity is associated with DAQ deficiency.

A recent questionnaire follow-up study of 133 outpatients with HIT (serum DAO
values < 10 U/mL) with onset symptoms (primarily gastrointestinal, cardiovascular, res-
piratory, and skin complaints) was conducted to explore the onset of non-specific GI and
extraintestinal symptoms arising from the distribution of the four histamine receptors in
different organs and tissues of the body. Results of this study showed that patients with
HIT predominantly had gastrointestinal manifestations, with abdominal distention being
the most common symptom (92%), followed by cardiovascular symptoms and, finally,
respiratory and skin complaints [3,60-62]. Another study showed that in patients with low
DAO levels (<40 HDU/mL), the clinical symptoms typical of HIT disappear, and serum
DAO levels significantly increase after the introduction of a histamine-free diet [63]. Similar
effects can be exerted by oral DAO supplementation in patients with HIT [64]. Cucca et al.
found that patients with DAO values of 3-10 U/mL exhibit the most complicated clinical
presentation but also respond best to treatment with a low-histamine diet and/or DAO
supplementation [65]. The prevailing consensus is that incorporating a histamine-reduced
diet and/or oral microbial DAO capsules into a targeted dietary intervention can help alle-
viate HIT-related symptoms [66,67]. HIT has been a hot research topic for almost a decade,
but evidence-based, double-blind, placebo-controlled, and crossover in vivo studies are
still necessary to understand the effects of oral DAO supplementation and provide a basis
for further investigations on HIT.

3. Effect of Food/Drugs on DAO Determination

Histamine-induced food intolerance used to be defined as an intolerance to red wine
and the symptoms of allergy after ingestion of histamine-rich foods, which is not IgE-
mediated. These symptoms are milder and less persistent, with a deficiency of diamine oxi-
dase leading to a reduction in histamine degradation that results in excessive accumulation
of histamine [68], thus explaining the alleviation of HIT symptoms after a histamine-free
diet or antihistamines [69].

A decrease in intestinal mucosal DAO activity was found in patients with food al-
lergy [70]. Foods that are known to contain histamine include milk, eggs, tuna, sauerkraut,
cheese, nuts, seafood, fresh fruits, and vegetables associated with pollen, all of which are
common allergens [68,71-73].

Xu et al. observed in a mouse model of induced inflammatory bowel disease that
polysaccharides of Tremella fuciformis could restore intestinal microbiota and microbial
metabolites and then significantly increase intestinal flora diversity, thereby reducing serum
DAO activity; this suggests that Tremella fuciformis may serve as a food supplement to
improve intestinal disease [74].

As mentioned before, serum DAO activity varies more in females, and serum DAO
values vary with the menstrual cycle, peaking at the luteal phase [75]. Miyoshi et al.
analyzed the relationship between DAO activity and dietary nutrient intake/energy ratio
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through dietary surveys and measurement of serum DAO activity in 34 healthy Japanese
women during the follicular and luteal phases and found that serum DAO activity was
positively correlated with the intake of long-chain fatty acids, especially saturated and
monounsaturated fatty acids; however, it was unrelated to consumption of medium and
short-chain fatty acids, protein, carbohydrate lipids, and dietary fiber. Further studies
found that serum DAO activity in the luteal phase was also positively correlated with
dietary intake of phosphorus, calcium, magnesium, iron, zinc, and vitamin Bj,, but not in
the follicular phase [76]. Previous studies have found that elevated blood histamine levels
during premenstrual syndrome can be alleviated by increasing serum DAO activity with
oral magnesium or calcium [77]. This also reminds us of the need to consider the effects of
gender, menstrual cycle, and nutrients when assessing serum DAO activity as a means of
identifying various diseases.

Alcohol and drugs are also notable inhibitors of DAO. Sessa found that ethanol
inhibited DAO activity while acetaldehyde stimulated DAO activity [78,79], and there
are as many as 94 known inhibitors of DAO, such as dihydrazine, nafamostat, isoniazid,
d-tubocurarine, pancuronium, clavulanic acid, promethazine, verapamil, metoclopramide,
numerous antibiotics, etc. [68,80,81]. All of them induce allergic reactions by inhibiting
DAO activity. The mechanism of inhibition is sometimes competitive, as with dihydralazine
and pancuronium bromide, and sometimes non-competitive (e.g., pentazocine), which may
be of particular importance for long-term treatment. It has also been shown that drugs
such as Lianshu preparation, berberine, apocynin, and phosphatidylcholine can improve
intestinal mucosal barrier damage and protect the integrity of the intestinal mucosa by
enhancing the activity of DAO enzymes [82-85].

Histamine-induced food intolerance affects the quality of life of a large proportion
of the population, and both DAO deficiency and/or histamine receptor upregulation can
exacerbate the symptoms of histamine toxicity. Thus, effective measures must be taken to
manage these patients.

4. Low-Histamine Diet/DAO Supplements

To address these clinical diseases and possible mechanisms, a variety of DAO supple-
ments have been developed, and a low-histamine diet is recommended for symptomatic re-
lief and prognostic improvement. Research has shown that treatment with a low-histamine
diet only reduces symptoms in HIT patients, and there is no specific drug available to
cure [86]. Commercially available dietary supplements, such as Daosin or products from
DR Healthcare, are commonly used to provide exogenous porcine DAO to supplement
endogenous DAO in the human small intestine through protein derived from porcine
kidneys [87]. However, DAO extracted from porcine kidneys does not yield sufficient DAO
activity for clinical application at present [66,88]. Dietary treatment of HIT (low-histamine
diet and DAO supplementation) can ameliorate intestinal dysbiosis by reducing the rela-
tive abundance of histamine-secreting bacteria (i.e., Pseudomonas spp., Aspergillus spp.,
Aspergillus spp., and Lachnospira spp.) and increasing the bacterial flora associated with
intestinal health, thereby improving the clinical symptoms of HIT [89,90].

Interestingly, a recent study has shown that the enzyme-linked UHPLC-FL (ultra-high
performance liquid chromatography and fluorimetric) technique has the advantage of
rapid, reliable, and highly specific detection of DAO activity in food matrices and could be
used as a tool to validate foods with the potential to treat HIT and help in the discovery of
more DAO dietary supplements [91].

5. Laboratory Methods for Quantitative Measurement of Serum DAO Concentrations

Given the role of DAO as a diagnostic marker in the identification of gastrointestinal
disorders, migraine, pregnancy monitoring, the GI tract toxicity of drugs, hepatitis and post-
hepatitis cirrhosis, HIT, and other diseases, a reliable and accurate method for quantification
of DAO antigens is necessary.
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Strictly speaking, the most direct and reliable method of diagnosing DAO activity
should be an assay of intestinal mucosal DAO activity performed on colonic tissue sampled
during a colonoscopy. However, intestinal DAO activity is inaccessible in terms of direct
measurement and few studies have been conducted on this diagnostic method, with current
studies mainly focusing on the methodological measurement of serum DAO activity and
values. Previous studies have demonstrated that serum DAO activity is closely related
to intestinal nucleic acid and protein synthesis and may reflect the severity of intestinal
mucosal damage [92].

DAO activity has been assayed based on the detection of hydrogen peroxide, aldehyde,
or dioxygen by spectrophotometric, titrimetric, manometric, fluorometric, polarographic,
amperometric, biometric, and radiometric techniques [93-95]. Radioactive methods using a
combination of isotope dilution and gas flow counting are the most reliable. However, iso-
tope dilution is a more time-consuming and laborious method, while the liquid scintillation
technique is more sensitive, simple, and fast for radioactive determination of DAO activity,
making it suitable for large-scale sample measurements [96]; this method is thus referred
to as the “gold” standard method for DAO activity determination. Schwelberger et al.
prepared five monoclonal antibodies targeting human DAO by immunizing mice with
in vitro-expressed fragments of human DAO protein and found that the detection of DAO
was 100-fold more sensitive than the most sensitive enzyme assays currently available.
Owing to the increased sensitivity of the new monoclonal antibody, DAO expression and
cellular localization in various human tissues can be validated, and DAO can also be de-
tected at sites where DAO enzymatic activity has not previously been clearly demonstrated,
such as in urine [97].

A new ELISA quantification method described by Boehm et al. allows accurate
measurement of DAO concentrations in various biological fluids, showing high agreement
with radioactivity assays. Accurate and reliable ELISA assessment of DAO may be used to
validate the role of DAO as a potential biomarker in various diseases [98]. Since enzyme
activity can be abnormal in patients with normal DAO levels, it is suggested that a link
between DAO concentration and activity be made for the clinical diagnosis of various
diseases. Beltran-Ortiz et al. constructed a method which simultaneously determines DAO
serum concentrations using the immunodiagnostic DAO ELISA K8500 kit and the standard
colorimetric method for determining serum DAO activity, and they found that it was more
specific for HIT diagnosis; interestingly, the concurrent application of the two tests was
effective in reducing false-positive and false-negative results in HIT patients [59].

However, the reference values for DAO levels in serum have not yet been established,
and the measured DAO values and activity in serum do not correspond to those in the
intestinal mucosa [99]. In some cases, serum DAO enzyme activity assays can also be con-
sidered as a supplementary test if intestinal mucosal DAQO activity assays are not feasible.

DAO belongs to the group of copper amine-containing oxidases [100]. As a product
of AOC1 gene encoding, DAO preferentially degrades histamine and various polyamines,
such as putrescine or spermidine [101]. However, as the main enzyme for the extracellular
degradation of histamine, whether DAO exists in the serum or plasma of non-pregnant
healthy individuals is controversial. Schwelberger et al. found that purified plasma
amine oxidase (PAO) from porcine plasma could efficiently convert histamine and N-
methylhistamine, inactivating various amines in the circulation (including histamine);
he thus concluded that DAO was not normally present in the bloodstream [102]. This
group also failed to detect DAO in human serum through Western blotting in another
trial, suggesting that the enzyme activity detected in plasma or serum may be mediated
by vascular adhesion protein-1 (VAP-1, also known as PAO) rather than DAO [97]. This
differs considerably to conclusions previously reported on the measurement of serum DAO
activity, which may be related to the inability of monoclonal antibodies to detect DAO in
blood, at least not in relevant quantities.

The main role of DAO is the degradation of extracellular histamine, which has been
heavily studied in recent years. DAO catabolizes other polyamines, such as putrescine,
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spermidine, and cadaverine, and cadaverine in particular may be a better selective substrate
for DAO [103-105]. Meanwhile, other amines may act as competing substrates and interfere
with the degradation of histamine by intestinal DAO [106]

6. Conclusions and Future Perspectives

DAO level measurements are useful for the early diagnosis of inflammatory bowel
diseases, acute mesenteric ischemia, and other intestinal pathologies. DAO also plays an
essential role in a wide range of clinical applications, including detecting various allergic
diseases, liver diseases, and pregnancy-related diseases, and can also be used to evaluate
the GI toxicity of anticancer drugs. Gender, menstrual cycle, and various foods or drugs
that affect the determination of DAO levels pose problems for the reliability of the enzyme
in diagnosing clinical disease. At the same time, this can provide novel ideas for the
treatment of various diseases, such as HIT and histamine toxicity. Current studies on the
use of a low-histamine diet/DAQO supplementation mainly focus on HIT and are not widely
available. In addition, analysis of blood DAQO levels is challenging, and the high economic
cost of DAO assays may be the reason why DAO activity assays are not yet widely accepted
in daily clinical practice. Routine analysis has been limited to enzymatic assays, which
are often less sensitive and impractical, and their specificity and operability still require
further optimization.
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Abstract: Background: Histamine Intolerance (HIT) is a multifaceted pseudoallergic disorder possibly
due to defective histamine metabolism. Diamine oxidase (DAO) contributes to histamine degradation
and can be measured in the serum. The role of DAO measurement in the diagnostic work-up of HIT
still remains unclear, and conflicting results have been reported in the literature. Therefore, we aimed
to evaluate the possible clinical usefulness and consistency of DAO value ranges as provided by the
assay manufacturer and verify whether they could predict the response to treatment. Methods: We
retrospectively analyzed 192 outpatients with HIT symptoms and measured serum DAO values at
baseline. Patients were prescribed either with low-histamine diet and/or enzymatic supplementation
according to symptom severity and re-evaluated six to eight months later. Patients were stratified
into three groups according to DAO levels: <3 U/mL, 3-10 U/mL, and >10 U/mL. HIT severity was
assessed on a scale of 1 to 5 before and after treatment. Results: A total of 146 patients completed
the study. Gastrointestinal and cutaneous symptoms, often associated with headache, were more
frequent in subjects with DAO < 10 U/mL. Symptom severity and DAO ranges were correlated.
Patients with intermediate DAO levels (3-10 U/mL) showed a more complex clinical phenotype but
also a more significant improvement in symptom severity (score reduction 50%, interquartile range
(IQR) = 33-60%) when compared to patients with low DAO (40%, IQR = 20-60%; p = 0.045) or high
DAO (33%, IQR = 0-50%; p < 0.001). Complex clinical phenotypes were also more frequent in patients
with intermediate DAO levels. Conclusions: HIT is characterized by typical symptoms and low
levels of DAO activity. Symptom severity was associated with the degree of DAO deficiency. Patients
with DAO values between 3 and 10 U/mL show the best response to treatment (low-histamine diet
and/or DAO supplementation). DAO value could arguably be considered as a predictor of clinical
response to treatment. Prospective studies are needed to confirm these data.

Keywords: diamine oxidase; histamine intolerance; low histamine diet; food intolerance; food
supplements

1. Introduction

Food intolerance is defined as an adverse food reaction without the typical pathophys-
iological and clinical features of overt immune-mediated disorders [1]. It affects more than
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20% of the population in industrialized countries [2]. Food intolerance is receiving increas-
ing attention both from research [3,4] and in routine allergy clinical practice possibly due to
the many and heterogenous overlapping symptoms with other clinical conditions. The term
histamine intolerance (HIT) refers to a complex disorder of controversial definition [4-7],
characterized by pseudo-allergic symptoms encompassing post-prandial malaise, diarrhea,
and meteorism along with cutaneous manifestations, such as urticaria and itch, as well as
vasomotor disturbances leading to hypotension, tachycardia, flushing, rhino-conjunctival
symptoms, and headache [8-13]. HIT is supposed to be caused by an imbalance between
histamine intake and catabolism [14]. Histamine overload may be due to histamine-rich
diets, excessive intake of alcohol, and/or inducers of endogenous histamine release [15-17].

A quantitative and/or functional deficit of diamine oxidase (DAO), the main extra-
cellular enzyme devoted to histamine catabolism along the digestive tract, might also
contribute to the pathogenesis of HIT [8-11], while the heterogeneous distribution of his-
tamine receptors might account for clinical phenotype variability among subjects. The
diagnostic work-up of HIT still remains challenging, uncertain, and time-consuming as
well as frequently leading to misdiagnosis. As a consequence of this, the prevalence of HIT
is underestimated, also in light of the high prevalence of potential confounders, such as
food allergy, irritable bowel syndrome, lactose intolerance, and non-celiac gluten sensi-
tivity, which may coexist with or constitute alternative diagnoses to HIT [6,12,13,18-20].
At present, the diagnosis of HIT is mostly achieved clinically either by the exclusion of
other conditions and by a beneficial response to low-histamine diet [4,21-23] and /or DAO
supplementation [24,25]. Oral provocation test with liquid histamine has been proposed by
some authors with contradictory results. However, this procedure is not common in clinical
practice due to safety concerns and to the absence of standardized doses of histamine to be
administered [26-28].

DAO supplementation might improve histamine-related cutaneous symptoms in
patients with low basal serum DAO levels [24]. Although some authors suggest the
measurement of serum DAO concentration or activity to support HIT diagnosis, there is
still no consensus on the optimal use of this biomarker and on the potential reference values
useful for diagnosis and/or treatment [8,25,29].

To address this issue, we designed a retrospective study aiming to assess the ability of
DAO reference ranges as provided by the radio-extraction assay manufacturer to identify
homogeneous groups of HIT patients with distinct degrees of symptoms severity and
distinct classes of treatment response to either the low-histamine diet and/or enzymatic
supplementation.

2. Materials and Methods
2.1. Patients

Upon informed consent under the Panimmuno research protocol (approved by the In-
stitutional Review Board at San Raffaele Hospital, Milan, Italy, reference code 22 /INT/2018),
192 patients with HIT were enrolled in an observational retrospective study among 304
patients with suspected HIT referred to the allergy outpatient clinic of the same institution
from 1 January 2018 to 31 January 2020. As per the local practice protocols, patients with
suspected HIT underwent a complete allergy work-up, including clinical interview, skin-
prick tests, and total and specific Inmunoglobulin E (IgE) when needed (Supplementary
Materials Table S1). Serum DAO activity was also measured in all patients with suspected
HIT through a commercially available radio extraction assay (DAO-REA®; Sciotec Diag-
nostic Technologies GmbH, Tulln, Austria) used in previous studies [9,30]. All patients
with a confirmed new HIT diagnosis were prescribed a low-histamine diet trial and/or
DAO supplementation (Daosin®, Sciotec Diagnostic Technologies GmbH, Tulln, Austria:
one tablet before each meal or as needed) according to the physician’s evaluation of HIT
severity (Supplementary Materials Figure S1). The diagnosis of HIT was based on the
presence of typical symptoms as described by Tuck et al. [2]. Additional inclusion criteria
included age > 18 years and availability of at least one serum DAO level measurement



Nutrients 2022, 14, 1513

30f8

performed within one month before enrollment. Patients with a recent diagnosis of celiac
sprue or inflammatory bowel disease, patients who were already on a low-histamine diet
or on chronic anti-inflammatory or histamine-releasing drugs, and patients with a recent
infection or those who underwent a recent antibiotic therapy were excluded from the study.
Furthermore, patients who were not compliant to the treatment were excluded from the
analyses. We stratified patients into three groups according to serum DAO levels defined
by the assay manufacturer: group 1 DAO <3 U/mL, group 2 DAO 3-10 U/mL, and group
3DAO>10U/mL.

2.2. Symptom Evaluation

Data collection at enrollment encompassed demographics, comorbidities, HIT symp-
toms in patient history and at time of enrollment (including postprandial gastrointestinal
disturbances, itch and urticaria, dizziness, hypotension, or headache) [29], and concomitant
medication. The frequency of HIT symptoms was categorized into three classes: (a) daily;
(b) more than 3 times a week; and (c) less than three times a week. HIT symptom grad-
ing was adapted from the irritable bowel syndrome severity scoring system [31]. It was
recorded at baseline and after a minimum of six and a maximum of eight months. Specifi-
cally, symptom severity was graded into 1 = very mild, 2 = mild, 3 = moderate, 4 = severe,
and 5 = very severe.

2.3. Statistical Analysis

Due to the low number of subjects and the non-normal distribution of continuous vari-
ables, non-parametric tests (Kruskal-Wallis and Wilcoxon tests, as appropriate) were em-
ployed to compare continuous variable trends among groups. Fisher’s exact test was used
to analyze the association between categorical data. p-Values below 0.05 were considered
significant. Continuous variables are expressed as median (interquartile range, IQR) unless
otherwise specified. Categorical variables are reported as absolute numbers (percentage).
Microsoft Excel 2019® (Microsoft Corp., Redmond, WA, USA), GraphPad Prism version
9 (GraphPad, San Diego, CA, USA), and the OpenEpi online suite (www.openepi.com,
accessed on 25 January 2022) were used for statistical analysis.

3. Results
3.1. Characteristics of the Study Population

Of 192 patients enrolled, 46 were excluded after a few months for incomplete treatment
compliance. A total of 146 patients completed the study: 118 women (80.8%) and 28 men
(19.1%). The median (IQR) DAO levels at baseline was 8.17 (4.14-15.42) U/mL. There were
31 patients with low (21%, group 1), 60 with intermediate (41%, group 2) and 55 with high
(38%, group 3) baseline DAO serum levels. Food allergy was more frequent in group 3
(14/55, 25%) than in group 1 and/or 2 (11/91, 12%, x? = 5.774, p = 0.033). DAO groups did
not show further differences in terms of demographics or comorbidities (Table 1).

Table 1. General characteristics of the study population.

Group 1 Group 2 Group1+2 Group 3
Features DAO <3 U/mL DAO 3-10 U/mL DAO <10 U/mL DAO >10 U/mL
n=231 n =60 n=91 n=>55

Age: median (IQR) 45 (35-57) 43 (35-54) 43 (35-55) 41 (31-54)
Women: n (%) 25 (81%) 52 (87%) 77 (85%) 41(75%)
Food allergy: n (%) 5 (16%) 6 (10%) 11 (12%) * 14 (25%)
Respiratory allergy: n (%) 7 (22%) 25 (41%) 22 (24%) 21 (38%)
Drug allergy: n (%) 10 (32%) 21 (35%) 31 (34%) 18 (33%)
Lactase deficiency: 1 (%) 6 (19%) 8 (13%) 14 (15%) 10 (18%)
Total IgE > 100 IU/mL: 1 (%) 5 (16%) 17 (28%) 22 (24%) 17 (31%)
Contact dermatitis: n (%) 8 (26%) 21 (36%) 29 (32%) 17 (31%)

IQR, interquartile range; IgE, Immunoglobulin E; DAO, diamine oxidase. * p < 0.05 vs. group 3.
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3.2. HIT Symptoms before and after Treatment

Patients who presented with a combination of gastrointestinal symptoms, mucocuta-
neous manifestations, and headache were more frequent in group 2 (20%) than in group
3 (5%, x* = 5.353, p = 0.038). The association among gastrointestinal symptoms, mucocu-
taneous manifestations, headache, and vasomotor symptoms was also more frequent in
group 2 (10%) than in group 3 (0%, x? = 5.803, p = 0.036). There were no other differences
in the prevalence of HIT symptoms among the three DAO groups.

Symptom frequency was significantly higher in group 1 compared to group 2 and
group 3. HIT symptom severity was inversely correlated with baseline DAO levels
(rho = —0.467; p < 0.001). Accordingly, symptom severity was lower in patients with
DAO > 10 U/mL compared to patients with intermediate or low DAO levels considered
either singularly or together. After treatment with low-histamine diet and/or DAO sup-
plementation, a median reduction of 40% (20-50%) in symptom severity was observed
compared to baseline (p < 0.001 by signed-rank test). Symptom severity improvement was
lower, even if not statistically significant, in group 3 (33%, IQR = 0-50%) than in group 1
(40%, IQR = 20-50%; p = 0.062) or group 2 (50%, IQR = 33-60%, p < 0.001) or in pooled group
1+ 2 (50%, IQR = 25-60%; p < 0.001). Symptom improvement in group 2 was also higher
than in group 1 (p = 0.045; Table 2). Consistently, symptom severity improvement was
inversely correlated with baseline DAO levels (rtho = —0.303; p < 0.001). Symptom severity
scores at baseline were inversely correlated to symptom severity scores after treatment in
patients with high baseline DAO levels (rtho = —0.438; p = 0.002) but not in patients with
low or intermediate DAO levels.

Table 2. HIT clinical features.

Group 1 Group 2 Group1+2 Group 3
DAO <3 U/mL DAO 3-10 U/mL DAO <10 U/mL DAO > 10 U/mL
n=31 n =60 n=91 n=>55
HIT Symptom Prevalence
Gastrointestinal only 5 (16%) 5 (8%) 10 (11%) 7 (13%)
Skin only 8 (26%) 8 (13%) 16 (18%) 16 (29%)
Headache only 0 0 0 1(2%)
Gastrointestinal + skin 11 (35%) 23 (38%) 34 (37%) 22 (40%)
Gastrointestinal + headache 1 (3%) 1 (2%) 2 (2%) 3 (5%)
Skin + headache 1 (3%) 5 (8%) 6 (7%) 0
Skin + vasomotor 0 0 0 1 (2%)
Gastrointestinal + skin + Headache 3 (10%) 12 (20%) * 15 (16%) 3 (5%)
Gastrointestinal + skin + vasomotor 0" 0" 0 2 (4%)
Gastrointestinal + skin + headache + 2 (6%) 6 (10%) * 8 (9%) 0
vasomotor
HIT symptom frequency
Daily 27 (87%) **** 36 (60%) ** 63 (69%) *** 16 (29%)
> 3 times/week 3 (10%) ***~ 18 (30%) * 21 (23%) ** 28 (51%)
< 3 times/week 1 (3%) 6 (10%) 7 (8%) 11 (20%)
HIT symptom severity
Before treatment 4 (4-5) *** 4 (4-5) *** 4 (4-5) *** 3(3-4)
After treatment 3 (2-3) 2 (2-2) 88 #* 2 (2-3) 2 (2-3)

HIT, Histamine Intolerance; * p < 0.05, ** p < 0.010, *** p < 0.001 vs. group 3, " p < 0.05 vs. group 2, §§ p < 0.010 vs.
group 1.

4. Discussion

We retrospectively analyzed a cohort of patients with suspected HIT in order to assess
the role of serum DAO measurement in identifying clinically distinct subsets of HIT and
differential response to treatment. We found that the majority of these patients had baseline
DAO levels below 10 U/mL, in line with most of the literature [10]. Patients with low
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(<3 U/mL) or intermediate (3-10 U/mL) DAO levels had a lower prevalence of food
allergy compared to patients with higher DAO levels, consistent with a limited role of this
comorbidity as a clinical confounder. Symptom severity and frequency were also higher
in patients with low or intermediate DAO levels as compared to patients with higher
DAO levels. HIT symptom severity was inversely correlated with baseline DAO levels.
Accordingly, symptom severity was lower in patients with DAO >10 U/mL compared
to patients with intermediate or low DAO levels considered either singularly or together.
These data possibly confirm that DAO measurement identifies a pathogenetically relevant
mechanism in the development of HIT [8,10,32-34].

Treatment with a low-histamine diet and/or DAO supplementation was generally
effective at reducing symptom severity. Patients with higher DAO levels had lower rates of
therapeutic success compared to patients with low to intermediate DAO levels. This sug-
gests that additional factors might contribute to HIT symptoms in this category of subjects.
Consistently, symptom improvement was proportional to baseline symptom severity in
patients with DAO > 10 U/mL but not in the other patient groups, suggesting that DAO
activity rather than clinical features at presentation is more relevant in predicting treat-
ment responses in patients with bona fide abnormal DAO [24]. Nonetheless, intermediate
DAQO levels identified a subgroup of patients with more complex, less constant, and more
treatment-susceptible symptoms compared to patients with low DAO levels. These data
possibly suggest that fluctuating histamine levels due to insufficient but not abolished DAO
activity reserve might cause more detrimental clinical manifestations than constitutive
histamine overload, which might instead lead to downstream pathway desensitization at
least in selected organ/tissues [9,24,35-38]. Conversely, reduced dietary histamine load
through diet and oral DAO supplementation might be insufficient to induce symptom
remission in patients with complete DAO deficiency.

Taken together, our data support the usefulness of serum DAO measurement as a
marker of disease severity and a predictor of treatment response in patients with HIT,
consistent with previous evidence in the literature [10,24]. Nonetheless, other groups
reported no association among DAO levels and HIT diagnosis, questioning its diagnostic
value. At least part of this discrepancy can be explained by the existence of methodological
differences in the assays used to measure DAO levels [7,39] and in the gap between in vitro
experiments and real-life epistemology [40].

Multiple sets of clinical criteria for HIT diagnosis have been proposed in the literature
with the aim of minimizing the confounding effects of other conditions, such as food
intolerances [35,41,42], irritable bowel syndrome [43—46], and non-celiac gluten sensitiv-
ity [19,47,48]. In the absence of a universal definition of HIT, a reliable comparison among
distinct cohorts remains challenging [49]. In addition, there is also limited knowledge about
the possible compensatory mechanisms accounting for the coexistence of low DAO levels
and the absence of symptoms among healthy subjects as well as on the potential role of
pathogenic mechanisms other than DAO deficiency in patients with HIT and higher DAO
levels. Regarding this aspect, it might be well-accepted that serum DAQO levels alone cannot
substitute accurate history taking and conventional allergy and gastroenterological work-
up to rule out alternative diagnoses [49]. Indeed, data from this study further highlight
that accurate pre-test stratification of patients might enhance the diagnostic significance
of DAO measurement, which might be more fit to identify patients with distinct degrees
of symptom severity and treatment susceptibility within the spectrum of HIT rather than
surrogating other tools for HIT diagnosis [10,24,26].

When interpreting the evidence provided in this study, a set of potential limitations
should, however, also be considered. First, our study consisted in a time-limited observa-
tion of clinical events occurring in a relatively small although well-characterized cohort of
patients with HIT treated with a combination of low-histamine diet and /or DAO supple-
mentation as per routine clinical practice. Larger prospective trials with longer follow-up
and homogeneous treatment protocols are required to validate our results and possibly
identify more specific subsets of patients for whom the diagnostic and mechanistic role of
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References

DAO could be selectively more relevant. In particular, patients treated with diet should be
split from those treated with DAO supplementation. In this context, repeated histamine
measurement before and after meals could also be useful to better define the complex
picture of HIT in addition to DAO level assessment. Second, as our study was retrospective
in nature and focused on “real-life” clinical practice, we did not acquire data from healthy
subjects who could have served as a comparator group and might have provided further
hints on DAO variability in the general population levels [24]. Third, data from repeated
samples were not available. This hampers a thorough evaluation of the possible effects of
DAO supplementation on its metabolism and constitutes an additional limitation to the
definition of intraindividual DAO variability [10]. Fourth, there is some evidence that does
not support the reliability of tests, such as the DAO-REA for the assessment DAO activity.
However, other groups have shown that measurement of DAO through the DAO-REA
test is able to robustly identify patients with distinct genetic variants of the DAO gene [9],
which in turn are known to affect DAO activity. In the study by Maintz et al. [9], DAO
levels measured by DAO-REA proved also to be effective at identifying patients with HIT.
Finally, the evaluation of symptom severity was based on simplified questionnaires [50],
which might cause loss of information on the nature and variability of HIT symptoms in
relation with DAO levels and concomitant treatment. Notwithstanding these limitations,
the results of our study have the strength of providing comprehensive “real-life” data from
a cohort of patients with HIT, possibly enhancing their translational potential to a wide set
of subjects commonly seen in allergy and gastroenterology practice.

5. Conclusions

Basal serum DAO levels might contribute to HIT diagnostic work-up by identifying
clinically distinct subsets of patients with specific degrees of disease severity and response
profiles to treatment. Patients with DAO levels between 3 and 10 U/mL might show the
most complex clinical presentation but also the best response performance to treatment
with low-histamine diet and/or DAO supplementation. Validation of these results in larger
cohorts is needed to translate this explorative evidence into clinical practice.
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ABSTRACT

Background: Diamine Oxidase (DAO) has an essential role for degradation of exogenous his-
tamine in the intestine; thus, histamine intolerance (HI) mainly has been correlated to a low con-
centration and/or activity of this enzyme. The objective of the study was to standardize a
colorimetric technique to measure the enzymatic activity (function) of hDAO to then apply it to a
series of 22 patients with a clinical diagnosis of HI.

Methods: For the standardization variables such as volume and type of sample, incubation time,
wavelength of maximum absorption, types of substrates, and concentration of oxidized ascorbate were
evaluated.Thenthe activity and concentration of DAO was determined in 22 patients diagnosed with HI
and 22 healthy subjects.

Results: The mean of serum DAO concentration in the 22 patients was of 9.268 + 1.124 U/mL.
The mean of serum DAO concentration in the 22 controls was of 20.710 + 2.509 U/mL, being
significantly higher (P value 0.0002) the mean of the samples. The mean of serum DAO activity of
the patients was of 1.143 + 0.085 U/L and the controls was 1.533 + 0.119 U/L, significantly greater
than the patients (P value 0.011). In addition, the sensitivity of both techniques was 0.63. In the
measuring of DAO concentration the specificity was 0.9, constituting a good diagnostic test,
especially to rule out the true negatives. The determination of DAO activity had a specificity of
0.68.

Conclusions: Although we used a small number of patients and controls and the absorbance
values were lower than expected, statistically significant differences were found in the levels of
concentration and DAO activity between the patients with histamine intolerance and the controls.
Therefore, the measuring of DAO concentration and DAO activity is a good diagnostic strategy for
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study suspect cases of HIl. The simultaneous use of both assays allows to reduce positive and
negative false results, for example, patients with normal DAO levels that could present a

dysfunction in the activity of this enzyme.

Keywords: DAO, Diamine oxidase, Histamine intolerance, Histamine, Activity

BACKGROUND

Human diamine oxidase (hDAO) is codified by
the AOC1 gene, also called ABP1 gene (=10 kbp),
that is located in chromosome 7q35." This
homodimeric enzyme of 751 aminoacidic
residues has one active site in each subunit; this
active site contains a cooper ion and a
topaquinone residue formed by the post-
translational modification of a tyrosine.>* In each
active site hDAO quickly performs oxidative
deamination of the polyamine sperimidine, the
diamines cadaverine and putrescine, and the
monoamines: Histamine and N-methilhistamine.**>

hDAO is expressed in various tissues and or-
gans including the brain. However, it is highly
expressed in placenta, kidney, and intestinal mu-
cosa.®” hDAO plays an essential role in the
intestine  being crucial for degradation of
exogenous histamine. Histamine intolerance (HI)
is a pathology that occurs when there is a
dysregulation between an excessive intake of
histamine through food, or a deficit in its
degradation by the detoxification system at the
intestinal and hepatic level. Thus, HI mainly has
been correlated to a low amount (concentration)
and/or activity (function) of hDAO"2?

Currently, in Chile our laboratory is the only one
that measures serum hDAO concentration as an
analysis to be considered when establishing a
diagnosis of HI, being a minimally invasive, inex-
pensive and easily accessible test. Since patients
with  normal hDAO levels could present a
dysfunction in activity of this enzyme, it is recom-
mended to correlate the concentration and hDAO
activity with the clinical diagnosis of HI.

The objective of the study was to standardize a
colorimetric technique to measure the enzymatic
activity (function) of hDAO to then apply it to a
series of 22 patients with a clinical diagnosis of HI.
For this, variables such as volume and type of
sample, incubation time, wavelength of maximum
absorption, types of substrates, and concentration
of oxidized ascorbate were evaluated.

METHODS
Patients and controls

In this study we employed 22 serum samples
from patients (cases) older than 18 years, with a
clinical history of HI. The patients were classified as
HI according to that described by Rosell-Camps
with slight modifications.” We used 2 or more
histamine-mediated symptoms, with at least 1
gastrointestinal symptom, with negative skin tests
in which IgE-mediated food allergy was ruled out,
by means of a clinical history associated with skin
tests and/or specific IgE. As control we used 22
serum samples from healthy subjects, older than
18 years, without a clinical history of HI, without
kinship with the subjects under study, without
diseases associated with alterations of the immune
system such as cancer and autoimmunity, chronic
liver damage, severe burns, kidney damage, and
non-pregnant women. In Table 1 we show the
epidemiological and clinical characteristics of
cases and controls. All study participants signed
an informed consent.

Determination of DAO concentration

The concentration of DAO in serum was deter-
minated using the kit DAO ELISA K8500 from
Inmunodiagnostik  (Germany).  Briefly,  the
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Cases (n:22) | Controls (n:22)

Female (n)

Age (years mean)
Gastrointestinal Symptoms
Abdominal Pain (%)
Diarrhea (%)

Vomit (%)

Bloating (%)

Skin Symptoms
Flushing (%)

Urticaria (%)
Angioedema (%)
Pruritus (%)
Respiratory Symptoms
Nasal Congestion (%)
Airway obstruction (%)
Other symptoms
Headache (%)

20 14
40,7 (21-62) 35,2 (24-59)
77 0
45 0
13 0
63 0
68 0
77 0
27 0
86 0
36 0
23 0
72 0

Table 1. Epidemiological and clinical characteristics of patients and control population

kit contains an anti-DAO antibody and a secondary
antibody conjugated with streptavidin peroxidase
and uses tetramethylbenzidine (TMB) as a sub-
strate. The absorbance of the yellow chromogen
produced was determined at 450 nm. The kit
used has an analytical sensitivity indicated as
limit of detection (LoD) or limit of quantification
(LoQ) of 0.120 U/mL. Moreover, include for inter-
pretation of results a reference range: levels <3 U/
mL are equivalent to a high probability
of HI; levels between 3 and 10 U/mL at a probable
HI and levels >10 U/mL at a low probability of HI.

Measurement of the DAO activity

To implement the measurement of the enzy-
matic activity of DAQO, the technique published by
Takagi et al (1994)'° was standardized using serum
or plasma. To achieve the optimal conditions for
the measurement of enzymatic activity different

volumes of sample, concentrations of substrates,
and reagents were used. To find the wavelength
of greater absorption, readings were made at
different wavelengths. Briefly, this technique is
based on the measurement of DAQO's ability to
degrade cadaverine, a process in which hydrogen
peroxide is generated. Then chromogen DA-67
was used, which is quantitatively oxidized in the
presence of hydrogen peroxide and peroxidase, to
be transformed into methylene blue (Fig. 1). To
eliminate the interference caused by the presence
of ascorbic acid in the serum, an interfering agent
of the peroxidase, we used the enzyme ascorbate
oxidase. Finally the reaction was stopped with
sodium diethyl-dithiocarbamate (stop solution),
allowing the formation of methylene blue, which
remained stable for 2 h, measured the absorbance
with a maximum absorbance of 668 nm. In-
cubations at 37 °C were performed in a thermo
regulated bath.
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Fig. 1 The principle of the assay method of diamine oxidase (DAO) activity. The amount of the methylene blue formed as an enzymatic
oxidative product was spectrophotometrically measured at 668 nm (Figure obtained from article published by Takagi et al. 1994, reference

N°10)

Statistical analysis

For the statistical analysis between the averages
of the different determinations, the unpaired stu-
dent t-test was used, considering a confidence
interval of 95%. In addition, to analyze the
discriminative capacity of the techniques used to
determine the amount and activity of DAO, we
used the ROC (Receiver Operating Characteristic)
curve.

RESULTS
Volume optimal of sample

To implement the determination of DAO ac-
tivity in serum, the technique published by
Takagi and collaborators in 1994 was used as a
starting point. For the standardization, the vol-
ume of sample needed was first analyzed
(Fig. 2). For this test a DAO standard of 25 U/L
(Fig. 2A, B and 2C) and serum from a control
subject (Fig. 2D and E) were employed. In
Fig. 2A, the absorbance obtained was
compared when using 100 and 200 pL as

sample. Mean £+ SD absorbance using 100 pL
was of 0.4530 + 0.0008, and using 200 pL was
of 0.8120 + 0.0016, being significantly higher
(P < 0.0001). In Fig. 2B, the absorbance was
compared when using 200 and 300 pL. The
absorbance obtained using 200 pL was of
1.016 + 0.0205, and using 300 pL was of
1.395 + 0.0144, being significantly higher
(P < 0.0001). For its part, comparison between
100, 200, and 300 pL of serum of a control
subject in D showed that absorbance is not
detectable when wusing 100 pL of serum;
absorbance obtained using 200 pL was of
0.0107 + 0.0079, and using 300 pL was of
0.0377 + 0.0061, being significantly higher
(P = 0.0189). Finally, comparisons between
200 pL and 400 pL of DAO standard of 25 U/L
and serum of a control subject are shown in
Fig. 2C and E, respectively. The absorbance
obtained by using 200 pL of standard was of
0.7160 + 0.0114 and with 400 pL was of
1.236 + 0.0347, being significantly higher
(P < 0.0001). The absorbance obtained by
using 200 pL of serum of a control subject was
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Fig. 2 Standardization of volume of sample for determination of DAO activity. The technique described by Takagaki et al. was used
varying the volume of sample A) Comparison between 100 and 200 pL of DAO 25 U/L. B) Comparison between 200 pL and 300 pL of DAO
25 U/L. C) Comparison between 200 pL and 400 pL of DAO 25 U/L. D) Comparison between 100 pL, 200 pL and 300 pL of serum of a
control subject. E) Comparison between 200 pL and 400 L of serum of the same control subject. In all the determinations there was
significant difference (P < 0.05), obtaining the highest absorbance when using 400 pL of standard DAO 25 U/L or serum of a control subject

of 0.0015 + 0.0012 and with 400 puL was of
0.0200 + 0.0012, being significantly higher
(P = 0.0001). These results show that the
optimum sample quantity is 400 pL, maximum
volume allowed by the physical conditions in
which the technique was performed. Unlike
Fig. 2A.B and D, the absorbance assays
plotted in Fig. 2C and E were measured at
666 nm.

Determination of optimal wavelength

Although in the article published by Takagaki™®
a fixed wavelength of 668 nm was used to measure
the absorbance of methylene blue, we considered
that the absorbance values obtained for them
were too much low. For this reason we scanned
between 666 and 6672 nm to determine if there
was another wavelength that gave absorbance
values higher than obtained by Tekagi. We tested
with various samples and determined that in
spite of not having a significant difference, in all
the assays the highest absorbance was recorded
at 666 nm (data not shown).

Time for incubation of the samples

The incubation times for formation of hydrogen
peroxide and methylene blue described by Taka-
gaki et al'® were also analyzed. However,
increasing the incubation time increased the
signal of the samples and the target; therefore,
there was no real increase in absorbance (data
not shown).

Analysis of substrates for determination of DAO
activity

In addition, in the standardization we compared
the results obtained when determining the activity
of DAQO in serum using the substrates cadaverine,
histamine, and putrescine (Fig. 3). In Fig. 3A and B,
30 mM cadaverine, 30 mM Histamine, and 60 mM
Histamine were compared using 300 pL of DAO
standar 25U/L or serum control, respectively.
With DAO 25 U/L (Fig. 3A) Mean + SD
absorbance of 1.3953 + 0.0144 was obtained
using 30 mM Cadaverine, 0.3987 + 0.0046 with
30 mM Histamine and 0.2670 + 0.0168 with
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Fig. 3 Analysis of different substrates for determination of DAO activity. In this analysis the technique described by Takagaki et al. was
used, varying the substrate with 300 pL of DAO standard 25 U/L o control serum in Ay B, respectively. In C, D and E 400 pL of sample and
30 mM concentration of each substrate were used. In A and B we compared cadaverine with histamine, given that histamine is a

monoamine we used the twice concentration to compare. With 25 U/L DAO standard cadaverina proved to be significantly better substrate
that histamine (P value < 0.0001). In B, using a serum control no significant difference between cadaverine and histamines was shown. In C,
Cadaverine and Putrescine showed to be significantly better substrates than histamine, but in D and E using different serums controls no

significant difference was shown between the substrates

60 mM histamine. Cadaverine demonstrated a
significantly higher absorbance than 30 or
60 mM histamine (P < 0.0001). In addition, the
absorbance of 30 mM histamine was significantly
greater than 60 mM histamine (P = 0.0004).

Using serum of a control subject (3B), an
absorbance of 0,0375 + 0,0075 was obtained us-
ing 30 mM cadaverine, 0.0370 + 0.001 with 30 mM
histamine, and when 60 mM histamine was used,
no signal was detected. Although 30 mM hista-
mine and 30 mM cadaverine are significantly bet-
ter than 60 mM histamine (P = 0.0007 and
P = 0.0377 respectively), there is no significant
difference between them.

In Fig. 3C-E, 30 mM concentration of
cadaverine, histamine, and putrescine were used.
In C, 400 pL of DAO standard 25 U/L were used;
cadaverine 1.519 + 0.071 and putrescine

1.291 £+ 0.116 showed a significantly higher
absorbance than histamine 0.3855 + 0.0015 (P
value 0.0039 and 0.0161, respectively). In Fig. 3D
and E, 400 pL of serum of different control
subjects were used; in both there was no
significant  difference between the different
substrates. Due to these results, we maintained
cadaverine as the substrate.

Determination of optimal concentration of ASOD

Given that previous results (Fig. 2) established a
4-fold increase in the volume of sample used for
the determination of DAO activity in serum, we
analyzed the increase the volume of 30 mM
cadaverine solutions in PIPES buffer and color so-
lution, described by Takagaki et al. Both proved to
be in sufficient quantity and even decreased the
absorbance when we increased the volume (data
not shown).
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Also, the amount of ascorbate oxidase (ASOD)
needed was determined (Figure supplementary 1).
Results obtained when using 5 or 20 U/mL of
ASOD were compared. On the left is the compar-
ison using 400 pL of standard DAO 25 U/L. In this
assay, the absorbance obtained using 5 U/mL of
ASOD was 1.236 + 0.0425, and with 20 U/mL of
ASOD was 1.225 + 0.021. To the right, the com-
parison is shown using 400 pL of serum from a
control subject; in this case the absorbance ob-
tained using 5 U/mL of ASOD was 0.020 + 0.002,
and with 20 U/mL of ASOD was 0.033 + 0.005.
Both with the DAO 25 U/L standard and the serum
of the control subject, there was no significant
difference when comparing ASOD 5 U/mL and 20
U/mL (P = 0.8376 and P = 0.2116, respectively).
Although using the serum of a control subject the
absorbance using 20 U/L of ASOD is greater, it is
not significant and numerically negligible. For this,
we demonstrated that 5 U/mL of ASOD is enough.

Choosing plasma or serum for DAO activity assay

Finally, a comparison between serum and
plasma (of heparinized tubes) of control subject

Fig. 4 Comparison between serum and plasma of control
subject for determination of enzymatic activity of diamine
oxidase. In this analysis, the technique described by Takagaki

et al'® was performed, using 400 uL of sample, and setting
absorbance measurement to 666 nm. Serum and plasma (of
heparinized tubes) of the same control subject was compared. In
addition, 5 mL of serum and plasma were ultracentrifuged, and the
lower volume of each was collected and used to determine the
utility of ultracentrifugation. There was no significant difference
between serum, plasma, and ultracentrifuges.

was made for determination of enzymatic activity
of diamine oxidase (Fig. 4). All the samples
correspond to the same control subject. In
addition, 5 mL of serum and plasma were
ultracentrifuged and 1 mL from the bottom of the
tube of each was collected and used to
determine the utility of ultracentrifugation.
Mean £+ SD absorbance obtained using serum
was of 0.06125 + 0.00225, with plasma was
0.0625 + 0.0020, using ultracentrifuged serum
was 0.06125 + 0.00825, and with
ultracentrifuged plasma was 0.0635 + 0.0130.
There was no significant difference between
serum, plasma, and both ultracentrifuged.

Concentration and DAO activity in patients and
controls

With these results, the optimal conditions for the
implementation of the DAO activity serum deter-
mination were standardized (Fig. 5). Briefly, 1.5 mL
of substrate solution (25 mM PIPES buffer (pH 7.2),
containing 30 mM cadaverine and 0.5% Triton X-
100) must be incubated at 37 °C for 5 min. After
adding 400 pL of the serum sample, it should be
incubated at 37 °C for 30 min. Then, 1.5 mL of
color solution (100 pM DA-67, 6 U/mL peroxi-
dase and 5 U/mL ascorbate oxidase in 25 mM MES
buffer (pH 5.4), containing 0.5% Triton X-100) must
be added and incubated at 37 °C by 1 h. Finally,
50 pL of the stop solution (30 mM sodium dieth-
yldithiocarbamate solution) is added, mixed, and
the absorption must be measured at 666 nm
against the blank solution. Porcine kidney DAO
solution (5, 10, 15, 20 and 25 U/L, in 25 mM buffer
(pH 7.2), containing 30 mM cadaverine and 0.5%
Triton X-100, are used as standard.

As reference range was established, levels <0.6
U/L are equivalent to a high probability of HI;
levels between 0.6 and 1.3 U/L at a probable Hl
and levels >1.3 U/L at a low probability of HI.

Having standardized the technique, we pro-
ceeded to determine the concentration and DAO
activity in patients and controls (Fig. 6). The mean
of serum DAO concentration in the 22 patients
was of 9.268 £ 1.124 U/mL. While, the mean of
serum DAO concentration in the 22 controls was
of 20.710 £+ 2.509 U/mL being significantly
higher (P value 0.0002) the mean of the samples.
The mean of serum DAO activity of the patients
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Fig. 5 Summary of the optimal conditions for the determination of DAO activity. 1.5 mL of substrate solution (25 mM PIPES buffer (pH
7.2), containing 30 mM cadaverine and 0.5% Triton X-100) must be incubated at 37 °C for 5 min. After adding 400 pL of the serum sample
(or blank solution), it was incubated at 37 °C for 30 min. Then, 1.5 mL of color solution (100 M DA-67, 6 U/mL peroxidase and 5 U/mL
ascorbate oxidase in 25 mM MES buffer (pH 5.4), containing 0.5% Triton X-100) was added and incubated at 37 °C by 1 h. Finally, 50 pL of
30 mM sodium diethyldithiocarbamate solution was added, mixed, and the absorption was measured at 666 nm. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

was of 1.143 £ 0.085 U/L, and the controls was
1.533 + 0.119 U/L, significantly greater than the
patients (P value 0.011).

Additionally, we compared the average of con-
centration and DAO activity between female and
male patients and control as indicators of Chilean
people. The mean DAO concentration in men was
of 22.760 £ 2.668 U/mL. The mean of DAO con-
centration in women was of 19.540 + 3.674 U/mL.
On the other hand, the mean of DAO activity of the
men was of 1.388 + 0.162 U/L, and the mean of
DAO activity of the women was of 1.616 + 0.162
U/L. In both comparisons no significant difference
was observed.

Finally, we constructed the ROC curve for the
techniques used for the determination of the
concentration and DAO activity (Fig. 7). The
sensitivity of the technique employed to measure
the serum DAO concentration was 0.63 and the
specificity 0.9. For this part, the standardized
colorimetric technique for determination of

Fig. 6 Determination of concentration (left) and DAO Activity
(right) in patients (cases) and controls. DAO activity was
determinated using the technique standardized. The mean of DAO
concentrationinthe 22 patients was of 9.268 + 1.124 U/mL. While, the
mean of DAO concentration in the 22 controls was of 20.710 4 2.509
U/mL being significantly higher (P value 0.0002) the mean of the
samples control. DAO activity was assayed using the technique
described by Takagaki et al., using 400 L of sample and setting
absorbance measurementto 666 nm.The mean of DAO activity of the
patients was of 1.143 & 0.085 U/L and the controls 1.533 + 0.119 U/L
was significantly greater than the cases (P value 0.0109)
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Fig. 7 ROC curve for concentration and DAO activity. The sensitivity of the technique employed for DAO quantification was 63% and the
specificity 90%; constituting a good diagnostic test for the determination of DAO concentration. On the other hands, the standardized
colorimetric technique used for the determination of DAO activity showed a sensitivity of 63% and a specificity of 68%. Therefore, the DAO
activity assays is adequate for reduce false negatives results obtained for the DAO concentration analysis

Serum DAO activity has a sensitivity of 0.63 and
specificity of 0.68. It is important to mention that
although the specificity is lower, the serum DAO
activity (functional) analysis established that 3 of
the 8 false negatives established for the
determination of the DAO concentration (37.5%)
had probability of HI.

DISCUSSION

Since patients with normal hDAO levels could
present a dysfunction in activity of this enzyme, it is
recommended to correlate the concentration and
hDAO activity with the clinical diagnosis of HI. To
implement the determination of DAO activity in
serum of Chilean patients classified as intolerant to
histamine, the technique published by Takagi et al
in  1994'® was standardized. Although the
conditions described in the original technique
presented good values when using a DAO
standard, these do not necessarily represent
physiological conditions, this is reflected in that

the signal was very low when using serum
samples (in both, cases and controls). For this,
the first standardization analysis that we
established was of 400 pL as the optimum
sample quantity (Fig. 2), maximum volume
allowed by the physical conditions in which the
technique was performed. Given the 4-fold in-
crease in sample volume, it was shown that the
amount used of reagents and incubation times are
sufficient.

Also, a sweep test was carried out to various
samples determining that in spite of not having a
significant difference, in all the tests the highest
absorbance was recorded at 666 nm (data not
shown), thus, we established the absorbance at
666 nm.

The technique described by Takagi et al em-
ploys cadaverine as a substrate;"® however, DAO
has been shown to have different affinity for the
various amines on which it acts.’ %4>
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In fact, the main interest of the technique is to
establish the activity of DAO with respect to the
oxidative deamination of histamine. Given this, in
the standardization we compared the results ob-
tained when determining the activity of DAO in
serum using the substrates cadaverine, histamine,
and putrescine (Fig. 3).

The use of serum samples did not show a sig-
nificant difference between 30 mM cadaverine,
30 mM histamine, and 30 mM putrescine; this is
probably due to the low absorbance obtained by
these samples (Fig. 3B,D and E). Several analyzes
were carried out to exclude the presence of
interfering in the serum that would justify this low
absorbance (data not shown), the results
obtained rule out the presence of interferences
and indicate that the low absorbance is probably
related to a low DAO activity not only in people
with HI but also in the general population.

By using the DAO 25 U/L standard, different
absorbance to different substrates was shown,
which is related to the variable activity described
between them. Also, a significantly better absor-
bance with cadaverine and putrescine with respect
to histamine (Fig. 3A and C) was shown, although
kinetic studies reported in the biography
describe a preference greater of DAO to
histamine than to putrescine or cadaverine."?
This could be due to low stability of the
histamine, which when we analyzed at double the
concentration, considering having an equal
quantity of available amines, resulted in a
significantly lower absorbance when using DAO
standard 25 U/L (Fig. 3A), and signal was not
obtained when using control serum (Fig. 3B). For
these results, although it would have been ideal
to determine the activity using histamine as a
substrate, we decided that the cadaverine was
maintained.

Finally, the use of serum or plasma (heparinized
tubes) from the same control subject with and
without ultracentrifugation was compared to
determine the DAO activity (Fig. 4); there was no
significant difference between serum, plasma,
and ultracentrifuged. As a result of this analysis,
we can induce that, given the impossibility of
working with serum, the plasma derived from
heparinized tubes could be used for the
determination of DAO activity as in other

techniques,’” although we prioritized to maintain

the sample originally described.
Ultracentrifugation did not prove useful. Once we
had the standardized technique (Fig. 5), we
proceeded to determine the serum DAO activity
and serum DAO concentration of controls and
cases of HI (Fig. 6). In both, the average of
controls was significantly higher than in the cases
with a diagnosis of HI. Additionally, this is the
first study that allowed characterization of DAO
concentration and DAO activity in a Chilean
population, being 20.71 + 2.509 U/mL and
1.533 £+ 0.1188 U/L, respectively. In the literature
the occurrence of gender-related variability in
DAO activity in healthy individuals has been pre-
viously reported.’? For these cases, the average of
serum DAO concentration and serum DAO activity
was compared between men and women using
the control as an indicator of Chilean people. In
both comparisons no significant difference was
observed.

Finally, the ROC curve for the techniques used
for the determination of the serum concentration
of DAO and the DAO serum activity were con-
structed (Fig. 7). The sensitivity of both techniques
was 0.63. In the technique used to measure the
concentration of DAO in serum, the specificity
was 0.9, which constitutes a good diagnostic test,
especially to rule out the true negatives. For
other part, the standardized colorimetric
technique for determination of serum DAO
activity had a specificity of 0.68. Although the
specificity is lower, the serum DAO activity
(functional) analysis established that
approximately one third of false negatives
established by measuring the concentration of
DAO in serum had probability of histamine
intolerance, being a good complementary
method in order to reduce false negatives, since
patients with normal DAO levels could present a
dysfunction in the activity of this enzyme for
example due to single nucleotide
polymorphisms.’®

By way of projection, we expect to evaluate
these techniques by comparing the functional
DAOQ data obtained by using a commercial KIT that
uses Histamine as a substrate (D-HIT, Sciotec,
Austria), which has been used to correlate DAO
activity in serum as a diagnostic test of HI."*
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Also, an uncomplicated pregnancy is believed
to be dependent on the balance between DAO
and histamine in the placenta,’® and low serum
DAO  Activity has been correlated to
gastrointestinal toxicity and malnutrition due to
anticancer drugs."® For this reason, it would be
worth  evaluating the relevance of these
techniques for monitoring the functioning of
DAO in pregnancy and in oncologic treatments.

In conclusion, our results indicate that a colori-
metric technique to measure the activity (function)
of DAQO present in human serum or plasma could
be standardized. Although we used a small num-
ber of patients and controls and the absorbance
values were lower than expected, statistically sig-
nificant differences were found in the levels of
concentration and DAO activity between the pa-
tients with histamine intolerance and the controls.
Therefore, the measuring of DAO concentration
and DAO activity is a good diagnostic strategy for
study suspect cases of HI. The simultaneous use of
both assays allows to reduce positive and nega-
tives false results, for example, patients with
normal DAO levels that could present a dysfunc-
tion in the activity of this enzyme.

Also, in Chilean people, serum DAO concen-
tration and serum DAO activity in men and women
do not present a significant difference.
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Abstract

Intestinal diamine oxidase (DAO) acts as a protective barrier against exogenous histamine. A deficit of DAO activity can lead to
the appearance of histamine intolerance, a clinical condition that may be treated by a low-histamine diet and oral DAO supple-
mentation to enhance intestinal histamine degradation. As sources of DAO, porcine kidneys and certain legume seedlings are
suitable components for the formulation of a DAO supplement. The aim of this work was to develop a rapid and reliable
methodology for the in vitro determination of DAO activity in food matrices based on an enzymatic assay coupled to
UHPLC-FL. The proposed method showed a satisfactory linearity and sensitivity and provided a relative standard deviation
lower than 3%, guaranteeing method precision, and a mean recovery greater than 99% both for lyophilized pea sprouts and
porcine kidney protein extracts. A high specificity is a key attribute of this method due to the use of histamine as the reaction
substrate and the direct quantification of its degradation. Moreover, the lack of interference of catalase and hydrogen peroxide is
another advantage in comparison with previously published methods. Lyophilized pea sprouts showed the greatest histamine-
degrading activity (0.40 + 0.01 mU/mg), followed by porcine kidney protein extracts (0.23 + 0.01 mU/mg) and commercial DAO
supplements (0.09 £ 0.06 mU/mg). This technique could be used as a tool to validate the DAO activity of food matrices of
potential interest for the treatment of histamine intolerance.

Keywords UHPLC-FL - Enzymatic assay - Histamine - Diamine oxidase (DAO) enzyme - Porcine kidney - Pea sprouts

Introduction

The enzyme with histamine-degrading capacity, discovered in
1929 by Charles H. Best in autolyzing lung tissues, was first
known as histaminase [1]. After subsequent studies revealed
its ability to deaminate other diamines, such as putrescine and
cadaverine, the enzyme was renamed diamine oxidase (DAO)
[2, 3]. DAO (EC 1.4.3.22), which belongs to the category of
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copper-containing amine oxidases, is a homodimeric and
ubiquitous enzyme found in microorganisms, plants, and an-
imals, generally in the range of 140 to 200 kDa [4-8]. In
particular, DAO catalyzes the oxidative deamination of the
primary amino group of histamine to imidazole acetaldehyde,
consuming dioxygen with the concomitant release of stoichio-
metric amounts of ammonia and hydrogen peroxide (Fig. 1)
[9, 10].

In humans, DAO is mainly located in the intestines, pla-
centa, and kidneys [6, 11]. Intestinal DAO acts as a protective
barrier against exogenous histamine, especially of food origin
[12-14]. A deficiency of DAO enzyme may thus lead to ex-
cess the normal plasmatic levels of histamine (0.3—1.0 ng/mL)
and the subsequent appearance of histamine intolerance symp-
toms [15, 16]. Due to the diverse effects and functions of
histamine in multiple organs and systems of the body, hista-
mine intolerance is characterized by a variety of complaints,
including gastrointestinal (abdominal pain, diarrhea, or
vomiting), dermatological (urticaria, dermatitis, or pruritus),
respiratory (rhinitis, nasal congestion, or asthma),
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Fig. 1 Oxidative deamination of histamine by DAO

cardiovascular (hypotonia or arrhythmias), or neurological
(headaches) [14—17]. The most frequently used treatment for
histamine intolerance consists of following a low-histamine
diet [15, 18]. Only foods with histamine levels below detect-
able limits can be considered safe for histamine-intolerant pa-
tients, and unfortunately for this population, histamine is
widespread among all food categories in highly variable con-
centrations [19, 20]. In this context, considering that DAO is
the key enzyme in the breakdown of dietary histamine at the
intestinal level, orally administered DAO supplements have
been proposed as a strategy to enhance histamine degradation
and improve the quality of life of intolerant individuals under-
going those dietary restrictions [21, 22]. As sources of DAO,
porcine kidneys and certain legume seedlings are suitable
components of such an enzymatic supplement [21, 23].

A wide range of methods to detect in vitro DAO activity are
described in the literature. With the aim of measuring the rate
of substrate degradation or the generation of by-products of
this enzymatic reaction, most methods are based on the detec-
tion of hydrogen peroxide, aldehyde, or dioxygen by spectro-
photometric [13, 21, 24, 25], fluorometric [26], polarographic
[27, 28], or amperometric [29, 30] techniques.
Radioimmunoassay techniques have also been extensively de-
scribed, consisting of the radioactive labeling of the substrate
and the scintillation counting of its consumption [3, 11, 31].
Although chromatographic analytical procedures are widely
used, this approach has only been applied to measure hista-
mine or other biogenic amine degradation capacity in micro-
bial starter cultures involved in food-fermenting processes
[10, 32, 33]. Despite some of these methods may be advanta-
geous in terms of rapidity or automation, they generally have a
limited sensitivity, require a laborious experimental setup, or
entail a high cost in the correct storage and handling of radio-
active waste. Moreover, in those methods in which the DAO
activity is estimated through the determination of hydrogen
peroxide or dioxygen, the action of other enzymes, such as
catalase, may interfere by H,O, consuming or O, releasing
[34, 35]. Additionally, the most extensively used reaction sub-
strates in the methods reported so far are putrescine and ca-
daverine, which have different affinity or kinetic parameters to
histamine [36, 37].

Therefore, the aim of this work was to develop a reliable,
rapid, and highly sensitive methodology for the determination
ofin vitro DAO activity of several matrices using histamine as
the substrate and based on the direct quantification of its deg-
radation during the reaction process. Specifically, an enzymat-
ic assay coupled to an ultra-high performance liquid
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chromatography and fluorimetric (UHPLC-FL) detection
method was proposed, validated, and tested for applicability
in porcine kidney protein extracts, legume sprouts, and com-
mercialized DAO supplements.

Material and methods
Reagents and chemicals

Histamine dihydrochloride, purified DAO from porcine kid-
ney, and catalase from bovine liver were purchased from
Sigma-Aldrich (St. Louis, MO, USA). UHPLC-grade metha-
nol and acetonitrile, hydrochloric acid 0.1M, perchloric acid
70%, sodium di-hydrogen phosphate anhydrous, and di-
sodium hydrogen phosphate anhydrous were obtained from
PanReac Quimica (Castellar del Valles, Spain). Acetic acid,
boric acid, 1-octanesulfonic acid sodium salt, ammonium for-
mate, phthaldialdehyde (OPA), and brij® L23 solution were
acquired from Sigma-Aldrich (St. Louis, MO, USA); and
formic acid, sodium acetate anhydrous, potassium hydroxide,
and 2-mercaptoethanol from Merck (Darmstadt, Germany). A
LaboStar System from Evoqua Water Technologies
(Warrendale, PA, USA) was used to produce ultrapure water
(18.2 MQcm).

Samples

For the analytical method development and validation, por-
cine kidney protein extracts and lyophilized pea sprouts
(Pisum sativum) were used. Porcine kidney extracts were pro-
vided by a biotechnology company specialized in the extrac-
tion of biomolecules from animal tissues. These extracts
consisted of a homogenate powder obtained by an acetonic
extraction followed by a drying process. Porcine kidney ex-
tracts consisted of 84% of protein, estimated by applying the
nitrogen-to-protein conversion factor (6.25) to the total nitro-
gen determined following the Kjeldahl method (2200
Kjeltec® Auto Distillation Unit, Foss Iberia S.A.U.,
Barcelona, Spain). Etiolated pea sprouts were obtained in
our laboratory through the germination of peas at 27 °C and
70% HR. After the sprouts were freeze-dried (Cryodos-50,
Telstar, Terrassa, Spain), a lyophilized extract consisting of
39% of protein was obtained. Samples were kept under refrig-
eration (4-8 °C) until analysis.

The applicability of the method was assayed with 13 dif-
ferent production batches of porcine kidney protein extract, 7
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batches of lyophilized pea sprouts and 6 commercialized
DAO supplements available in the market. These dietary sup-
plements were in the form of gastro-resistant-coated capsules
or tablets, all of them containing 4.2 mg of porcine kidney
protein extract.

In vitro determination of DAO activity

The capacity of the DAO enzyme to degrade histamine in a
working solution with a defined initial concentration of hista-
mine was tested under controlled optimal conditions (37 °C,
pH 7.2). The subsequent analysis of degraded histamine dur-
ing the reaction time was performed by UHPLC-FL. Specific
DAO activity is expressed in mU/mg, referring to the amount
of histamine that is degraded by a milligram of sample per
minute (nmol of degraded histamine per minute/mg of
sample).

Enzymatic assay

Figure 2 illustrates in a schematic manner the experimental
procedure of the enzymatic assay for the in vitro determination
of DAO activity. In detail, 1 to 20 mg of porcine kidney
protein extract, lyophilized pea sprouts, or the content of one
tablet or capsule of dietary supplement were thoroughly ho-
mogenized in 20 mL of 0.05M phosphate buffer solution (pH
7.2) and placed in a shaker incubator (Ivymen® 100-D, JP
SELECTA S.A., Abrera, Spain) for at least 30 min (37 °C,
200 rpm). The addition of a histamine standard solution to
reach an initial concentration of 45 uM in the homogenized
sample marked the start of the enzymatic reaction. The en-
zyme in contact with its substrate was kept in constant incu-
bation and 500 pL aliquots were progressively extracted at
different sampling times (¢ = 0, 1, 2, 4, and 6 h). To stop the
enzymatic reaction, 15 uL of 2N perchloric acid solution was
added to the extracted aliquot, vigorously mixed with a vortex
mixer, and centrifuged (4 °C, 5 min, 15000 rpm). The super-
natant was filtered through a 0.22-pum GHP filter and stored at
4 °C until UHPLC analysis. Each sample was analyzed in
duplicate and a positive control was performed with 1 mg of
purified DAO.

To assay the potential interference effect of catalase on the
DAO activity determination, porcine kidney protein extract
was assayed with the addition of catalase enzyme at two dif-
ferent concentrations (100 and 500 U/mL) using the same
experimental procedure.

UHPLC-FL analysis

Chromatographic separation was performed using a UHPLC-
FL system consisting of a Waters Acquity™ Ultra
Performance Liquid Chromatography apparatus, which com-
prised a quaternary pump, an auto-sampler and a fluorescence

Porcine kidney extract
Lyophilised pea sprouts
Commercial DAO supplement

A4

Sample homogenisation in
a phosphate buffer solution

A4

Start of the enzymatic reaction
with the addition of histamine

A4

Constant incubation of the
reaction mixture

A4

Extraction of aliquots at
different reaction times

v

UHPLC-FL analysis of
remaining histamine

Fig. 2 Schematic experimental procedure of the enzymatic assay for the
in vitro determination of DAO activity

detector, and a post-column reagent manager connected to a
zero dead volume union between the column outlet and the
detector. Data acquisition was performed using the
EmpowerTM 3 software (Waters Corp., Milford, MA, USA).

The chromatographic determination of histamine was per-
formed by ion-pair reverse-phase UHPLC coupled with post-
column online derivatization with OPA and fluorescence de-
tection. Elution time was 7 min. Chromatographic conditions
were as previously described by Latorre-Moratalla et al. [38],
briefly summarized in Table 1.

Statistical analysis

The software package IBM SPSS Statistics (IBM
Corporation, Armonk, NY, USA) for Windows (version 22)
was used for the statistical analysis of data. The reliability of
the method was tested by means of analysis of variance for
linear regression and the data sets were compared using the
Student’s ¢ test. Cochran’s C test was used to assess the ho-
mogeneity of variances.
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Table 1

Chromatographic conditions for the UHPLC-FL determination of histamine

Stationary phase

Column
Column temperature 42 °C
Mobile phase
Eluent A
acid)
Eluent B

acid): Acetonitrile (6.6:3.4)

Linear gradient

7 min, 80% A
Flow rate 0.8 mL/min
Injection volume 1 uL

Fluorescence detection
Derivatization reagent

Excitation and emission 340 nm and 445 nm
wavelengths

Flow rate 0.4 mL/min

Acquity UPLC™ BEH C18 column (1.7 pm, 2.1 mm X 50 mm)

H,O solution with 0.1 M sodium acetate and 10 mM sodium octanesulfonate (adjusted to pH 4.8 with acetic
H,O0 solution with 0.2 M sodium acetate and 10 mM sodium octanesulfonate (adjusted to pH 4.5 with acetic

0 min, 80% A; 2 min, 80% A; 3 min, 60% A; 4 min 50% A; 5 min, 40% A; 6 min, 20% A; 6.40 min, 80% A;

OPA (0.2 mg/mL), brij®, 2-mercaptoethanol, methanol, potassium hydroxide and boric acid

Results and discussion

The method developed in this work is based on the direct
addition of a defined amount of histamine to a food matrix
homogenized in an aqueous solution. During the incubation
period of the mixture, the DAO enzyme potentially present in
the sample progressively degrades the substrate. DAO activity
was determined by comparing the absolute amount of hista-
mine degraded during the reaction time with the initial sub-
strate concentration. The absence of histamine degradation
when assaying the same amount of substrate but lacking the
DAO enzyme or samples as a negative control proved that the
degradation of histamine in the proposed method is exclusive-
ly mediated by the enzyme.

The UHPLC-FL method allowed us to unequivocally de-
termine the remaining histamine in the samples with a chro-
matographic elution time of 7 min and without the need for
tedious pre-column derivatization procedures. The selected
substrate concentration was 45 uM of histamine, in accor-
dance with published kinetic data for DAO activity on this
specific amine, to ensure optimal performance of the enzymat-
ic reaction [9, 39, 40]. The degradation of histamine was mon-
itored for 48 h to study the enzymatic reaction. A linear his-
tamine degradation rate was observed in the first 6 h of the
assay (r > 0.9990) for both porcine and legume matrices.

Method reliability

The linearity of the method was assessed by performing in
triplicate seven determinations of different enzymatic activi-
ties using purified DAO and verified by analysis of the vari-
ance of the regression. A correlation coefficient of 7 = 0.9998
and a coefficient of determination (+%) higher than 99% were
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obtained (p < 0.001), demonstrating the satisfactory perfor-
mance of the method within the DAO activity range of 0.7
to 4.5 mU. Regarding method sensitivity, the limit of detection
(LOD) and the limit of quantification (LOQ) were estimated
using a regression curve with low DAO activity values and
considering the mean response of a blank plus three or ten
times the standard deviation of the blank, respectively [41].
Specifically, the value obtained for LOD was 0.025 mU, and
for the LOQ, it was 0.038 mU.

The precision and recovery of the proposed method for
routine analysis of DAO activity were assessed with different
batches of porcine kidney protein extract and lyophilized pea
sprouts. The precision was evaluated by performing 7 inde-
pendent determinations of DAO activity for each food matrix
(Table 2). The relative standard deviation was in both cases
lower than 3%, showing a satisfactory level of precision. The
Horwitz equation for intra-laboratory studies confirmed the
acceptability of this precision data [42]. Recovery was evalu-
ated by performing 7 independent determinations of porcine
kidney extract and lyophilized pea sprouts, considering 3 ad-
dition levels with purified DAO (Table 2). The recovery
values obtained for the three levels of addition were satisfac-
tory and no statistical differences from the theoretical value
100% were found (p > 0.05) [42]. The variance of the recov-
ery values was not dependent on the content of the analyte
according to Cochran’s C test (p > 0.05).

Among the range of methodologies described in the litera-
ture that challenge the determination of DAO activity, the
majority are based on the measurement of the liberation of
hydrogen peroxide or the consumption of oxygen occurring
along the oxidative deamination reaction [13, 21, 24-30].
Those largely used approaches face an important drawback,
as the presence of hydrogen peroxide and dioxygen may be



In vitro determination of diamine oxidase activity in food matrices by an enzymatic assay coupled to...

Table 2 Precision and recovery results for porcine kidney extracts and lyophilized pea sprouts

Precision Recovery®

RSD (%)* RSDH (%)® Addition level 1 Addition level 1T Addition level 11T Cochran’s test Cox)’
Porcine kidney extract 276 3.45-4.60 100.54 (4.98) 102.69 (5.44) 99.14 (2.52) 0.41
Lyophilized pea sprouts ~ 2.80 3.27-4.36 101.28 (0.90) 100.00 (0.76) 100.51 (2.61) 0.05

“Relative standard deviation (RSD) for seven determinations

b Acceptable range for relative standard deviations according to the Horwitz equation for intra-laboratory studies (1/2-2/3 of the interlaboratory study

calculate by the formula)

“Mean recovery percentages and standard deviation in parentheses for three addition levels corresponding to enzymatic activities of 0.5, 1.0, and 2.0 mU
for porcine kidney extract and 1.0, 2.0, and 4.0 mU for lyophilized pea sprouts

4 Cochran’s C variance outlier test, Cyy, (6, 2, 0.05) = 0.8534.

markedly influenced by the concomitant presence of other
enzymatic capacities in certain complex biological matrices
[34, 35]. This is the case of catalase, an enzyme commonly
found in plant and animal tissues, which can lead to the un-
derestimation of DAO activity by consuming H,O, and re-
leasing O, [34, 35]. Therefore, the frequent occurrence of
catalase in DAO-positive matrices makes those techniques
unadvisable due to major interference effect. In this sense,
Ahmadifar et al. [35] have recently proposed a zymographic
approach consisting in an electrophoretic separation of DAO
enzyme followed by its densiometric image analysis capable
to evaluate the DAO activity of a sample in the presence of
interfering catalase. Concurrently, all those methods
consisting in the monitoring of hydrogen peroxide release
through a coupled reaction with peroxidase entail further com-
plexities, such as a potential partial substrate inhibition pro-
duced by excess of hydrogen peroxide [43]. In general,
coupled peroxidase assays may be targeted as unreliable when
working with purified DAO enzyme and totally unadvisable
when studying non-purified complex samples due to the pres-
ence of peroxidase inhibitors or other enzymatic activities [34,
44]. In fact, Calinescu et al. [34] evaluated the DAO capacity
of formulation containing a vegetal extract with the presence
of catalase, using both a peroxidase-coupled assay and an
alternative assay non-related to peroxidase enzyme. In this
context, the authors described the unsuitability of the
peroxidase-coupled assay due to the diminution of released
H,0, by catalase enzyme, emphasizing the need to seek for
enzymatic tests not affected by the presence of catalase [34].
In this sense, methods based in the direct measurement of the
degradation of the amine substrate, hitherto scarcely described
in the literature, may overcome this limitation. In the proposed
method, DAO activity of the porcine kidney extract did not
significantly differ (p > 0.05) when it was determined with or
without the addition of catalase, and independently of the
concentration of this enzyme added to the sample.
Therefore, the proposed method herein is not influenced by
the presence of catalase present in the analyzed food matrices,
since it is based in the direct determination of histamine.

Although the largely used spectrophotometric techniques
seem to be sensitive enough for the analysis of samples with
an elevated degree of purification, there is a lack of a reliable
and sensitive methods that allow to determine DAO activity in
complex biological or food matrices, which will not only con-
tain several potential interferences but will also show relative-
ly low enzymatic rate. In this case, radiochemical detection
techniques based on the use of C'*-labeled putrescine be-
comes the preferred approach [44]. However, while a high
sensitivity may be attributed to the latter, serious concerns
related to the hazardous potential in the handling of radioac-
tive material and the high cost and unsuitability of its storage
need to be considered. The proposed method shows the ad-
vantages of sensitivity, reproducibility, and automatization of
an UHPLC approach while avoiding user-related hazardous
potential and becomes a suitable approach to analyze DAO
activity in complex non-purified matrices.

Suitability of the method for the determination
of DAO activity in porcine kidney protein extracts,
lyophilized pea sprouts, and DAO supplements

The applicability of the developed method was tested by an-
alyzing several production batches of porcine kidney protein
extract and lyophilized pea sprouts. Additionally, the enzy-
matic capacity of porcine kidney extract in DAO supplements
available in the market was studied. All analyzed products
showed in vitro histamine-degrading capacity (Fig. 3).
Lyophilized pea sprouts were the most effective, with a mean
enzymatic activity of 0.40 (+ 0.01) mU/mg, compared with
0.23 (= 0.01) mU/mg for porcine kidney protein extracts. It is
worth highlighting that the DAO activity of both products
showed minimal variation among different production
batches. These results are in good agreement with previously
published data indicating a higher catalytic turnover rate for
plant- than animal-derived DAO [5, 23, 37]. The amine-
degrading capacity described in the literature for these food
matrices is highly variable, with values ranging from 0.1 to
500 mU/mg. Different behavior toward the same amino
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Fig. 3 In vitro DAO activity of several production batches of porcine
kidney protein extract, lyophilized pea sprouts, and different
commercial DAO supplements

substrates has been reported for DAO enzymes depending on
whether they are of animal or plant origin [37]. This hetero-
geneity could also be explained by differences in methodolo-
gy between studies, as a range of detection techniques and
substrates have been used. Thus, Kivirand et al. [7] suggested
that the substrate specificity data available for DAO varied
according to the experimental method and recognized an im-
portant difficulty to find comparable data due to the evidenced
dispersion of methodological procedures. Concretely, the
wide range of used substrates (i.e., putrescine, cadaverine,
agmatine, histamine, spermidine, and spermine) may easily
lead to differences in the reported enzymatic activities, as the
affinity of DAO for each substrate varies [36, 37]. Due to the
evidenced differences in kinetic parameters depending on the
amino substrates, histamine is the optimal substrate in order to
have an available methodology to determine the enzymatic
activity of potential new sources of DAO, considering the
degradation of this target substrate and no other amines.

Porcine kidneys and pea seedlings are the main sources of
DAO according to the literature [21, 23], but it can also be
found in other food products, such as certain legumes (Cicer
arietinum, Lathyrus sativus, Lens esculenta), barley
(Hordeum vulgare), maize (Zea mays), and tea (Thea sinensis)
[21, 23, 36]. The method proposed here could be applied to
validate the in vitro enzymatic capacity of these food matrices
and to screen for new potential sources of DAO.

The DAO activity of the six commercial DAO supplements
ranged widely from 0.04 to 0.20 mU/mg, despite all being
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formulated with the same amount of porcine kidney extract
(4.2 mg) (Fig. 3). In comparison with the raw porcine extract
(0.23 + 0.01 mU/mg), a markedly lower DAO activity was
generally observed in these supplements. The application of
different galenic formulation processes may influence the en-
zymatic capacity of the kidney extract, which would explain
both the variability and loss of activity of the DAO supple-
ments. Further studies are required to understand how differ-
ent technological parameters linked to the manufacturing pro-
cess of these supplements influence the enzymatic activity.
The variable activity of commercial DAO supplements could
help explain the different efficacy rates reported by clinical
studies evaluating the use of exogenous DAO to treat symp-
toms associated with histamine intolerance [22, 45-47].

Few studies have estimated the intestinal DAO activity in a
healthy population. An enzymatic activity of 0.001-0.03 mU/
mg has been reported in the intestinal mucosa, with higher
values given for intestinal protein (0.2-0.33 mU/mg) [31,
48-50]. As indicated by the manufacturers, the usual posology
of DAO supplements is 1 capsule before each meal, which
provides an enzymatic activity in the range of 0.17 to 0.84
mU, depending on the product. In view of these results, more
accurate studies are needed in order to establish the effective
dosage of DAO that can provide a complementary intestinal
protective barrier for histamine-intolerant individuals.

Conclusion

The proposed method, consisting of an enzymatic assay
coupled to a UHPLC-FL technique, allowed the in vitro de-
termination of DAO activity in food matrices using histamine
as the reaction substrate. This method provided satisfactory
experimental performance in terms of linearity, sensitivity,
precision, and recovery, and its suitability was tested on dif-
ferent food matrices reported as sources of DAO. The DAO
activity of lyophilized pea seedlings was nearly two-fold
higher than that of porcine kidney protein extracts. The
histamine-degrading capacity of the six DAO supplements
available in the market was variable and lower compared with
the other analyzed matrices. Due to the growing awareness of
histamine intolerance, it is important to have effective
methods for validating the DAO activity of supplements and
foods of potential interest for the treatment of this disorder.

Acknowledgments Sonia Sanchez-Pérez is a recipient of a doctoral fel-
lowship from the University of Barcelona (APIF2018).

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict of
interest.



In vitro determination of diamine oxidase activity in food matrices by an enzymatic assay coupled to...

References

10.

11.

12.

13.

14.

16.

Best CH. The disappearance of histamine from autolysing lung
tissue. J Physiol. 1929;67:256-63.

Mondovi B, Rotilio G, Finazzi A, Scioscia-Santoro A. Purification
of pig-kidney diamine oxidase and its identity with histaminase.
Biochem J. 1964. https://doi.org/10.1042/bj0910408.

Wolvekamp MC, de Bruin RW. Diamine oxidase: an overview of
historical, biochemical and functional aspects. Dig Dis. 1994.
https://doi.org/10.1159/000171432.

Elmore BO, Bollinger JA, Dooley DM. Human kidney diamine
oxidase: heterologous expression, purification, and characteriza-
tion. J Biol Inorg Chem. 2002. https://doi.org/10.1007/s00775-
001-0331-1.

Masini E, Bani D, Marzocca C, Mateescu MA, Mannaioni PF,
Federico R, et al. Pea seedling histaminase as a novel therapeutic
approach to anaphylactic and inflammatory disorders. A plant his-
taminase in allergic asthma and ischemic shock. Sci World J. 2007,
https://doi.org/10.1100/tsw.2007.139.

Finney J, Moon HJ, Ronnebaum T, Lantz M, Mure M. Human
copper-dependent amine oxidases. Arch Biochem Biophys. 2014.
https://doi.org/10.1016/j.abb.2013.12.022.

Kivirand K, Sdmerik H, Oldekop ML, Rebane R, Rinken T. Effect
of spermidine and its metabolites on the activity of pea seedlings
diamine oxidase and the problems of biosensing of biogenic amines
with this enzyme. Enzym Microb Technol. 2016. https://doi.org/10.
1016/j.enzmictec.2015.09.007.

Razali NN, Hashim NH, ATC L, Salleh AB. Conformational design
and characterisation of a truncated diamine oxidase from
Arthrobacter globiformis. High Throughput. 2018. https://doi.org/
10.3390/ht7030021.

Schwelberger HG, Bodner E. Purification and characterization of
diamine oxidase from porcine kidney and intestine. Biochim
Biophys Acta. 1997;1340:152-64.

Naila A, Flint S, Fletcher GC, Bremer PJ, Meerdink G, Morton RH.
Prediction of the amount and rate of histamine degradation by di-
amine oxidase (DAO). Food Chem. 2012. https://doi.org/10.1016/j.
foodchem.2012.07.022.

Schwelberger HG, Feurle J, Houen G. New tools for studying old
questions: antibodies for human diamine oxidase. J Neural Transm.
2013. https://doi.org/10.1007/s00702-012-0936-2.

Aschenbach JR, Schwelberger HG, Ahrens F, Fiirll B, Gébel G.
Histamine inactivation in the colon of pigs in relationship to abun-
dance of catabolic enzymes. Scand J Gastroenterol. 2006. https:/
doi.org/10.1080/00365520500419540.

Calinescu C, Federico R, Mondovi B, Mateescu MA. Zymographic
assay of plant diamine oxidase on entrapped peroxidase polyacryl-
amide gel electrophoresis. A study of stability to proteolysis. Anal
Bioanal Chem. 2010; https://doi.org/10.1007/s00216-009-3306-7.
Kovacova-Hanuskova E, Buday T, Gavliakova S, Plevkova J.
Histamine, histamine intoxication and intolerance. Allergol
Immunopathol. 2015. https://doi.org/10.1016/j.aller.2015.05.001.
Maintz L, Novak N. Histamine and histamine intolerance. Am J
Clin Nutr. 2007. https://doi.org/10.1093/ajen/85.5.1185.
Comas-Basté O, Latorre-Moratalla ML, Bernacchia R, Veciana-
Nogués MT, Vidal-Carou MC. New approach for the diagnosis of
histamine intolerance based on the determination of histamine and
methylhistamine in urine. J Pharm Biomed Anal. 2017. https://doi.
org/10.1016/j.jpba.2017.06.029.

Jarisch R, Wantke F, Raithel M, Hemmer W. Histamine and bio-
genic amines. In: Jarisch R, editor. Histamine intolerance.
Histamine and Seasickness. Heidelberg: Springer Verlag GmbH;
2015. p. 3-44.

Sanchez-Pérez S, Comas-Basté O, Rabell-Gonzalez J, Veciana-
Nogués MT, Latorre-Moratalla ML, Vidal-Carou MC. Biogenic

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

amines in plant-origin foods: are they frequently underestimated
in low-histamine diets? Foods. 2018. https://doi.org/10.3390/
foods7120205.

EFSA Panel on Biological Hazards (BIOHAZ). Scientific opinion
on risk based control of biogenic amine formation in fermented
foods. EFSA J. 2011;9:2393.

Latorre-Moratalla ML, Comas-Baste O, Bover-Cid S, Vidal-Carou
MC. Tyramine and histamine risk assessment related to consump-
tion of dry fermented sausages by the Spanish population. Food
Chem Toxicol. 2017. https://doi.org/10.1016/j.fct.2016.11.011.
Jumarie C, Sé¢ide M, Marcocci L, Pietrangeli P, Mateescu MA.
Diamine oxidase from white pea (Lathyrus sativus) combined with
catalase protects the human intestinal Caco-2 cell line from hista-
mine damage. Appl Biochem Biotechnol. 2017. https://doi.org/10.
1007/s12010-016-2390-3.

Izquierdo-Casas J, Comas-Basté O, Latorre-Moratalla ML,
Lorente-Gascon M, Duelo A, Soler-Singla L, et al. Diamine oxi-
dase (DAO) supplement reduces headache in episodic migraine
patients with DAO deficiency: A randomized double-blind trial.
Clin Nutr. 2019. https://doi.org/10.1016/j.clnu.2018.01.013.
Blemur L, Le TC, Marcocci L, Pietrangeli P, Mateescu MA.
Carboxymethyl starch/alginate microspheres containing diamine
oxidase for intestinal targeting. Biotechnol Appl Biochem. 2016.
https://doi.org/10.1002/bab.1369.

Ebrahimnejad H, Gheisari H, Khan Nazer AH. Pea seedling amine
oxidase application: an emerging antihistamine strategy in tuna fish.
J Food Process Technol. 2013. https://doi.org/10.4172/2157-7110.
1000242.

Leonida M, Belbekhouche S, Adams F, Bijja UK, Choudhary DA,
Kumar I. Enzyme nanovehicles: histaminase and catalase delivered
in nanoparticulate chitosan. Int J Pharm. 2019. https://doi.org/10.
1016/j.ijpharm.2018.12.050.

Snyder SH, Hendley ED. A simple and sensitive fluorescence assay
for mono-amine oxidase and diamine oxidase. J Pharmacol Exp
Ther. 1968;163:386-92.

Rinaldi A, Floris G, Finazzi-Agro A. Purification and properties of
diamine oxidase from Euphorbia latex. Eur J Biochem. 1982.
https://doi.org/10.1111/j.1432-1033.1982.tb06888 .x.

Federico R, Befani O, Mondovi B, Mulhbacher J, Mateescu MA.
Immobilization of plant histaminase for medical applications.
Inflamm Res. 2000. https://doi.org/10.1007/PL00000184.
Kivirand K, Rinken T. Purification and properties of amine oxidase
from pea seedlings. Proc Estonian Acad Sci Chem. 2007;56:164—
71.

Torre R, Costa-Rama E, Lopes P, Nouwsa HPA, Delerue-Matos C.
Amperometric enzyme sensor for the rapid determination of hista-
mine. Anal Methods. 2019. https://doi.org/10.1039/c8ay02610f.
Lessof MH, Gant V, Hinuma K, Murphy GM, Dowling RH.
Recurrent urticaria and reduced diamine oxidase activity. Clin
Exp Allergy. 1990. https://doi.org/10.1111/j.1365-2222.1990.
tb02796.x.

Leuschner RG, Heidel M, Hammes WP. Histamine and tyramine
degradation by food fermenting microorganisms. Int J Food
Microbiol. 1998. https://doi.org/10.1016/S0168-1605(97)00109-8.
Dapkevicius MLNE, Nout MJR, Rombouts FM, Houben JH,
Wymenga W. Biogenic amine formation and degradation by poten-
tial fish starter microorganisms. Int J Food Microbiol. 2000. https://
doi.org/10.1016/S0168-1605(00)00238-5.

Calinescu C, Mondovi B, Federico R, Ispas-Szabo P, Mateescu
MA. Carboxymethyl starch: chitosan monolithic matrices contain-
ing diamine oxidase and catalase for intestinal delivery. Int J Pharm.
2012. https://doi.org/10.1016/j.ijpharm.2012.02.032.

Ahmadifar SM, Le TC, Marcocci L, Pietrangeli P, Mateescu MA.
Zymographic approach to determine the intrinsic enzyme specific
activity of diamine oxidase in presence of interfering enzymes.
Anal Chim Acta. 2017. https://doi.org/10.1016/j.aca.2017.04.006.

@ Springer


https://doi.org/10.1042/bj0910408
https://doi.org/10.1159/000171432
https://doi.org/10.1007/s00775-001-0331-1
https://doi.org/10.1007/s00775-001-0331-1
https://doi.org/10.1100/tsw.2007.139
https://doi.org/10.1016/j.abb.2013.12.022
https://doi.org/10.1016/j.enzmictec.2015.09.007
https://doi.org/10.1016/j.enzmictec.2015.09.007
https://doi.org/10.3390/ht7030021
https://doi.org/10.3390/ht7030021
https://doi.org/10.1016/j.foodchem.2012.07.022
https://doi.org/10.1016/j.foodchem.2012.07.022
https://doi.org/10.1007/s00702-012-0936-2
https://doi.org/10.1080/00365520500419540
https://doi.org/10.1080/00365520500419540
https://doi.org/10.1007/s00216-009-3306-7
https://doi.org/10.1016/j.aller.2015.05.001
https://doi.org/10.1093/ajcn/85.5.1185
https://doi.org/10.1016/j.jpba.2017.06.029
https://doi.org/10.1016/j.jpba.2017.06.029
https://doi.org/10.3390/foods7120205
https://doi.org/10.3390/foods7120205
https://doi.org/10.1016/j.fct.2016.11.011
https://doi.org/10.1007/s12010-016-2390-3
https://doi.org/10.1007/s12010-016-2390-3
https://doi.org/10.1016/j.clnu.2018.01.013
https://doi.org/10.1002/bab.1369
https://doi.org/10.4172/2157-7110.1000242
https://doi.org/10.4172/2157-7110.1000242
https://doi.org/10.1016/j.ijpharm.2018.12.050
https://doi.org/10.1016/j.ijpharm.2018.12.050
https://doi.org/10.1111/j.1432-1033.1982.tb06888.x
https://doi.org/10.1007/PL00000184
https://doi.org/10.1039/c8ay02610f
https://doi.org/10.1111/j.1365-2222.1990.tb02796.x
https://doi.org/10.1111/j.1365-2222.1990.tb02796.x
https://doi.org/10.1016/S0168-1605(97)00109-8
https://doi.org/10.1016/S0168-1605(00)00238-5
https://doi.org/10.1016/S0168-1605(00)00238-5
https://doi.org/10.1016/j.ijpharm.2012.02.032
https://doi.org/10.1016/j.aca.2017.04.006

Comas-Basté O. et al.

36.

37.

38.

39.

40.

41.

42.

43.

Medda R, Padiglia A, Floris G. Plant copper-amine oxidases.
Phytochemistry. 1995. https://doi.org/10.1016/0031-9422(94)
00756-J.

Pietrangeli P, Federico R, Mondovi B, Morpurgo L. Substrate spec-
ificity of copper-containing plant amine oxidases. J Inorg Biochem.
2007. https://doi.org/10.1016/j.jinorgbio.2007.03.014.
Latorre-Moratalla ML, Bosch-Fusté J, Lavizzari T, Bover-Cid S,
Veciana-Nogués MT, Vidal-Carou MC. Validation of an ultra high
pressure liquid chromatographic method for the determination of
biologically active amines in food. J Chromatogr A. 2009. https://
doi.org/10.1016/j.chroma.2009.08.072.

Bouvrette P, Male KB, Luong JHT, Gibbs BF. Amperometric bio-
sensor for diamine using diamine oxidase purified from porcine
kidney. Enzym Microb Technol. 1997. https://doi.org/10.1016/
S0141-0229(96)00064-6.

Missbichler A, Mayer I, Pongracz C, Gabor F, Komericki P.
Supplementation of enteric coated diamine oxidase improves intes-
tinal degradation of food-borne biogenic amines in case of hista-
mine intolerance. Clin Nutr Suppl. 2010. https://doi.org/10.1016/
S1744-1161(10)70019-3.

Thompson M, Ellison R, Wood R. Harmonized guidelines for
single-laboratory validation of methods of analysis (IUPAC
Technical Report). Pure Appl Chem. 2002. https://doi.org/10.
1351/pac200274050835.

Horwitz W, Albert R. The Horwitz ratio (HorRat): a useful index of
method performance with respect to precision. J AOAC Int.
2006;89:1095-109.

Childs RE, Bardsley WG. The steady-state kinetics of peroxidase
with 2,2'-azino-di-(3-ethyl-benzthiazoline-6-sulphonic acid) as
chromogen. Biochem J. 1975. https://doi.org/10.1042/bj1450093.

@ Springer

45.

46.

47.

48.

49.

50.

Neufeld E, Chayen R. An evaluation of three methods for the mea-
surement of diamine oxidase (DAO) activity in amniotic fluid. Anal
Biochem. 1979. https://doi.org/10.1016/0003-2697(79)90601-8.
Komericki P, Klein G, Reider N, Hawranek T, Strimitzer T, Lang R,
et al. Histamine intolerance: lack of reproducibility of single symp-
toms by oral provocation with histamine: a randomised, double-
blind, placebo-controlled cross-over study. Wien Klin
Wochenschr. 2011. https://doi.org/10.1007/s00508-010-1506-y.
Manzotti G, Breda D, Gioacchino M, Burastero SE. Serum diamine
oxidase activity in patients with histamine intolerance. Int J
Immunopathol Pharmacol. 2016. https://doi.org/10.1177/
0394632015617170.

Yacoub MR, Ramirez GA, Berti A, Mercurio G, Breda D, Saporiti
N, et al. Diamine oxidase supplementation in chronic spontaneous
urticaria: a randomized, double-blind placebo-controlled study. Int
Arch Allergy Immunol. 2018. https://doi.org/10.1159/000488142.
Bieganski T, Kusche J, Lorenz W, Hesterberg R, Stahlknecht CD,
Feussner KD. Distribution and properties of human intestinal di-
amine oxidase and its relevance for the histamine catabolism.
Biochim Biophys Acta. 1983. https://doi.org/10.1016/0304-
4165(83)90092-2.

Kiifner MA, Ulrich P, Raithel M, Schwelberger HG. Determination
of histamine degradation capacity in extremely small human colon
samples. Inflamm Res. 2001. https://doi.org/10.1007/PL00022422.
Petersen J, Raithel M, Schwelberger HG. Characterisation of func-
tional polymorphisms of the human diamine oxidase gene. Inflamm
Res. 2005. https://doi.org/10.1007/s00011-004-0426-6.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1016/0031-9422(94)00756-J
https://doi.org/10.1016/0031-9422(94)00756-J
https://doi.org/10.1016/j.jinorgbio.2007.03.014
https://doi.org/10.1016/j.chroma.2009.08.072
https://doi.org/10.1016/j.chroma.2009.08.072
https://doi.org/10.1016/S0141-0229(96)00064-6
https://doi.org/10.1016/S0141-0229(96)00064-6
https://doi.org/10.1016/S1744-1161(10)70019-3
https://doi.org/10.1016/S1744-1161(10)70019-3
https://doi.org/10.1351/pac200274050835
https://doi.org/10.1351/pac200274050835
https://doi.org/10.1042/bj1450093
https://doi.org/10.1016/0003-2697(79)90601-8
https://doi.org/10.1007/s00508-010-1506-y
https://doi.org/10.1177/0394632015617170
https://doi.org/10.1177/0394632015617170
https://doi.org/10.1159/000488142
https://doi.org/10.1016/0304-4165(83)90092-2
https://doi.org/10.1016/0304-4165(83)90092-2
https://doi.org/10.1007/PL00022422
https://doi.org/10.1007/s00011-004-0426-6

Analytical possibilities of Putrescine and Cadaverine
enzymatic colorimetric determination in tuna based on
diamine oxidase: A critical study of the use of ABTS. Jesus
Navarro, Isabel Sanz-Vicente, Rebeca Lozano, Susana de
Marcos, Javier Galban. Elsevier-Talanta. 2019.



