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Diamine oxidase (DAO) is a key enzyme responsible for the metabolism of histamine, preventing its excessive
accumulation and thereby maintaining physiological homeostasis. When DAO activity is insufficient, histamine
intolerance (HIT) arises, manifesting as migraines, gastrointestinal disturbances, and allergy-like reactions,
among other disorders. This review provides a comprehensive examination of DAO's biological role and its
involvement in pathologies associated with impaired histamine degradation. Moreover, genetic and dietary
factors influencing DAO activity are explored, emphasising their significance in histamine metabolism. In
addition, it analyses clinical trials assessing the efficacy of DAO supplementation, shedding light on its thera-
peutic potential. Recent advancements in supplementation strategies are also highlighted, particularly those
aimed at mitigating HIT symptoms. Furthermore, this review evaluates DAO-rich supplements in detail, focusing
on the intrinsic differences arising from their diverse sources. Lastly, current challenges are discussed, including
the lack of standardised diagnostic methods, limitations in supplementation efficacy, and gaps in the regulatory
framework. By synthesising current evidence, this review aims to offer insights that guide future research and
foster the development of innovative diagnostic and therapeutic strategies for the effective management of
histamine intolerance caused by DAO deficiency.

0. Introduction whereas exogenous histamine chiefly enters the body through the con-

sumption of fermented, aged, or microbially modified foods rich in

Diamine oxidase (DAO) is a critical enzyme in the regulation of
histamine levels, particularly in the gastrointestinal tract, where it de-
grades exogenous histamine derived from food. DAO deficiency can
disrupt this homeostatic mechanism, leading to histamine intolerance
(HIT) and a range of clinical symptoms [1]. Histamine is produced
endogenously from L-histidine by the enzyme histidine decarboxylase in
mast cells, basophils, and several neuronal and immune lineages,

biogenic amines [2]. The pleiotropic actions of this amine are trans-
duced by four G-protein-coupled receptors (H;—Hg4) distributed across
vascular, neural, immune, and gastrointestinal tissues, accounting for
the heterogeneous clinical manifestations that arise when histamine
homeostasis is perturbed [3]. Clearance of free histamine relies on two
complementary catabolic routes—cytosolic histamine-N-methyl-
transferase (HNMT) and extracellular DAO.
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membrane monoamine transporter; SIBO, Small intestinal bacterial overgrowth; TPQ, Topaquinone (copper amine-oxidase cofactor); UAS, Urticaria Activity Score (clinical
severity scale).

* Corresponding author at: Universitat Rovira i Virgili, Departament de Bioquimica i Biotecnologia, Nutrigenomics Research Group, Spain.

E-mail address: begona.muguerza@urv.cat (B. Muguerza).

https://doi.org/10.1016/j.ijbiomac.2025.147130

Received 25 March 2025; Received in revised form 14 August 2025; Accepted 24 August 2025

Available online 26 August 2025

0141-8130/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:begona.muguerza@urv.cat
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2025.147130
https://doi.org/10.1016/j.ijbiomac.2025.147130
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Alemany-Fornés et al.

DAO is highly expressed in mature enterocytes and stored in vesicles
on the basolateral membrane, forming a first-pass metabolic barrier that
detoxifies luminal histamine before it reaches the portal circulation [2].
When factors that down-regulate intestinal DAO—whether genetic,
pharmacological, or nutritional—override this barrier, histamine accu-
mulates systemically, and it precipitates the clinical entity known as HIT
[1]1, leading to a potential range of conditions, including migraines
[4,5], skin disorders such as urticaria and atopic dermatitis [6], and fi-
bromyalgia [7].

Given the broad spectrum of symptoms associated with HIT, man-
agement strategies are crucial to mitigate its impact on health. Recent
research has highlighted the potential of DAO supplementation in alle-
viating symptoms by enhancing histamine degradation; particularly, in
individuals with DAO deficiency [8,9] this could be a useful intervention
alternative to dietary restriction of high-histamine foods.

1. Diamine oxidase and histamine metabolism
1.1. Histamine and histamine metabolism

Understanding the physiological role of DAO first requires an over-
view of histamine metabolism, including its sources, receptors, and
regulatory pathways. Histamine is a multifunctional biogenic amine
crucial in numerous physiological and pathological processes. It is
synthesised from the amino acid histidine through the action of the
enzyme histidine decarboxylase (HDC). This production occurs in
various cell types, including mast cells, basophils and neurons (Fig. 1A).
In addition to this endogenous histamine, this amine can also have
exogenous origin, which is derived from dietary intake. Fermented
products and improperly stored perishable foods such as fish and certain
vegetables are rich in histamine, where it is synthesised by microor-
ganism producing HDC that degrades food histidine [2].

Histamine normal range of serum levels is 0.3 to 1.0 ng/mL [10].
This amine can exert its effects either by activating extracellular mem-
brane receptors or be taken up into cells by passive transport mediated
by the plasma membrane monoamine transporter (PMAT) or via specific
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histamine transporters-organic cation transporters (OCT) [11]. Never-
theless, its effects are mainly mediated through four distinct histamine
receptors (Hi, Ho, Hs, and Hy), each contributing to specific roles across
different systems (Fig. 1B).

While H; and Hj receptors have relatively low affinity (pM range),
Hgs and H4 receptors show high affinity for histamine (nM range). The H;
receptor, mainly involved in allergic responses, is located in smooth
muscle, endothelium, and the central nervous system (CNS). Its activa-
tion can cause vasodilation, bronchoconstriction, itching, and inflam-
mation. Hy receptors, concentrated in the gastric mucosa, regulate
gastric acid secretion, affecting digestion and acid-base balance. In the
CNS the Hs receptor modulates neurotransmitter release, influencing
sleep-wake cycles, appetite, and cognitive function, while the Hy re-
ceptor, primarily found in bone marrow and immune cells, is associated
with immune cell chemotaxis and inflammation, further linking hista-
mine to immune regulation and inflammatory responses [3].

Therefore, histamine dysregulation, whether through excessive
production, impaired enzymatic degradation, or increased intake from
histamine-rich foods, can disrupt histamine homeostasis and lead to
significant health complications. These complications manifest in a wide
array of symptoms and conditions, including allergic reactions such as
urticaria and anaphylaxis, gastrointestinal disturbances like bloating
and diarrhoea, and chronic inflammatory conditions such as atopic
dermatitis, and migraines [12]. The severity and range of these effects
depend on both the level of histamine achieved and the sensitivity of
affected histamine receptors across different organ systems [13].

Histamine degradation, key to preventing its accumulation and
associated complications, primarily relies on two different enzymatic
pathways, intracellular and an extracellular, each producing different
metabolites (Fig. 1C). HNMT is an intracellular enzyme, which metab-
olises histamine in organs like liver, kidneys, and in systems like the
CNS, catalysing the methylation of histamine [14]. In contrast to HNMT,
DAO is responsible for extracellular histamine degradation in organs like
the kidneys and the intestine, deaminating histamine into imidazole
aldehyde [15]. Together, DAO and HNMT create a complementary
system, with DAO managing extracellular histamine and HNMT
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Fig. 1. Histamine metabolism. (A) Intracellular histamine production is mediated primarily by histaminergic neurons, basophils and mast cells, which convert
histidine to histamine by the enzyme histidine decarboxylase (HDC). (B) Histamine mainly exerts its biological effects through four histamine receptor subtypes
(H;-Hy4), which are distributed across diverse tissues, including smooth muscles, endothelium, gastrointestinal tract, the central nervous system, and immune cells,
mediating functions such as gastric acid secretion, neurotransmission, and immune responses. (C) Intracellular histamine degradation is initiated by histamine-
methyltransferase (HNMT) to generate 1-methylhistamine, which is further metabolized by monoamine oxidase (MAO) and aldehyde dehydrogenase (ALDH)
until being converted to methylimidazole acetic acid. (D) In the intestinal epithelium, diamino oxidase (DAO) prevents histamine absorption from the gut lumen into
the bloodstream, by converting dietary histamine to imidazole acetaldehyde, which in turn will continue being degraded to imidazoleacetic acid riboside.
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addressing histamine within cells.
1.2. Diamine oxidase enzyme

The study of histamine metabolism has evolved significantly over the
past century. In the early 20th century, histamine was first identified as a
biologically active amine influencing several biological functions [16].
Subsequent research established the enzymatic pathways responsible for
histamine degradation, notably identifying DAO as a critical enzyme
involved in extracellular histamine breakdown [1]. The following years
were characterised by an interest in DAO's clinical relevance, particu-
larly concerning food histamine intolerance and gastrointestinal disor-
ders [1,14]. More recently, advances in recombinant protein technology
have enabled the production and characterisation of human DAO,
fostering new therapeutic applications [17,18]. Emerging areas of
research now explore plant-derived DAO sources, genetic poly-
morphisms affecting DAO activity, and the enzyme's potential as a
biomarker and therapeutic agent in inflammatory and allergic diseases
[19-21]. This historical trajectory underscores the growing recognition
of DAO as a central figure in maintaining histamine homeostasis and its
expanding role in clinical practice.

DAO [EC 1.4.3.22] belongs to the copper-containing amine oxidases
family and is involved in the oxidative deamination of biogenic amines
(primarily histamine), converting them to aldehydes while releasing
ammonia and hydrogen peroxide as byproducts. The enzymatic activity
of DAO is highly dependent on specific cofactors essential for its func-
tion. Copper ions (Cu2+), calcium ions (Ca2+), and topaquinone (TPQ)
are recognised as the key cofactors of human DAO. These compounds act
by facilitating the oxidation of amines, stabilising intermediate reaction
states, and enhancing enzyme stability [15]. Structurally, DAO is an
homodimeric enzyme, with each subunit containing a copper ion and a
TPQ cofactor. The copper ion, coordinated by three histidine residues, is
essential for catalysing the oxidative deamination of histamine and
other biogenic amines [22,23]. Additionally, bioinformatics studies
suggest the presence of calcium ions as additional cofactors, with two
ions per subunit. These studies also indicate three glycosylation sites and
three disulphide bonds, two of which stabilise each subunit individually,
while the third forms an inter-subunit linkage, reinforcing the dimeric
structure of the enzyme [24]. Furthermore, the precise positioning of its
disulphide bridges likely contributes not only to the enzyme's stability
but also to its substrate specificity, enabling high selectivity for hista-
mine while showing no affinity for other amines, such as tyramine
[25,26].

Regarding DAO's location, it is distributed in different tissues, mainly
in intestine (in the brush-border) and in kidneys [27]. Intestinal DAO
avoid excessive exogenous histamine absorption [1] (Fig. 1D) and renal
DAO contributes to histamine reabsorption prevention [28]. Moreover,
DAO activity is also very significant in placenta, avoiding the histamine
circulation to the foetus [29], thus DAO potentially supports foetal
development, as shown by elevated blood DAO activity during preg-
nancy [29,30].

While DAO is notably active in the gastrointestinal tract, it is also
present in the blood at low concentrations. Serum DAO appears to
originate from enterocytes, where it is stored in cytosolic vesicles and,
upon stimulation, is released into the lamina propria, a connective tissue
layer beneath the intestinal epithelium [1,31,32]. In this region, DAO
may bind to extracellular matrix components or the basolateral mem-
branes of enterocytes, facilitating its availability for further transport.
From the lamina propria, DAO has been described to enter the lymphatic
system, which transports interstitial fluid, enzymes, and other mole-
cules. The lymphatic vessels would carry DAO to larger lymph nodes
where it eventually drains into the bloodstream. Once in circulation,
DAO can bind to endothelial cells lining blood vessels [33]. Although the
exact mechanism of serum DAO origin needs further confirmation, its
contribution to serum histamine regulation is better established [29,34].
According to this, it has been demonstrated a correlation between lower
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DAO serum levels and higher histamine concentrations, reinforcing the
enzyme's role in maintaining histamine serum homeostasis [35].

Interestingly, plasma DAO levels are known to increase following
heparin injection, [36]. One proposed explanation for this is a physio-
logical mechanism during anaphylaxis, where mast cells degranulate
and release heparin alongside histamine [37,38]. This simultaneous
release may serve to enhance circulating DAO levels, facilitating the
rapid degradation of blood histamine and mitigating histamine-
mediated effects during severe allergic reactions. Furthermore, studies
have confirmed the release of DAO during anaphylaxis, demonstrating
its critical role in maintaining histamine homeostasis in the bloodstream
under such conditions [39]. Moreover, an increasing number of studies
show how individuals with lower levels of serum DAO activity have an
increased risk of developing HIT [1].

Although the normal levels of DAO in the serum are not fully
established yet, the ranges of DAO serum activity levels proposed by
most researchers define distinct thresholds. Values equal to or above 10
U/mL (80 histamine degrading unit (HDU)/mL) are regarded as normal,
levels between 3 and 10 U/mL (40-80 HDU/mL) are classified as
moderately decreased, and values below 3 U/mL (40 HDU/mL) are
considered significantly decreased. Therefore, subjects with serum DAO
levels below 10 U/mL (80 HDU/mL) would be considered histamine-
intolerant patients [40,41]. Nonetheless, it is important to note that
the normal range of serum DAO levels, particularly for its use as a
biomarker for HIT, remains a topic of ongoing discussion and debate
[42,43]. The main advantages of measuring serum DAO as a biomarker
are that it offers a non-invasive diagnostic option, as assessing DAO
activity directly in the intestine would require biopsies, which are
invasive and impractical for routine use. Current efforts are focused on
validating serum DAO levels as a diagnostic tool.

While the correlation between intestinal and serum DAO levels re-
mains to be fully established in humans [44], strong evidence from
animal models and studies linking specific single nucleotide poly-
morphisms (SNPs) to reduced serum DAO activity suggests its potential
as a biomarker for HIT [20]. The validation of this biomarker would
offer significant benefits over the current reliance on dietary exclusion
and histamine challenge methods, providing a more precise and objec-
tive approach to diagnosing and managing HIT [45,46]. Thus, devel-
oping accurate and accessible methods to measure DAO activity remains
essential for both diagnostic and therapeutic purposes.

In mammals, DAO is coded by the AOC1 gene [47]. A few SNPs
related to pathologies have been described in Caucasian and north In-
dian individuals, resulting in three amino acid substitutions, Thr16Met
(rs10156191), Ser332Phe (rs1049742), and His645Asp (rs1049793),
these variations could affect the functional enzyme structure, potentially
preventing it from performing its intended biological function [5,48].
Furthermore, SNPs affecting the AOC1 promoter, which results in a
decreased DAO expression, have also been described [4]. In addition,
individuals who carry minor alleles of rs1049793, rs10156191, and
152052129 in AOC1 have been observed to exhibit reduced serum DAO
activity compared to those who do not carry these alleles, which can
result in impaired histamine metabolism [4,5,49,50] (Fig. 2).

2. Disorders related to histamine intolerance

As previously mentioned, when histamine homeostasis is lost, HIT
can occur, resulting in a spectrum of symptoms across multiple systems.
This intolerance is often linked to DAO deficiency, which hinders the
effective breakdown of histamine, allowing it to accumulate and affect
various organs and systems [51]. The location and type of symptoms
largely depend on which histamine receptor subtypes, H;, Hy, Hs, or Ha,
are activated, as each receptor is associated with distinct physiological
effects in different tissues. Emerging evidence connects DAO deficiency
with several pathologies, ranging from neurological to dermatological,
gastrointestinal, and reproductive health issues [52]. Nevertheless, the
presence of DAO deficiency does not necessarily equate to suffering from
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A

Fig. 2. Representation of diamine oxidase (DAO) enzyme in the intestinal tract of a healthy individual (A) and with DAO deficiency (B and C). Healthy individuals
present higher amounts of the enzyme and with a functional structure to degrade histamine (A). On the contrary, individuals with DAO deficiency could either
present lower levels of active DAO enzyme (B) or normal amounts of the enzyme with unfunctional structure (C)-H:Histame.

HIT [53]. Several mechanisms may account for this discrepancy,
including the ability of specific strains of the microbiota to degrade
histamine, variations in histamine load due to dietary differences,
compensatory pathways for histamine degradation, and even poly-
morphisms in histamine receptors [54-57]. This phenomenon could be
similar to what is observed in lactose intolerance, where not all in-
dividuals with lactose malabsorption experience the same severity of
symptoms due to factors such as varying lactase activity levels and di-
etary habits [58]. However, this field remains in its early stages, and
further research is needed to better understand these potential miti-
gating mechanisms. In this section, we explore the association of DAO
deficiency and HIT with several common conditions, including

migraines, skin disorders, intestinal problems, and reproductive health
complications (Table 1).

As outlined in Table 1, the most frequently associated disorders
include migraines, chronic spontaneous urticaria, atopic dermatitis
[4,6,59]. Additionally, DAO deficiency has been linked to issues in fe-
male reproductive health [29] and food intolerances like lactose
malabsorption [60]. These associations are supported by clinical and
observational studies that report reduced serum DAQO activity or
improved symptoms following DAO supplementation in affected in-
dividuals [8,61]. The strength and nature of the association vary by
condition, reflecting both direct enzymatic mechanisms and broader
physiological factors such as intestinal integrity.

Table 1
Published studies investigating the prevalence of DAO deficiency and its association with several disorders.
Condition Reference  Sample Study design Prevalence  Results
size (n)

Allergy [73] 53 Cross-sectional 55 % Patients with IgE- or non-IgE-mediated allergy are likely to have low DAO blood
activity and may concomitantly suffer from HIT.

Fibromyalgia [71 98 Epidemiology study 75 % High prevalence of genetic DAO deficiency, specifically the presence of one or
more alleles associated with low DAO activity in the four SNPs of the AOC1
gene, among Spanish women with fibromyalgia.

ADHD [167] 40 Epidemiology study 82 % 82,1 % of the patients with attention deficit hyperactivity disorder (ADHD)
presented reduced saliva DAO activity.

Skin related disorders [6] 360 Observational study 19 % 19 % of patients with atopic eczema had lower levels of serum DAO. In addition,
20 % of HIT patients presented DAO deficiency as well, compared to 0 % in the
control group.

[61] 56 Prospective 56 % The study found that a low-histamine diet is a useful tool to decrease symptoms
interventional study and improve the quality of life in patients with CSU.

Chronic abdominal pain in [168] 394 Observational study 8% Out of a total of 394, 31 of the patients who had recurring abdominal pain, had a

the pediatric population typical history of HIT and lower serum DAO levels as well.
[12] 16 Observational 87 % From a total of 16 patients, 14 of them had serum DAO levels that were less than
retrospective study 10 kU/L.

Migraine [58] 198 Cross-sectional study 87 % The prevalence of genetic DAO deficiency was found to be higher in the
migraine group (87 %) compared to the control group.

Saccharides intolerance [97] 439 Observational 43 % 11.6 % of patients presenting GI discomfort and some sort of saccharide

retrospective study intolerance presented serum DAO levels lower than 3 kU/L and 31.4 % below 10
kU/L.
[98] 279 Observational 54 % A total of 279 patients with lactose or lactose and fructose intolerance were
retrospective study studied, finding a 54.12 % overlap with low DAO serum levels.
[60] 121 Observational 36 % Individuals with lactose malabsorption and a serum DAO activity level below

retrospective study

10 U/mL showed elevated end-expiratory hydrogen levels. From the entire
cohort, 34.6 % of patients presented DAO deficiency.
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2.1. Migraine

According to a study analysing data from the American migraine
prevalence and prevention (AMPP) group, 43 % of women and 18 % of
men report experiencing migraine at some point in their lifetime [62].
DAO deficiency could be involved in this condition since histamine is
involved in various mechanisms associated with migraine pathogenesis,
including inflammatory and allergic responses, gastric acid secretion,
and neurotransmitter release [1]. Furthermore, DAO supplementation
has been demonstrated to alleviate symptoms in migraine patients,
further strengthening the association between DAO deficiency and
migraine [61].

Indeed, Garcia-Martin et al. investigated the association between
four SNPs (rs2052129, rs10156191, rs1049742, and rs1049793) in the
AOC1 gene, which are linked to decreased DAO activity, and the sus-
ceptibility to developing migraine in Caucasian Spanish cohort [5]. The
study identified the rs10156191 SNP and gender as significant factors in
migraine risk. Subgroup analysis revealed that male homozygotes with
the rs2052129G allele and female carriers of the rs10156191T allele had
a higher risk of developing migraine. Furthermore, the rs10156191T
allele, which is associated with reduced DAO enzyme activity, was more
prevalent among individuals with migraine, particularly in women.

DAO deficiency has also been evaluated in migraine sufferers. In a
study by Izquierdo-Casas and colleagues, a high prevalence of DAO
deficiency was observed in the migraine group, with 87 % of partici-
pants displaying this deficiency, compared to 44 % in the control group.
Only 13 % of the migraine group exhibited normal DAO activity. While
the study included more females than males, DAO deficiency rates were
similar across genders (86 % in females and 90 % in males). The mean
serum DAO activity in the migraine population was 64.5 + 33.5 HDU/
mL, which was significantly lower than that in the control group (91.9
+ 44.3 HDU/ml). Notably, the variability of DAO activity values among
migraine patients was low, with 50 % of cases ranging between 49.5 and
67.1 HDU/mL [63].

Subsequently Izquierdo-Casas et al. conducted a double-blind trial to
determine whether DAO supplementation could alleviate migraine ep-
isodes in migraine-affected population. The DAO-supplemented group
showed a statistically significant reduction in pain duration after one
month of treatment. Moreover, the mean duration of migraine attacks
decreased by 1.4 h (from an initial mean of 6.1 h) with DAO supple-
mentation. Additionally, there was a trend towards reduced triptan
intake, family of drugs used to manage migraines, with some patients
discontinuing use entirely. A decrease in the number of patients with
low to moderate intake of triptans was also observed, indicating a po-
tential reduction in pain intensity during migraine episodes. In contrast,
the placebo group showed an increase in triptan intake compared to
baseline levels [61].

2.2. Chronic spontaneous urticaria

Chronic spontaneous urticaria (CSU) is a skin disorder marked by
recurrent wheals and/or angioedema persisting for over six weeks.
Possible causes of CSU include chronic infections, autoreactivity, and
intolerance to certain food components. Histamine, a primary mediator
in CSU, plays a significant role in triggering wheals and angioedema
[64]. Furthermore, HIT has been implicated as a potential cause of CSU,
with some patients experiencing symptom exacerbation after consuming
histamine-rich foods [59,65-67].

In a study by Siebenhaar and colleagues, the role of HIT in CSU was
investigated by assessing symptom development after ingestion of
histamine-rich foods, followed by a histamine-free diet and a double-
blind, placebo-controlled histamine provocation. Findings showed that
17 % of patients responded to histamine provocation and experienced
symptom relief with a histamine-free diet. Additionally, 46 % of patients
reported significant improvement following a diet low in histamine,
suggesting that, for some, symptom alleviation may stem from histamine
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avoidance. This research suggests that a subset of CSU patients may be
affected by HIT [59].

In addition, Yacoub et al. examined the effects of DAO supplemen-
tation on CSU symptoms in a 30 day, double-blind, placebo-controlled,
crossover trial involving CSU patients [9]. The results showed no sig-
nificant correlation between baseline DAO levels and urticaria activity
score (UAS-7) when considering the entire cohort. However, patients
with low baseline DAO levels experienced a marked reduction in UAS-7
scores with DAO supplementation compared to placebo. Antihistamine
drugs were evaluated, as they are routinary treatment for managing CSU
when the person presents hives [68], showing a modest yet significant
decrease in average daily antihistamine dosage during DAO supple-
mentation. This study confirmed that DAO activity plays a role in CSU
pathophysiology, and DAO supplementation could potentially aid in
symptom control, particularly in patients with initially low DAO
activity.

2.3. Atopic dermatitis

Atopic dermatitis (AD) is a chronic inflammatory skin condition
characterised by pruritus, epidermal barrier dysfunction, dysregulated
immune responses, and microbial dysbiosis [69]. The pathogenesis of
AD is complex, involving both genetic predisposition and environmental
triggers [70]. Nevertheless, AD presents across a spectrum of severity,
ranging from moderate to severe, and affects both adolescents and
adults. Current treatment options include topical corticosteroids and
emollients for symptom management, as well as newer biologic thera-
pies, such as lebrikizumab and tralokinumab [71,72].

In order to better understand the complexity of factors leading to this
condition, the activity of DAO was studied in AD sufferers, as some
research has proposed a possible histamine metabolism dysregulation in
this condition [73,74]. In one study, a subgroup of AD patients exhibited
an increased prevalence of HIT symptoms, potentially due to impaired
histamine degradation [75]. Other studies have reported significantly
lower DAO activity in the serum of AD patients relative to controls [6].
Notably, AD patients with HIT symptoms, low DAO activity, and
elevated histamine levels also displayed a higher frequency of sensiti-
sation to food allergens, headaches, and gastrointestinal symptoms [76].
These findings would imply that reduced DAO activity in AD patients
may impair histamine degradation, thereby contributing to HIT symp-
toms and associated allergy.

2.4. Microbiota dysbiosis

The microbiota refers to the complex community of microorganisms,
including bacteria, viruses, fungi, and other microscopic life forms, that
inhabit a specific environment or ecosystem, being the most known the
one within the gastrointestinal tract. This intricate ecosystem plays a
fundamental role in maintaining human health by influencing numerous
physiological processes [77].

One of the microbiota's critical functions is its role in immune system
regulation, since it trains and modulates immune responses to maintain
a balance between immune activation and tolerance [78]. Additionally,
gut microbes are essential for nutrient metabolism, aiding in the
breakdown and absorption of complex carbohydrates that human en-
zymes are unable to process [77]. Moreover, specific bacteria produce
essential vitamins, including vitamin K and several B-complex vitamins,
highlighting their contribution to host metabolism [79]. When the
delicate balance of the microbiota is disrupted, a condition known as
dysbiosis, these essential processes can become impaired. Dysbiosis,
characterised by significant shifts in microbial populations, has been
linked to various health issues due to the disruption of immune regu-
lation, nutrient metabolism, and inflammation [80]. In addition to this,
some studies have been performed to investigate the microbiota's rela-
tion with DAO deficiency and HIT.

In a recent investigation, Sanchez-Pérez et al. studied the potential
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association between HIT symptoms and gut microbiota composition.
Results showed dysbiosis in the gut microbiota of histamine-intolerant
patients, characterised by a significantly lower proportion of benefi-
cial gut bacteria and a higher abundance of histamine-secreting bacteria
compared to healthy controls. Specifically, the HIT group exhibited a
reduced abundance of Prevotellaceae, Ruminococcus, Faecalibacterium
and Faecablibacterium prausnitzii, alongside an increased presence of
histamine-secreting genera such as Staphylococcus and Proteus, which
are linked to poor gut health. These findings suggested a potential role of
gut microbiota in the development of HIT. The researchers proposed
that a reduced abundance of Prevotellaceae may conclude in decreased
mucin synthesis, which has been associated with increased gut perme-
ability and mucosal inflammation, potentially impairing the function-
ality of DAO, which is involved in histamine metabolism [55].

In a follow-up study, the same research team further investigated and
examined the effects of a 9-month dietary intervention for HIT on the
intestinal microbiota composition in female patients. Using bacterial
16S rRNA gene sequencing, the study identified a significantly higher
relative abundance of histamine-producing bacteria in histamine-
intolerant sufferers compared to controls, specifically members of the
Morganellaceae, Pseudomonadaceae, Staphylococcus, Proteus, Proteus
mirabilisis and Clostridium perfringens. Additionally, a reduction in the
relative abundance of the genus Faecalibacterium, a genus associated
with a healthy gut, was observed within the HIT group. Notably, dietary
treatment also increased the abundance of Roseburia spp., a bacterial
group known for its positive impact on gut health, demonstrating that
dietary management of histamine intolerance may beneficially alter gut
microbiota composition [81].

The proposed mechanism of action suggests that the increase in
beneficial microbial species may enhance competition for bacterial
growth, thereby limiting the proliferation of histamine-producing bac-
teria, an already described phenomeon [82]. Additionally, the reduction
in high-histamine foods and foods rich in histidine, the precursor to
histamine would further limit, not only dietary histamine [83], but the
availability of substrates required for bacterial histamine production
[84-86]. Furthermore, the elimination of fermented foods, which are
known to contain bacteria expressing histidine decarboxylase HDC,
would reduce the ingestion of histamine-producing bacteria, thereby
contributing to an overall reduction in histamine produced in the gut
[85,86].

Overall, although the exact mechanism of how microbiota dysbiosis
could be related to HIT needs further confirmation, current evident
points towards the general gut health integrity, where a beneficial
microbiota composition and consequently mucous status would
contribute to normal DAO functioning.

2.5. Irritable bowel syndrome

Intestinal bowel syndrome (IBS) is a chronic gastrointestinal disorder
affecting the large intestine, characterised by recurrent abdominal pain,
bloating, and alterations in bowel habits, such as diarrhoea, con-
stipation, or a combination of both [87]. Although the precise aetiology
of IBS remains unclear, various factors, including stress, dietary triggers,
and hormonal changes, have been implicated in modulating symptoms
[87]. However, this condition frequently overlaps with related gastro-
intestinal disorders, such as functional dyspepsia and small intestine
bacterial overgrowth (SIBO), which share symptoms like abdominal
pain, bloating, and diarrhoea [88].

Emerging evidence suggests a significant role for histamine and its
metabolism in IBS pathophysiology. Indeed, histamine has been shown
to influence gut motility and sensory function, and its dysregulation may
contribute to the hallmark symptoms of IBS [89]. Studies indicate that
individuals with IBS frequently exhibit elevated histamine levels in the
gut, as well as an increased sensitivity to histamine-rich or histamine-
releasing foods [89]. It has been shown that over 50 % of IBS patients
report gastrointestinal symptoms triggered by these foods, highlighting
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the potential involvement of histamine in symptom exacerbation [90].
Additionally, intestine biopsies from IBS patients revealed increased
histamine production by activated mast cells and elevated histamine
levels in intestinal tissues compared to healthy controls [91].

Further support for histamine's role in IBS comes from metabolomic
and metagenomic analyses. Data from the Human Microbiome Project
indicated that IBS patients exhibit higher levels of histamine and an
increased prevalence of histamine-producing bacterial genes [89,92].
This finding aligns with alterations in the gut microbiome observed in
HIT, which may amplify histamine production in the gastrointestinal
tract. The expression of histamine receptors, particularly Hj, and Ho, is
also upregulated in IBS patients, suggesting that histamine's signalling
pathways are more active in this population [93].

Given the involvement of histamine in IBS symptomatology, DAO
deficiency has been proposed as a contributing factor. Reduced DAO
activity can lead to an accumulation of histamine in the gastrointestinal
tract, intensifying symptoms such as abdominal pain and diarrhoea
[89,94]. In addition, several studies have explored the relationship be-
tween histamine levels, DAO activity, and IBS symptom severity. For
instance, research has shown that higher histamine levels correlate with
increased abdominal pain and bloating in IBS patients, while food
triggers commonly associated with histamine release exacerbate these
symptoms [93]. In fact, DAO supplementation has been proposed as a
strategy to mitigate histamine accumulation in the gut, thereby allevi-
ating IBS-like symptoms. By enhancing histamine degradation, DAO
supplementation could reduce the frequency and severity of symptoms,
improving overall quality of life for affected individual [13].

2.6. Intolerance to lactose and other disaccharides

Lactose intolerance is a common condition characterised by the
body's inability to properly digest lactose, the primary carbohydrate
present in milk and dairy products. This results from a deficiency of
lactase, an enzyme produced in the small intestine that breaks down
lactose. When lactose remains undigested, it can lead to gastrointestinal
symptoms such as abdominal pain, bloating, flatulence, and diarrhoea.
There are several forms of lactose intolerance, each with distinct un-
derlying causes. Congenital primary lactose intolerance is a rare genetic
condition present from birth. Late-onset primary lactose intolerance, the
most common form, develops gradually as lactase production declines
with age. Secondary lactose intolerance arises from intestinal injury or
illness, which temporarily reduces lactase production [95]. The common
management of this intolerance typically results in the avoidance of milk
and dairy products [95].

In 1984, Forget and colleagues examined the potential relationship
between the disaccharidases maltase, sucrase, and lactase and DAO
activities by measuring them in histologically normal small intestinal
biopsies. Their findings revealed a significant association between the
activities of the three disaccharidases and DAO activity, indicating that
when there is intestine damage the levels of all these intestinal enzymes
decrease [96].

The link between serum DAO activity levels and lactose maldiges-
tion, as well as its symptomatic expression lactose intolerance (LI), was
later investigated by Enko and colleagues. They demonstrated that
serum DAO activity levels can distinguish between individuals with
different hydrogen responses during the lactose hydrogen breath test. In
particular, lactose maldigesters with serum DAO levels below 10 U/mL
tended to exhibit more pronounced LI symptoms during the test. The
same authors explored the association between carbohydrate malab-
sorption and HIT and their combined impact on gastrointestinal symp-
toms. The study highlighted that mucosal damage in the small intestine,
reduced both DAO and lactase activities, confirming the explanation for
the diagnostic overlap observed between LI and HIT [97].

In a more recent study, Schnedl and colleagues assessed the impact of
additional food intolerances and malabsorption in patients with LI using
hydrogen breath tests. They identified 106 persons with both LI and HIT,



M. Alemany-Fornés et al.

and 45 persons with combined LI, HIT, and fructose malabsorption (FM)
out of a total of 279 participants. More than 50 % of persons combined LI
and FM and HIT. Therapeutic interventions, including a histamine-
reduced diet and oral DAO supplementation, were reported to alle-
viate symptoms in HIT individuals, including functional non-
gastrointestinal symptoms [98].

2.7. Women reproductive health

Studies have demonstrated that serum DAO levels are affected by the
menstrual cycle in healthy women, with fluctuations that may influence
histamine degradation capacity throughout the cycle [99]. Additionally,
the crucial role of DAO during pregnancy has been well-documented
[100]. Although blood histamine concentrations typically remain
within the normal range during pregnancy, serum histamine degrada-
tion capacity significantly increases, due to the DAO production of the
placenta [100]. This organ is a rich source of DAO, and it is thought to
act as a metabolic barrier, preventing excess biologically active hista-
mine from entering either the maternal or foetal circulation, thus
maintaining a balance between histamine and DAO appears essential for
a successful pregnancy. The rise in DAO activity begins in the second or
third month, peaks with a 1000-fold increase around the fifth to seventh
month and remains elevated until delivery. Postpartum, DAO activity
returns to baseline levels within three to four days [101,102].

Moreover, research by Legge and Duff found that among women
with threatened abortions, those with plasmatic DAO levels within the
normal range were more likely to experience a continuing pregnancy,
whereas low DAO levels were associated with an increased likelihood of
miscarriage [103]. Another study evaluated plasma DAO during the first
and second trimesters, finding that persistently low or decreasing DAO
levels in early pregnancy correlated with increased foetal wastage.
Although some of these pregnancies did result in term deliveries, these
foetuses were considered high-risk. Reduced serum DAO activity has
been documented in several pregnancy-related complications, including
pre-eclampsia, eclampsia, diabetes, threatened and missed abortion, and
trophoblastic disorders [100-102,104].

Although further studies are yet required to fully understand the role
that DAO plays in healthy pregnancy development, nonetheless the high
DAO expression that occurs during pregnancy as well as the pregnancy
disorders correlated to low DAO levels indicate its key role during foetus
development.

3. DAO supplementation to manage histamine intolerance

Elimination diets are commonly employed as an initial strategy to
manage HIT caused by DAO deficiency. By reducing or avoiding the
consumption of histamine-rich foods (such as aged cheeses, fermented
products, alcohol, and certain fruits and vegetables) these diets aim to
lower absorbed histamine levels by the body and mitigate related
symptoms [65,67,105,106]. While often effective in the short term,
elimination diets present notable challenges. Indeed, adherence to a
restrictive diet can be difficult, particularly given the ubiquity of high-
histamine foods and their cultural and culinary significance [107].
This rigidity may also lead to nutritional imbalances if essential nutri-
ents from restricted foods are not adequately replaced [108]. Over time,
the social and psychological burden of maintaining such a diet can
negatively impact quality of life, underscoring the need for more sus-
tainable and effective approaches.

In this context, enzyme-based supplements have gained considerable
attention in recent years due to their potential to target specific
biochemical pathways and offer a natural, and often well-tolerated
means of supporting health [109,110]. These supplements, which pro-
vide active enzymes that facilitate various physiological processes, are
particularly valuable for individuals with enzyme deficiencies or those
who require enhanced enzymatic activity for optimal health [111]. For
example, lactase supplements aid in lactose digestion, and digestive
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enzyme blends support overall digestive health [58]. Among these
enzyme-based supplements, DAO supplementation has emerged as a
promising approach to address histamine intolerance and related con-
ditions [112].

Regarding to DAO deficiency, the aim of DAO supplementation is to
alleviate symptoms associated with high histamine levels by enhancing
intestinal DAO levels, particularly in the gut where DAO is predomi-
nantly active [1]. This increase in intestinal DAO facilitates the degra-
dation of histamine, thus mitigating symptoms [1]. According to this,
DAO supplementation has shown promise in reducing symptoms related
to DAO deficiency and HIT, including conditions like migraines and CSU
[8,9,61]. Clinical trials and intervention studies have demonstrated
improvements in allergic rhinitis, gut health, and histamine regulation
following DAO supplementation (Table 2) [8,81]. These effects result
from supplemented DAO's ability to degrade excess histamine in the
intestine, thereby reducing symptoms linked to histamine overload.
DAO-rich supplements are currently available in various forms, such as
tablets and capsules, and are derived from natural sources (e.g., porcine
and leguminous plants) and biotechnological methods [8,113,114].

There are multiple natural sources of DAO, including animal-derived
and plant-based sources, with porcine kidneys being the most common
[113]. Different sources of DAO, however, can exhibit biochemical
differences, such as variations in cofactor requirements and glycosyla-
tion patterns, which could explain stability, activity, and substrate af-
finity differences [18,115-118]. DAO can be extracted from pig kidneys
and pea sprouts through homogenisation, followed by concentration or
purification to remove other proteins and contaminants [1]. Recombi-
nant sources are also used to produce DAO through genetic engineering
[17,119]. This approach provides a consistent enzyme source and is
suitable for large-scale commercial production [17].

3.1. Sources of DAO

3.1.1. Animal sources

Pig kidneys are a widely used animal source of DAO, often utilised in
supplements aimed to alleviate symptoms related to DAO deficiency and
HIT [1]. DAO extract from porcine kidneys is normally prepared by
mincing and homogenising the tissue, followed by defatting and dehy-
dration using acetone. An optional freeze-drying step is sometimes
added to enhance DAO stability by reducing moisture content. To ensure
microbial safety, biocidal treatments such as sodium hypochlorite or
low-dose irradiation are commonly applied, yielding a stable, DAO-rich
powder suitable for use in dietary supplements [117].

Importantly, DAO-rich pig kidney supplements are not purified iso-
lated DAO but rather complex extracts, containing not only DAO but also
other compounds that remained to be fully described [25].

3.1.2. Vegetal sources

For individuals who follow vegetarian or vegan diets or who have
ethical or religious concerns about animal-derived products, plant-based
sources of DAO offer an alternative. While most commercially available
DAO supplements are porcine-based, some vegan options, primarily
from pea sprouts, are also available [113].

Pea sprout-based DAO production often involves etiolated (dark-
grown) pea sprouts, which show increased DAO expression [120].
Depending on the required purity level, processes such as lyophilisation
and ultrafiltration can be applied [121]. Research on pea-derived DAO
shows it has potential benefits for DAO deficiency and histamine-related
conditions, including effects on histamine-induced contractions in
colonic muscles, anaphylactic reactions, and inflammatory disorders
[122,123]. Biochemically, pea DAO is also an homodimeric enzyme,
with each subunit containing a copper ion and a TPQ cofactor, essential
for its catalytic activity. The copper ion also plays a crucial role in the
deamination reaction. However, in contrast to the porcine DAO, pea
DAO contains a manganous ion instead of calcium [124]. Moreover, pea-
sprouts DAO features two disulfide bridges and two glycosylation sites,
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Table 2
Published interventions regarding DAO supplementation.
Reference  Indication Sample Supplement characteristics Study design Results
size (n)
[169] Histamine 56 Pig kidney-sourced Randomized, double- The DAO supplemented group showed a significant decrease
intolerance Manufacturer: PelLind blinded and placebo- severity of histamine intolerance symptoms after histamine
0.25 mg of extract/capsule controlled provocation test
10,000 HDUs/capsule
2 capsules/provocation test
[6] Histamine 14 Pig kidney-sourced Retrospective study 13 of 14 participants improved in histamine intolerance symptoms
intolerance Manufacturer: Daosin
2 capsules/ day (before
lunch/dinner)
Chronic 20 Pig kidney-sourced Double-blinded, placebo- There was a decrease in UAS-7 and a small but significant decrease
[9] spontaneous Manufacturer: Daosin controlled crossover trial in the amount of antihistamine medication taken per day in
urticaria 2 capsules/ day (before patients receiving DAO supplementation.
lunch/dinner)
[61] Migraine 100 Pig kidney-sourced Randomized, double- Migraine attacks lasted significantly less, as well as a reduced
Manufacturer: DR blinded and placebo- migraine drugs intake in the supplemented group
Healthcare controlled
4.2 mg of extract/capsule (7
%DAO)
10,000 HDUs/capsule
2 capsules before each meal
(breakfast, lunch and
dinner)
[8] Histamine 28 Pig kidney-sourced Open-label interventional An enhancement was observed in the frequency and severity of all
intolerance Manufacturer: Daosin pilot study histamine intolerance-related symptoms after DAO

4.2 mg of extract/capsule
(0.3 mg of DAO)

1 capsule before each meal
(breakfast, lunch and
dinner)

supplementation.

which potentially contribute to its distinct characteristics, such as its
higher affinity for putrescine over histamine. Furthermore, the observed
differences from pig-kidney DAO may underlie a key functional
distinction between the enzymes- namely, the markedly lower stability
exhibited by pea-sprout DAO [125]; this is one of the major challenges
that supplements from this source face nowadays, thus some researchers
have tried different approaches to try to better stabilise the enzyme
[126]. Similarly to DAO-rich pig kidney supplements, pea sprouts
derived DAO supplements are complex extracts as well, containing a
myriad of compounds not fully characterised [122].

3.1.3. Biotechnological sources

Recent advancements in biopharmaceuticals and protein-based
nutraceuticals have shifted towards recombinant or microbial produc-
tion systems, valued for their scalability, yield, and purity [127,128].
These systems provide a promising avenue for overcoming the limita-
tions associated with natural DAO sources, such as variability in activity
and availability, by enabling the production of tailored and consistent
enzyme formulations [129]. In 2015, Gludovacz and colleagues pro-
duced recombinant human DAO in Chinese hamster ovarian (CHO)
cells, achieving a stable cell line that produced active DAO with intact
structure [17]. Subsequently, Razali et al. engineered a miniaturised
version of DAO from Arthrobacter globiformis, obtaining enhanced sta-
bility and temperature resilience with reduced enzyme size [130].

With a focus on therapeutic potential, Gludovacz and colleagues
introduced mutations to the heparin-binding motif of DAO, producing a
variant with reduced clearance rates in rodents' blood, potentially
allowing the development for intravenous DAO applications [131].
More recently, Kettner and colleagues over-expressed a Yarrowia lip-
olytica DAO with broad substrate specificity, demonstrating biochemical
parameters similar to those of human and porcine DAO [116].

3.2. Current limitations in DAO supplementation

3.2.1. Absence of a cost-effective DAO activity assay for industrial
applications

Numerous methods exist to measure DAO activity, including stan-
dard laboratory techniques like spectrophotometry [132], and HPLC-
FL/HPLLC-MS [133]. Older approaches, such as radioactivity-based
assays, are largely obsolete. Recent advances aim to overcome the
drawbacks of current methods, with innovative approaches including
nanoparticle-based assays [134] and zymography [135].

Historically, DAO activity was measured via radioactivity, using a
radiolabeled substrate such as Cl4-cadaverine [136]. In this method,
radioactivity released during DAO-mediated substrate degradation al-
lows calculation of enzymatic activity. Additionally, another frequently
employed technique in laboratories was the Cl4-putrescine assay, an
isotope-based method reliant on the conversion of y-amino-
butyraldehyde, formed by DAO activity, into A-pyrroline. By extracting
A-pyrroline from the aqueous phase into the organic phase and
measuring its radioactivity, DAO activity can be assessed [136].

Spectrophotometry offers a simpler, cost-effective approach by
monitoring substrate concentration decrease, or product increase, over
time. A common method that involves a horseradish peroxidase-coupled
reaction where DAQ's oxidation of a substrate yields hydrogen peroxide,
which then reacts with a chromophore [132]. The resulting change in
absorbance, monitored spectrophotometrically, provides a measure of
DAO activity. This method is favoured for its simplicity and safety,
avoiding radioisotopes. The avoidance of reliance on radioisotopes
makes it a safer and more cost-effective alternative to other techniques.
However, it is often less precise for less purified enzymes, where noise
and interactions can interfere [137]. Nonetheless, to date, spectropho-
tometric methods still present some drawbacks for it to be widely
adopted.

On the contrary, HPLC-MS and HPLC-FL offer highly sensitive and
specific alternatives for DAO activity measurement. These methods
quantify histamine degradation by DAO over varied incubation times,
followed by reaction termination via DAO inhibitors [133]. HPLC-based
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methods are complex and costly but allow high-accuracy detection of
low histamine concentrations even in complex matrices like plasma,
without pre-purification [138].

Finally, more recent methods have been developed. Specifically, a
colorimetric nanoparticle-based assay has been developed for the sen-
sitive and rapid detection of DAO activity, employing gold nanoparticles
functionalised with p-sulfonatocalix[6]arene. The assay is based on a
host-guest interaction mechanism, whereby the amine groups of 1,6-
hexanediamine induce the aggregation of gold nanoparticle, resulting
in a visible color change due to interparticle plasmon coupling. In the
presence of DAO, 1,6-hexanediamine is oxidized to its corresponding
imine and hydrogen peroxide, thereby depleting the aggregation-
inducing substrate and preventing nanoparticle clustering. This leads
to a distinct color shift that correlates with DAO enzymatic activity. The
method exhibits high sensitivity, with a detection limit of 0.062 mU/mL
and a linear dynamic range spanning 0.15 to 4.5 mU/mL. Additionally,
the assay is compatible with inhibitor screening applications, as
demonstrated by quantifying the inhibitory effect of guanidine on DAO
activity. This nanoparticle-based platform offers a promising tool for
both biochemical studies and high-throughput screening of DAO mod-
ulators [134].

Additionally, another recent development has been zymography. It
represents a powerful electrophoretic technique for the detection and
characterisation of DAO activity directly within polyacrylamide gels.
This method enables in situ visualization of enzymatic activity by
incorporating peroxidase into the gel matrix, allowing the oxidative
products of DAO-mediated substrate conversion to generate a colored or
fluorescent signal post-electrophoresis. Following native poly-
acrylamide gel electrophoresis, the entrapped peroxidase facilitates
signal development upon interaction with hydrogen peroxide produced
during DAO-catalysed substrate oxidation. This assay permits the reso-
lution and quantification of active DAO isoforms and has proven
particularly useful for assessing enzyme stability under physiologically
relevant stressors, such as gastrointestinal conditions and proteolytic
degradation.

This technique offers several advantages for the biochemical evalu-
ation of DAO, including direct detection of enzymatically active iso-
forms following electrophoretic separation, and its applicability to
complex biological matrices without prior purification.

Overall, DAO zymography provides a robust, semi-quantitative tool
for characterising enzyme activity and stability in diverse experimental
contexts [135].

3.2.2. Need for standardised units in DAO activity measurement

The choice of units used to express DAO activity is crucial for
accurately interpreting results and ensuring consistency across studies.
The current use of varied units, such as milliunits (mU) and histamine
degrading units (HDU), has led to discrepancies in the literature and
underscores the need for standardisation.

In practice, both units have its advantages and disadvantages. His-
torically, HDU have been used to express DAO activity. One HDU cor-
responds to the DAO activity that degrades 1 pmol/mL (0.11 ng/mL) of
histamine [139]. This unit is beneficial in reflecting the actual quantity
of histamine degraded. However, due to a lack of uniformity in HDU
measurement protocols, comparability between laboratories is chal-
lenging. HDU-based results can vary depending on the conditions used,
such as pH, reaction temperature, and incubation time, which compli-
cates standardised interpretation.

Contrariwise, Units (U), widely used to express enzymatic activity
across various enzymes, are standardised in the international system of
units [140]. This universal metric has become the preferred choice for
many researchers due to its consistency and reproducibility across lab-
oratories. One Unit of DAO activity is defined as the amount of enzyme
that degrades one micromole of substrate (typically histamine) per
minute under specified conditions of temperature and pH [140],
accordingly, mU is a thousandth of a Unit.
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Using mU for DAO activity enables accurate, reproducible, and
standardised measurements, accounting for variables like time and
other assay conditions. Unlike HDU, which only reflects histamine
degradation without a time component, mU allows for better cross-study
comparisons and consistency, as it can also be normalised to sample
weight (e.g., mg), enhancing experimental replication and facilitating
comparative analysis across laboratories.

3.2.3. Gaps in DAO-rich supplements characterisation

While the biochemical properties of purified DAO, especially from
porcine kidneys, are relatively well-characterised and continue to be
further studied, the characterisation of DAO-containing dietary supple-
ments remains incomplete [23,141-144]. These supplements are often
complex mixtures that include other proteins, fats, and bioactive small
molecules, which may influence their functionality, stability, and
interaction with the biological environment [145]. However, most
studies to date focus solely on purified DAO enzymes, leaving a gap in
understanding the properties and performance of commercially avail-
able supplements. This lack of comprehensive characterisation raises
important unanswered questions. For instance, variability in enzyme
activity among DAO supplement brands has been reported, likely due to
differences in extraction methods, stabilisation processes, or formula-
tions [113]. Such variability can impact the reliability of these products,
necessitating standardised analytical protocols to assess their activity,
purity, and overall efficacy.

3.2.4. Potential interactions of DAO supplements and drugs

Another area requiring further exploration is the potential interac-
tion between DAO supplements and pharmacological drugs. Certain
medications, such as non-steroidal anti-inflammatory drugs (NSAIDs),
and antidepressants, have been shown to interact with DAO activity in
preliminary studies [146-151]. While drug interactions are being
continuously characterised, the impact of the majority of drugs on both
endogenous DAO and supplemented DAO remains largely unexplored.
Understanding how these drugs may alter the activity or stability of DAO
enzyme is critical, as it could affect their therapeutic efficacy or lead to
unexpected outcomes, a phenomenon found in other drug interactions
cases [152-154], especially for the compounds that are most likely to be
co-administered with DAO supplementation or being taken by DAO-
deficient patients, like antihistaminic drugs or gut disorders treatments.

Addressing these gaps through detailed biochemical studies and
clinical trials is crucial. Improved characterisation of DAO supplements,
including their interaction profiles, would enhance their stability and
efficacy, ultimately supporting better management of histamine-related
disorders.

3.3. Regulatory frame and novel food specifications

The term “novel food” refers to any food not traditionally consumed
by humans in a specific location before May 15, 1997. This classification
was established under European Union Regulation (EC) No. 258/1997,
which set guidelines for marketing novel foods or ingredients within the
EU. The legislation was later revised by Regulation (EU) 2015/2283,
which enhanced protections for human health and consumer safety
[155].

DAO-rich porcine kidney extract falls under the novel food category.
In 2012, the first product containing DAO derived from pig kidneys was
introduced in the EU market following approval by the European Food
Safety Authority (EFSA) [156]. Initially, it was approved as a food
supplement and as a food supplement for special medical purposes, with
an authorised maximum dose of three capsules per day. Each capsule
contains 0.3 mg of DAO, resulting in a total daily dose of 12.6 mg of pig
kidney extract and 0.9 mg of DAO [1].

In 2019, an extension to this authorisation permitted the inclusion of
enteric-coated tablets, which maintained the same dosage per capsule/
tablet for both pig kidney extract and DAO As discussed in the section on
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units for expressing DAO activity, DAO activity in the novel food regu-
lation was traditionally measured HDU, determined by radioactivity
assays and expressed as HDU/g, though recently, mU have also been
recognised as a valid unit for standardised measurement, this could
facilitate the standardisation of the units in a better comparable manner
[11.

In contrast, DAO-rich pea sprout supplements are classified as
normal dietary supplements rather than novel foods. According to the
EFSA, the processing methods used to produce DAO-rich pea sprout
supplements are not considered to significantly alter the natural
composition of the source material, and therefore, these supplements do
not fall under the novel food classification. As a result, pea sprout-based
DAO supplements are not subject to novel food regulation and its im-
plications [157,158]. However, their classification as a dietary supple-
ment still requires compliance with general food safety and labelling
regulations [159]. This streamlined classification has likely contributed
to their growing commercial availability and acceptance among con-
sumers seeking plant-based alternatives.

Additionally, DAO-related products and technologies operate within
a modestly regulated patent landscape. Over the past two decades, the
patent landscape for DAO has evolved from broad, extract-based for-
mulations towards highly engineered, recombinant and microbial-
derived enzymes with tailored stability and activity profiles
[160,161]. Early filings described general pharmaceutical and cosmetic
compositions containing animal- or plant-sourced DAO for histamine-
related disorders [160], whereas more recent applications focus on re-
combinant human and yeast-expressed enzymes optimized for oral
bioavailability [119,162] or topical delivery [163]. Concurrently, the
scope of therapeutic indications has broadened—from classical
histamine-intolerance and dermatological uses to pain management (e.
g., migraine and fibromyalgia) [164], gastrointestinal protection in
neonates [165], and even neurological conditions such as attention
deficit hyperactivity disorder (ADHD) [166]. Innovations in formulation
technologies—enteric coatings [161], transdermal patches and topical
gels [163], and infant-nutritional matrices [165]—reflect both
consumer-product and prescription-drug strategies, underscoring a
maturing field that increasingly emphasizes consistency of
manufacturing, targeted delivery, and expanded clinical utility.

4. Conclusions and future outlook

DAO plays a critical role in the degradation of exogenous histamine,
and its deficiency can disrupt histamine homeostasis, leading to hista-
mine accumulation in various tissues. Elevated histamine levels in
different systems can trigger a wide range of symptoms, including mi-
graines, skin disorders, and GI complications. Clinical trials have shown
the potential benefits of DAO supplementation in managing these con-
ditions. Currently, DAO-rich supplements are predominantly derived
from pig kidneys and pea sprouts, with ongoing research into new
sources and enhancements.

Despite these advancements, significant challenges remain. DAO-
rich supplements require more in-depth characterisation to understand
their biochemical properties and interactions with other components in
complex formulation. Such studies would help elucidate factors
affecting their efficacy and stability, especially in real-world settings
where supplements are consumed alongside various foods and medica-
tions. Furthermore, improving the enzymatic stability of DAO is crucial
to ensure its activity is retained throughout manufacturing, storage, and
distribution, thus maximising its therapeutic potential for patients.

Robust simple methods for enzymatic activity measurement would
enhance screening and characterisation of novel DAO sources, as well as
allow the development of new improved diagnostic tools. Standardising
an activity unit, would also streamline the comparison of results across
studies, supporting more consistent evaluations of DAO levels in related
conditions and across different supplement sources. Addressing these
limitations will not only enhance the reliability and effectiveness of DAO
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supplementation but also open avenues for innovative therapeutic ap-
plications targeting histamine-related disorders.
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