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Abstract

Histamine intoxications result when histamine-metabolizing enzymes are compromised
or overwhelmed by dietary histamine in the human body. This can occur either due to
metabolic enzyme deficiencies, such as in histamine intolerance to wines, aged cheese
and other foods or from high concentrations of histamine following ingestion of
decomposed fish. The presence of histamine in decomposed fish and fish products
results from bacterial decarboxylation of free L-histidine following product mishandling.
Consequently, histamine intoxications from mishandled fish, commonly referred to as
scombrotoxin fish poisoning (SFP) or scombroid poisoning, require high levels of free L-
histidine only found in certain species of pelagic fish. Differential diagnosis is required of
clinicians since dietary histamine intoxications produce the same symptoms typical of
release of endogenous histamine due to IgE -mediated seafood allergies or anisakiasis.
Although high levels of dietary histamine are responsible for SFP, histamine has
important physiological functions and tends to exert toxic effects only at doses beyond
the physiological range. Endogenous histamine is essential to local immune responses,
regulation of gastric acid secretion in the gut, and neurotransmission in the central
nervous system. Scombrotoxins, postulated to explain histamine’s augmented toxicity in
scombrotoxic fish, are a milieu of histamine and other bioactives. Since time-and-
temperature abuse is required to produce high levels of histamine in fish, management
consists of ensuring proper handling by identifying hazards and critical control points
(HACCP) and maintaining a “cold chain” from catch to consumption. Reference
methods for detecting histamine have received increased attention and the European

Commission has validated a popular precolumn dansylation-based HPLC method
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through inter-laboratory collaboration and studied method equivalence with the AOAC
fluorescence method 977.13 recognized by Codex Alimentarius. Much progress has
been made during the last decade in the development and validation of rapid screening
methods for detecting histamine in food and especially in fish products. These include
many innovative sensors and several validated commercial test kits, many of them

based on a recombinant form of the enzyme histamine dehydrogenase (HD).

Keywords: histamine poisoning; scombrotoxin fish poisoning; scombroid poisoning;

histamine; seafood safety; scombrotoxicosis; histamine test kits
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1. Introduction

Scombrotoxin fish poisoning (SFP) also known as scombroid poisoning,
scombrotoxicosis, or histamine fish poisoning, results from consuming dark-muscled
fish that has been mishandled. Histamine is generated in putrefied fish when
inadequate chilling of raw dark-muscled fish allows bacterial, enzymatic conversion of
free L-histidine (Hungerford, 2010, Feng et al., 2016). SFP is allergy-like both in its
symptoms and treatment (Prester 2016) with H1R antagonists (diphenhydramine or

chlorpheniramine) or H2R antagonists (cimetidine) often prescribed (Guss, 1998).

Scombrotoxin fish poisoning is named for the first fish species recognized as playing a
role in scombrotoxicosis, members of the histidine-rich family Scombridae (Suyama and
Yoshizawa,1973 ; Perez-Martin et al.,1988; Ruiz-Capillas and Moral, 2004) such as tuna
and mackerel, among others. These are dark-muscled fish, and like all fish commonly
implicated in scombrotoxin fish poisoning, they are rapid-swimming and migratory
pelagic fish, sharing a common need for buffering of accumulated acid in their muscles.
This requirement is generally filled in dark-muscled fish by the essential amino acid, L-
histidine but in some fish by certain dipeptides (Boldyrev and Severin, 1990, Abe,

2000). There are many other dark-muscled fish implicated in SFP which contain high
levels of free L-histidine. Fish species of the families Clupeidae (herrings, sardines,
shad), Coryphaenidae (mahi-mahi), Engraulidae (anchovies), Pomatomidae (bluefish),
Scombridae (mackerels, tunas, bonito) and Scomberesocidae (sauries) are identified as
scombrotoxin hazards by Codex Alimentarius and the European Union (FAO, 2013). In
their systematic study, Columbo et al (2018) also identified Istiophoridae (marlin),

Xiphidae (swordfish) as well as the species Chanos chanos (milkfish), and Arripus trutta



79  (Australian salmon, not a salmonid). Although it has paradoxically white flesh due to the
80 presence of wax esters, escolar (Lepidocybium flavobrunneum) is also implicated in

81  SFP and contains high levels of free histidine (FAO, 2013). Although only rarely,

82 salmonids have also been reported in suspected cases of SFP but inclusion of

83 salmonids as potentially scombrotoxic species has been controversial. An FAO/WHO
84  review (WHO 2018) concluded that all available evidence suggests that salmonids “do
85 not pose the same level of risk” of scombrotoxicosis as the other commonly implicated
86 species. Only when the sensory shelf-life was exceeded (from advanced, readily

87 apparent decomposition) did salmonids produce toxic histamine levels (WHO 2018).

88  Salmon products have a very high production volume, trade, and consumption and

89 observations of only a sparse nhumber of intoxications also indicates that they do not

90 pose a significant health risk. In their updated hazards guide (FDA 2020) the US Food
91 and Drug Administration has acknowledged that illnesses associated with the

92  consumption of decomposed salmon have been reported which were attributed to the
93  production of toxins other than histamine such as the biogenic amines putrescine and
94  cadaverine. There is some irony in the fact that although L-histidine is not found in

95 salmon at the high levels typical of other pelagic fish, it was first isolated from salmon

96 protamine by Albrecht Kossel in 1896 (Jones, 1953).

97

98 2. Symptoms and Treatment of SFP

99 Initial symptoms of scombrotoxicosis appear from 10 minutes to one hour following

100 consumption of contaminated fish (Ansdell, 2008). They include facial flushing or
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sweating, burning or peppery taste in the mouth, dizziness, nausea, headache,
tachycardia, and cold-like symptoms. These can quickly advance to symptoms that are
allergy-like, mimicking the pathophysiology of histamine release (Taylor et al, 1989)
such as facial rash (urticaria but less commonly wheals) flushing, and generalized
edema. There are also the usual gastrointestinal symptoms typical of many types of
food poisoning such as short-term diarrhea and abdominal cramps. Severe cases can
include blurred vision, respiratory distress, swelling of the tongue. Unlike the potentially
fatal anaphylaxis associated with allergies, scombrotoxin fish poisoning is generally not
directly associated with fatalities (Taylor, 1986; Demoncheaux et al., 2012, Ridolo et al.,
2016, Harmelin et al., 2018). Given the role of histamine as a neurotransmitter in the
central nervous system (CNS), it is noteworthy that in addition to the common
symptoms of headache, nausea, and vomiting (Maintz and Novak, 2007), others such
as anxiety are sometimes observed (Russell and Maretic,1986), that initial symptoms
include dizziness and that severe cases can also include blurred vision (Kobza

Black,1998; Specht,1998).

In some cases, recovery can require days but typically is complete within 24 hours
(Taylor, 1986). Those with preexisting conditions can have serious respiratory and
cardiac complications but among otherwise healthy individuals these have not been
observed (Russell and Maretic,1986; Taylor et al.,1989; Ascione et al.,1997). Motil and
Scrimshaw (1979) reported that there are broad variations in sensitivities by individuals
to SFP. Attack rate is a key aspect of the epidemiology and an important clue to support
differential diagnosis versus seafood allergy; Most individuals eating the same meal will

respond to scombrotoxic fish while only a few individuals will become ill if the iliness
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observed is due to allergies (Taylor et al., 1989). Differential diagnosis should also take
into account anisakiasis or IgE-mediated reactions to Anisakid larvae (Feng et al.,
2016). Medical histories are critically important to rule out allergies and in their absence
the presence of histamine in the patient’s plasma or in the implicated meal remnants are
very important to avoid misreporting of SFP cases as allergies. The Centers for Disease
Control have emphasized that SFP is underreported (Pennotti et al., 2013) particularly
small outbreaks. Treatment of SFP is primarily supportive and antihistamines are
usually administered (Lerke et al., 1978, Blakesley, 1983, Guss, 1998). Although it does
not rule out allergies, response to antihistamines by victims of SFP supports a role for

histamine in this intoxication (Taylor et al., 1989).

3. Role of Histamine in Human Physiology

A disparity exists in the dose-response relationship in which oral administration of pure
histamine does not produce the same result as similar histamine levels ingested via
decomposed fish: Scombrotoxic fish are much more toxic than an equivalent dose of
pure histamine, as pointed out by Taylor et al. (1984) and Taylor (1986). The conclusion
has been (Taylor et al., 1989; Lehane and Olley, 2000, Hungerford, 2010) that
“histamine poisoning” does not adequately describe the nuances of scombrotoxin fish
poisoning. Enhancement of histamine toxicity by other components of the spoiled fish
reinforces the concept of “scombrotoxins” the compounds which, including histamine,

are postulated to cause scombrotoxicosis.
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Although histamine is the primary agent involved in scombrotoxin fish poisoning (Barrett
et al., 2017, Hungerford, 2010) histamine is not a toxin and is a vital messenger
molecule with wide-ranging roles in mammalian physiology. Endogenous histamine is
found throughout the body and is released from enterochromaffin-like cells, mast cells,
and neurons (Katzung, 2007). A wide range of receptors found in the human body
(H1R, H2R, H3R and H4R) referred to as histaminergic, are targeted by histamine. Via
these receptors endogenous histamine is essential to local immune responses,
regulation of gastric acid secretion in the gut, neurotransmission in the central nervous
system, regulation of circadian rhythm, body temperature, food intake, learning and
memory, and immune response (Ohtsu 2010; Smolinska et al., 2014). Histamine is also
vital in mediating intestinal ischemia (Kalchmair et al.,2003) mucus secretion,
immunomodulation, vascular permeability, hematopoiesis, wound healing, and the day-
night rhythm. Histamine is also known to influence the induction of cell proliferation and

angiogenesis by other polyamines in tumors (Kusche et al., 1980, Raithel et al., 1998).

The essential role of histamine in human health is underscored by a variety of health
problems besides scombrotoxicosis, including the familiar role in allergies
(Germundson, et al., 2020) but also histamine intolerance (Prester, 2016, Maintz and
Novak, 2007), anxiety and obsessive-compulsive behaviors (Zhang et al., 2020),
Parkinson's disease (Fang et al., 2020) and a variety of other maladies. Histamine also
impacts mediation of the potentially fatal pulmonary cytokine storms associated with
pathogenic viruses such as COVID-19 (Eldanasory, 2020). The term "histaminergic"
describes anything in mammalian systems which liberates histamine or is activated by

it. The histaminergic system refers to the complex system within the human body
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mediated by histamine. A central component of the histaminergic system, histamine
receptors are a class of G protein-coupled receptors which bind histamine as their
primary ligand (Hill et al., 1997). G protein-coupled receptors, including the histamine
receptors, are trans-membrane proteins which are cell surface receptors found only in

eukaryotes and which are involved in many diseases (Trzaskowski et al., 2012).

Many of the toxic effects of dietary histamine in scombrotoxicosis and their resulting
symptoms are related to the normal physiological roles of endogenous histamine:
Headache, flushing, and hypotension results from dilation of peripheral blood vessels,
painful itching associated with the rash are due to stimulation of motor and sensory
neurons, symptoms involving the gastrointestinal tract such as diarrhea, abdominal
cramps, nausea, and vomiting result from smooth muscle contraction, palpitations and
tachycardia are caused by stimulation of the heart by histamine to increase its
contractility, while urticaria, hemoconcentration, and edema of the eyelids are due to

increased capillary permeability (Visciano et al., 2014).

4. Metabolism of Dietary Histamine in SFP and Histamine Intolerance

Understanding histamine metabolism in the human body is critical to understanding the
fate of ingested histamine including hypothesized mechanisms of the SFP and other
maladies such as histamine intolerance (Maintz and Novak, 2007, Wantke, 2015). In
humans it is diamine oxidase (DAO) and histamine N-methyl transferase (HNMT) which
are the enzymes metabolizing histamine (Brown et al., 1959; Bieganski et al., 1980;

Bieganski et al., 1983; Maintz and Novak, 2007, Peralta et al., 2020). Although HNMT is
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localized in the cytosol of cells (Brown et al., 1959), DAO is excreted directly into the
circulation (Schwelberger et al., 1998, Peralta et al., 2020) and so DAO plays the major
role in histamine catabolism (Bieganski et al., 1980; Bieganski et al., 1983) scavenging
extracellular histamine which has implications for both SFP (Hungerford, 2010) and
histamine intolerance (Maintz and Novak, 2007, Peralta et al., 2020) following ingestion
of histamine-rich food. Some drugs such as chloroquine, clavulanic acid, cimetidine,
verapamil, isoniazid, metamizole and amitripyline inhibit DAO (Sattler et al.,1985; Sattler
et al., 1990; Wantke et al., 1998, Leitner et al., 2014) resulting in serious consequences
including cases of SFP where drugs were clearly implicated as contributing factors
(Uragoda et al., 1977; Senanayake et al., 1981; Chin et al., 1989; Stratton et al.,

1991b).

High sensitivity to histamine may explain some of the observed variations between
individuals in their susceptibility to SFP in decomposed fish (Motil and Scrimshaw,
1979) and also describes a condition known as histamine intolerance, a condition which
applies to other histamine-containing foods and beverage most notably aged cheeses,
beer, and wine (Maintz and Novak, 2007, Peralta et al., 2020). Histamine intolerance
does not require the presence of other components of fish or toxic decomposition
products. In contrast to SFP, victims may respond to histamine alone including oral
administration of just 75 mg of histamine, an amount typical of normal meals (Wohrl et
al, 2004). Determination of DAO activity in patient serum (Mayer et al, 2005, Peralta et
al., 2020) has diagnostic value for histamine intolerance (Missbichle, 2004, Manzotti et
al., 2016, Peralta et al., 2020). It is believed that ineffective scavenging of dietary

histamine by DAO is to blame for histamine intolerance due to reduced activity of this
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213  enzyme in susceptible individuals. Single-nucleotide polymorphisms (SNPs) of the gene
214  coding for DAO occur resulting in reduced DAO levels and increases in food allergies
215 (Maintz et al.,2011) and other inflammatory and neoplastic gastrointestinal diseases

216  (Petersen et al., 2002). Schwelberger (2004) found a subpopulation of individuals with a
217  genetic predisposition to gastrointestinal diseases with SNPs of the gene coding for

218  DAO in the gut, and so intestinal DAO may be responsible for both differences in

219  degree of histamine intolerance and susceptibility to SFP. Intestinal DAO is produced by
220 enterocytes in the intestinal mucosa, and DAO is the first barrier to dietary histamine in

221 the human body (Wantke, 2015).

222

223 5. Postulated Scombrotoxins and Mechanisms of SFP

224  Theories on the true nature of SFP differ as to which compounds, in addition to

225 histamine, participate in producing the mechanism(s) of this disease as well as the

226 observed dose-response disparities. FDA states that although the terms “histamine
227  poisoning” and “histamine fish poisoning” are often used rather than SFP, the

228 association of other compounds with the illness presents difficulties with these terms
229 (FDA 2020). Consistent with their postulated roles with histamine in SFP, these

230 compounds will be referred to here as scombrotoxins. With the exception of mast cell
231 degranulation, all of these theories require that histamine be present and so only in the
232 mast cell activation theory is histamine not included with the other scombrotoxins.

233 Although none of the theories of scombrotoxicosis have been proven since these

234  theories were reviewed (Lehane and Olley, 2000, Hungerford, 2010), some progress
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has been made, and new analytical tools developed to explore them. From a
mechanistic view, the postulated categories of scombrotoxins can be delineated as
either intestinal barrier disruptors, inhibitors of diamine oxidase (DAO), mast cell
degranulators, or other histaminergic receptor agonists of unknown identity (Hungerford,
2010). Some of the suggested scombrotoxins, most notably the many biogenic amines
as well as cis-urocanic acid (cis-UCA) also have significant direct toxicity even in the

absence of histamine.

5.1 Biogenic Amines and other Inhibitors of DAO in Inhibition-Potentiation

An often-cited theory postulated for the mechanism of SFP, inhibition-potentiation of
histamine toxicity, invokes inhibition of DAO and HNMT by inhibitors of these metabolic
enzymes (Taylor and Lieber, 1979; Lyons et al., 1983; Hui and Taylor, 1985). Just as
reductions in DAO due to polymorphisms (Maintz et al., 2011) lead to histamine
intolerance (Maintz and Novak, 2007) inhibition of DAO is postulated to lead to SFP.
Since intestinal DAO is the first barrier to ingested histamine (Wantke, 2015) inhibition
of DAO leads to increased histamine absorption in the gut. Since DAO is also excreted
directly into the circulatory system (Schwelberger et al., 1998, Peralta et al., 2020) the
same mechanism could prevent histamine metabolism in extra-intestinal tissues (Hui
and Taylor, 1985). Potentiation of histamine by compounds known to occur in spoiled
fish was first observed in studies of the contraction of guinea pig ileum (Mongar, 1957)
observing the effect of putrescine and cadaverine in the presence of histamine. These
results led Taylor and Lieber (1979) to test a panel of 38 fish-associated compounds for
DAO inhibition. Cadaverine, which is abundant in scombrotoxic fish (Arnold and Brown,

1978), was among the most potent. Cadaverine is an especially promising candidate,
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being produced from lysine by bacterial lysine decarboxylase or LDC (Gale and Epps,
1944) in decomposed fish (Taylor and Sumner, 1986) and present at high levels in
mahi-mahi (Frank et al.,1985), in the bacterium Stenotrophomonas maltophilia found in
albacore (Ben-Gigery et al.,1999). Finally, the enzyme substrate and cadaverine
precursor lysine is also abundant in many fish (Suyama and Yoshizawa,1973; Perez-

Martin et al.,1988; Ruiz-Capillas and Moral, 2004).

All these observations encourage the idea that cadaverine is a likely “scombrotoxin” by
virtue of inhibition of DAO and potentiation of histamine toxicity. Experiments by Hui and
Taylor (1985) appear to contradict this assertion. Examining urinary excretion of
histamine and its metabolites they found that cadaverine was not a strong inhibitor of
DAO requiring high cadaverine concentrations (4-5 times that of histamine) to be
effective. Studies by Paik and Bjeldanes (1979) using guinea pig gut also do not lend
support to cadaverine as a potent inhibitor of DAO since only a minor impact was found
on histamine metabolism. Finally, studies of SFP outbreaks (Clifford et al.,1991,
Emborg et al., 2006; Emborg and Dalgaard, 2006) also do not support a role for
cadaverine inhibiting DAO with only very low levels of cadaverine and other biogenic
amines detected relative to histamine. Histamine production in mackerel may provide
the only support so far since in a study by Klausen and Lund (1986) mackerel
cadaverine could exceed histamine levels by 2-5 times. Finally, it is important to
emphasize that in decomposed fish it is feasible that a milieu of multiple inhibitors could
be present and produce enough inhibition of DAO to potentiate histamine in SFP
(Lehane and Olley, 2000). There is some experimental evidence for this in a limited

study by Hui and Taylor (1985). Familiarity with cadaverine and putrescine as
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decomposition indicators, in addition to the early experiments of Mongar (1957) led to a
focus on biogenic amines as likely candidates in potentiating the toxicity of histamine
(Bjeldanes et al., 1978; Taylor and Lieber, 1979; Taylor et al., 1984; Hui and Taylor,
1985; Taylor, 1986). Other compounds should be further studied as potential
scombrotoxins inhibiting DAO, such as beta-phenylethylamine and tryptamine (Stratton
et al., 1991), thiamine, and the dipeptides anserine (N-beta-alonyl-1-methylhistidine)
and carnosine (N-beta-alonylhistidine) studied by Taylor (1986) and Taylor et al.(1989).
Studies by Vinagre et al. (2011) and Taoka et al. (2019) have shown that anserine is
found in abundance in other pelagic fish such as coho salmon (Oncorhynchus kisutch)
and in fish sauce prepared from Giant Masu Salmon (Oncorhynchus masou). Among
these candidates, only beta-phenylethylamine and tryptamine are decomposition
products. There is no requirement that all inhibitors impacting DAO be the result of
decomposition. Another consideration is that not all the inhibitors of DAO occurring in
fish have been discovered. In one limited study in which outbreak samples from mabhi-
mahi were directly tested for DAO inhibition using flow injection analysis (Hungerford
and Arefyev, 1992) potent inhibition was observed relative to putrescine, cadaverine,

and negative controls while anserine showed significant inhibition.

5.2 Scombrotoxins as Intestinal Barrier Disruptors

Another mechanism suggested for potentiation of histamine toxicity in SFP is known as
barrier disruption, which again focuses on the protective role (Turner, 2009, Peterson

and Artis, 2014, Wantke, 2015) of the intestine. Early studies looking at disruption of the
intestine and its potential role in SFP were focused on protective binding of histamine to

intestinal mucin (Chu and Bjeldanes, 1981) which is disrupted by potentiators (Parrot
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and Nicot,1966). Although Paik and Bjeldanes (1979) and Jung and Bjeldanes (1979)
found increased transport of histamine across the mammalian gut in the presence of
cadaverine there has not been acceptance of this mechanism playing a major role in
SFP (Taylor,1986; Mitchell,1993, Lehane and Olly, 2000). Although not focused on
mechanisms of SFP, a new study by Grosheva et al. (2020) looked at rapid screening
for host and microbiota regulators of intestinal barrier function and may offer some clues
regarding other mechanisms for potentiation of histamine toxicity. In the intestine,
adjacent epithelia form tight junctions (TJs). These structures are an essential part of
the physical barrier regulating movement of solutes, ions, and water across the
intestinal epithelium (Peterson et al., 2014). After screening a large panel of potential
disruptors, Grosheva et al. (2020) found that putrescine and histamine caused damage
to the TJs of intestinal cells. The study included cultured cells, tissues, and mice. Of all
the compounds studied, putrescine had the most disruptive effect, greatly increasing

permeability.

Until recently our knowledge of the toxicity of biogenic amines other than histamine has
been scarce (Ladero et al., 2010). This includes two of the most familiar biogenic
amines, putrescine and cadaverine. Animal studies by Til et al. (1997) revealed their
relatively low toxicities in studies using Wistar rats, where no adverse effects were
observed for either biogenic amine up to 2000 mg/kg. Perhaps this rather low toxicity
encouraged the idea that these biogenic amines can only contribute to HFP by indirect

mechanisms such as their impact on histamine metabolism (inhibition-potentiation).

Thanks to a series of cytotoxicity studies using cultured intestinal cells our knowledge of

biogenic amines toxicity has expanded greatly. Starting with histamine and tyramine
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Lineras et al.(2016) employed an in-vitro model using cultured human intestinal
epithelium cells to observe cytotoxicity of several biogenic amines. The studies used
real-time cell analysis (RTCA) of HT29 intestinal cell cultures. In this in-vitro model,
tyramine was found to be about ten times more cytotoxic than histamine, with an ICso of
3.2 mM for tyramine versus an ICsp of 26.0 mM for histamine following 24-hour
exposure. Tyramine also acted more rapidly and caused death by necrosis while
histamine caused death by apoptosis (Lineras et al., 2016). Apoptosis is a
“‘programmed” form of cell death (Kanduc et al., 2002) triggered by many biochemical
signals of which histamine is one (Toninello et al., 2004). The cytotoxicity threshold of
4.0 mM determined by Lineras et al., 2016) for histamine corresponds to 440 mg/kg
which supports previous assumptions by Taylor (1985) and by Shukla et al. (2011) who
suggested that concentrations of histamine greater than 400 mg/kg and 500 mg/kg,
respectively, are likely dangerous to human health. No legal limit has been set for
tyramine in fish or any food (European Food Safety Authority (EFSA) 2011). The
cytotoxicity threshold of 2.2 mM found by Linares et al. (2016) corresponds to 302
mg/kg, a level far lower than 2529 mg/kg, the highest concentration of tyramine found in
cheese (EFSA, 2011). Recently Del Rio et al. (2019) applied the HT29 intestinal cell
model system and RTCA (HT29/RTCA) approach of Lineras et al. (2016) to study the
in-vitro toxicity of cadaverine and putrescine. They found that both of these biogenic
amines were cytotoxic at levels found in foods commonly rich in biogenic amines. The
ICso determined for putrescine was 39.8 mM while cadaverine yielded an ICso of 40.7
mM. Determining the dose-response relationship is fundamental in risk assessment

studies of bioactives such as drugs under development and also toxins in food
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(Faustman and Omen, 2001). In these studies two key indicators focus on the toxicity
threshold of the curve, including the highest concentration at which no toxicity is
observed (non-observed adverse effect level or NOAEL) and also the lowest
concentration where toxicity is detected (lowest observed adverse effect level, or
LOAEL). In their study Del Rio et al. (2019) reported NOAEL and LOAEL values for
putrescine at 5 mM and 10 mM, respectively while for cadaverine they were 2.5 mM and
5 mM, respectively. Using the NOAEL values, the corresponding levels for cadaverine

and putrescine are 441 mg/kg and 255 mg/kg respectively.

Between these two studies (Lineras et al., 2016, and Del Rio et al., 2019) these groups
found that tyramine is by far the most cytotoxic of the biogenic amines followed by
histamine and then cadaverine, with putrescine the least cytotoxic. Of these four
biogenic amines, only histamine caused apoptosis, while the other three caused death

by necrosis.

Synergy has been detected between tyramine and histamine. Del Rio et al. (2017)
found that histamine has a synergistic effect on the cytotoxicity of tyramine on intestinal
cell cultures, even at levels of histamine below the legal (EU) limit for scombroid fish
(Del Rio et al., 2017). At concentrations corresponding to 190 mg/kg histamine and 500
mg/kg tyramine, the 1Cso values for tyramine were decreased more than 2-fold by the
presence of histamine. The molecular mechanism causing the synergy has not been
elucidated (Del Rio et al., 2017). At the time of writing, no similar studies using the
intestinal cell model have been reported investigating synergies between histamine,

cadaverine, and putrescine.
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In contrast to conclusions reached for the above compounds, spermine and spermidine,
although found to be cytotoxic towards the same (HT29/RTCA) approach first described
by Linares et al. (2016), were not sufficiently cytotoxic at levels found in foods
commonly rich in biogenic amines to be deemed a health risk (Del Rio, 2018). The
lowest concentration of spermine found to be cytotoxic for the intestinal cell cultures had
an of LOAEL = 3.23 mM, equivalent to 654 mg/kg while for spermidine cytotoxic effects
in the intestinal cell cultures yielded LOAEL = 10 mM, equivalent to 1452.50 mg/kg.
Tryptamine and B-phenylethylamine are biogenic amines associated with causing
hypertension (Ladero et al., 2010). Tryptamine can occur at concentrations as high as
2280 mg/kg in fish sauces and at 362 mg/kg in other fish products. In contrast -
phenylethylamine has been at detected at 172 mg/kg in fish sauces, 18 mg/kg in

fermented fish and 180 mg/kg in other fish products (EFSA, 2011). Again, using the
HT29/RTCA approach Del Rio et al. (2020) found that both tryptamine and B-

phenylethylamine were cytotoxic with both of these biogenic amines causing cell death
via necrosis and apoptosis. Further, B-phenylethylamine produced a LOAEL of 1.86
mM, equivalent to 225 mg/kg, while tryptamine had a LOAEL of 0.5 mM, equivalent to
80 mg/kg. They concluded (Del Rio et al., 2020) that only tryptamine posed a significant
health risk, since it was cytotoxic at levels less than the concentrations seen in

fermented food, in contrast to B-phenylethylamine.

Considering these data additional studies of the toxicity of biogenic amines and of the
(intestinal) barrier disruption model seem warranted. This need is given even more
impetus by new text included in the FDA Fish and Fishery Products Hazard Guide (FDA

2000) which states that “Decomposition can result in the production of other toxins (e.g.,
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biogenic amines, such as putrescine and cadaverine) that have the potential to cause

illness, even in the absence of histamine formation.”

5.3 Scombrotoxins as Mast Cell Degranulators

Interest in cis-UCA as a potential scombrotoxin has been spurred by the role postulated
by Lehane and Olley (2000) in histamine poisoning and reviewed by others
(Hungerford, 2010). It was suggested that degranulation of mast cells could cause
release of endogenous histamine versus a dietary role for histamine. One reason for
interest in the mast cell degranulation theory (Clifford et al., 1991; ljomah et al., 1991)
are occasional reports of symptoms resembling SFP following consumption of non-
scombroid fish (Bartholomew et al., 1987). Since these fish contain only low levels of
histamine it was reasoned that release of endogenous histamine was responsible. Most
information in the literature regarding cis-UCA are centered on the human health impact
of cis-UCA for its role in immunosuppression and skin cancer (Bernard et al., 2019).
Urocanic acid is produced by bacterial enzymatic deamination of L-histidine as trans-
urocanic acid which can then be photo-isomerized to the biologically active cis isomer
(Bernard et al., 2019). Pursuing the mast cell degranulation postulate of Lehane and
Olley (2000), the laboratory of Zare et al (2012) developed an HPLC method for
detecting cis- and trans-urocanic acid in fish based on ion pairing and UV detection.
Zhong et al. (2018) subsequently developed an HPLC method based on reactive
extraction cleanup and chaotropic chromatography. Zare and colleagues used their
method to study the production of urocanic acids in Indian mackerel (Zare et al., 2013),
tuna (Zare et al., 2015a), and other selected fish and fish products (Zare et al., 2015b).

They found that at warm temperatures typical of histamine production although urocanic
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acids increase at first in Indian mackerel, they then decrease (Zare et al., 2013). In cold
storage, urocanic acids steadily increase with time. An important requirement of all the
theories of scombrotoxicosis is that there is consistency between what is known of the
proposed scombrotoxin and the microbiology involved in producing the potential
scombrotoxins implicated in the iliness. Little is known about the microbiology of
urocanic acids production in scombroid fish. Zhong et al. (2019) studied production of
urocanic acids by Acinebacter in chub mackerel and found that urocanic acids were a
primary metabolite. They found that urocanic acids were produced during exponential
growth, however on entering stationary phase the bacterium used up preformed
urocanic acids rapidly as a response to starvation. The same pattern had been
observed previously in a culture of Pseudomonas fluorescens (Imanaka, 1962). These
findings can explain observations by Zare et al. (2013) that during storage of Indian
Mackerel, urocanic acids can either increase or decrease, or first increase and then
decrease. Zhong et al (2019) state that the Zare et al. (2013) observations can be
explained by the changing nutrition or physiology of the bacteria, resulting in formation
or degradation of urocanic acids. The proposed role of cis-UCA as a scombrotoxin does
fit what we know of the importance of L-histidine (since urocanic acid is the product of L-
histidine deamination in fish) and the role of bacteria found in fish (in this case bacterial
histidine deaminase). Cis-UCA does not directly degranulate mammalian mast cells:
Neuropeptides degranulate the mast cells after cis-UCA binds to the peripheral
terminals of unmyelinated primary sensory nerves, leading to production of the
degranulating neuropeptides (Scarchio et al., 2012). Although this does not eliminate

cis-UCA as a potential scombrotoxin, it does complicate the theory. Generally, attempts
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to prove the mast cell degranulation theory have been discouraging. Morrow et al
(1991) and Sanchez-Guerrero et al (1997) failed to detect serum tryptase after
volunteers were given marlin with high levels of histamine, a marker of mast cell
degranulation and secretion. Further, a study that included 10 patients with SFP
revealed serum tryptase levels in the normal range while 50 patients with an established
allergic disorder had increased tryptase levels (Ricci et al., 2010). A report by
FAO/WHO on SFP (FAO 2013) concluded that available data did not support the mast

cell degranulation theory.

5.4 Unknown Histamine Receptor Agonists.

Previously Hungerford (2010) postulated that unknown histamine receptor agonists
besides histamine may occur in decomposed fish. These undiscovered scombrotoxins
could be yet another possible explanation for the anomalies observed for histamine
dose/response in SFP. Clues to structural requirements for histamine receptor agonists
come from gizzerosine (Okazaki et al., 1983), a small peptide which is derived from
poor quality feed. Decomposed fish material used in the feed produces gizzerosine
during processing. This small molecule appears to be derived from histamine and is
named for its biological activity, erosion of gizzards in poultry by virtue of being a potent
H2 histamine receptor (H2R) agonist. Masamura et al. (1985) found that gizzerosine is
200X more potent than histamine itself and causes excessive excretion of digestive
acids. Gizzerosine has structural similarity to both histamine and lysine. Drugs

developed as histaminergic receptor modulators may also provide some direction in
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looking for other scombrotoxins active at histaminergic receptors. Of note are
impromidine (Durant et al., 1978) and betazole (2-(1H-pyrazol-5-yl)ethanamine)
described by Hammond et al. (1978). Both are H2R agonists. Another compound,
betahistine (2-[2-(methylamino)ethyl]pyridine) is paradoxically a weak H2R agonist and
strong H3R antagonist (Botta et al., 2001). In this case the H3R receptor antagonist
activity is most important since it increases the levels of several neurotransmitters,
including histamine, acetylcholine, norepinephrine, serotonin, and GABA released from
the nerve endings. Structural similarities between these bioactive compounds and
histamine [2-(1H-Imidazol-45-yl)ethanamine] include include the ethanamine group
(histamine and betazole) and above all imidazole (impromidine, histamine, gizzerosine).
Betazole is also isobaric with histamine with the atoms of the imidazole group of
histamine rearranged into pyrazol. As stated previously (Hungerford 2010) combining
an activity-based assay to screen for “scombrotoxins” in outbreak-implicated fish
samples with LC-MS/MS would be a powerful approach to exploring the possible

mechanisms of scombroid poisoning including histaminergic bioactives.

6. Bacterial Origins of Histamine in Fish

Following time-temperature abuse, histamine is produced from free histidine due to the
action of bacterial histamine decarboxylase (HDC). Maintaining the cold chain is
critical in preventing histamine formation. Mesophilic bacteria such as Clostridium
perfringens, Morganella morganii, Hafnia alvei, Raoultella planticola have traditionally
received the most attention in studies of bacterial histamine production in SFP. It is now
recognized that mesophiles are not the only significant producers of histamine in fish.

Emborg et al (2006) identified Morganella psychrotolerans, a novel psychrotolerant
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bacterium (Wang et al., 2020) and strong histamine former, and a 2004 study of
Photobacterium phosphoreum (Kanki et al., 2004) revealed that these low temperature-
adapted bacteria could play a role in scombroid poisoning. Psychrotrophic bacteria have
been discovered which form histamine at temperatures as low as 0-5 °C (Kanki et al.,
2004; Emborg et al. 2006, Bjornsdottir-Butler et al., 2016, Bjornsdottir-Butler et al.,
2018, Wang et al., 2020). These findings illuminate a need to determine how formation
of histamine by these psychrotrophs relate to regulatory limits and sensory evaluation of
product quality (Bjornsdottir-Butler et al., 2016). Photobacterium species are
psychrotrophic bacteria found in fish and the marine environment, one species of which
has been implicated in an outbreak of SFP (Emborg and Dalgaard, 2006). Five species
of Photobacterium are known to be strong produces of histamine, including P.
angustum, P. aquimaris, P. damselae, P. kishitanii, and P. phosphoreum (Bjornsdottir-
Butler et al., 2018). Although especially well adapted to cold temperatures,

Photobacterium spp are sensitive to elevated temperatures (Kumar et al., 2000).

Two distinct classes of bacterial HDCs exist and evolved independently (Snell and
Recsei, 1981). One type of HDC found in Gram-negative bacteria and animals is
dependent on pyridoxal-5-phosphate (PLP) while the other occurs in Gram-positive
bacteria and fermented products such as fish sauce, cheese, beer and wine and
contains an activity-critical pyruvoyl group. (Landete et al., 2008). In their efforts to
identify the mechanism of histamine production in Photobacterium phosphoreum,
Bjornsdottir-Butler et al (2020) found and characterized a novel hdc2 gene which
produced a new type of histidine decarboxylase, HDC2. The histidine decarboxylase

(HDC) activity of the protein was comparable to pyridoxal-5-phosphate (PLP) dependent
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HDC from P. kishitanii and M. morganii. Stable at low temperatures and sensitive to
elevated temperatures, the enzyme showed optimum activity between 20 and 35 °C and
pH 4.0 and was not sensitive to salinity. Bjornsdottir-Butler et al (2020) suggested that
further characterization of the enzyme may help in developing control measures to
minimize histamine production.

Relevant to both control measures and fish sample handling, even if HDC-producing
bacteria present in susceptible fish are no longer viable, preformed HDC may be able to
produce additional histamine during thawing of frozen samples. Indirect evidence for
this is found in a study using recombinant HDC to study histamine production in the
absence of the bacteria (Kanki et al., 2007) and anecdotally in thawing fish tissue
composites for analysis (Hungerford, 2010) where increases in histamine during sample
handling are sometimes observed. These changes are not observed in cooked fish
since heating destroys HDC activity. On the other hand, histamine itself is a relatively
stable compound and is not destroyed by freezing or heating such as normal cooking,
hot smoking or canning (Arnold and Brown, 1978; Taylor, 1986; Lehane and Olley,

2000; FDA, 2020).

6.1 Detection of Histamine Producing Bacteria in Fish

Due to the central role of histamine producing bacteria, methods for their identification,
particularly methods based on the polymerase chain reaction (PCR) are useful in
managing scombroid poisoning. Takahashi et al (2003) described cloning of HDC-
producing genes of several species of gram-negative bacteria. Using an amplification

product of the HDC genes their (conventional) PCR method also included simultaneous
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differentiation by single-strand conformation polymorphism (SSCP). Previous attempts
(Jeune et al., 1995) to develop molecular methods were centered on cloning only the
pyruvoyl-dependent HDC associated with gram-positive bacteria. Sabry et al (2019)
applied (conventional) PCR using the hdc gene to study occurrence of histamine
producing bacteria in retail sardine and mackerel in Egypt. Since Takahashi’'s
experiments with hdc-dependent conventional PCR, the subsequent development of
guantitative PCR (qPCR) aroused great interest in food microbiology and food safety
(Hanna et al., 2005, Martinez et al., 2011) and gPCR was soon applied to detecting
histamine producing bacteria. Bjornsdottir-Butler (2011) described the first g°PCR
method for detecting Gram-negative bacteria producing histamine in fish. Mace et al.
(2013) combined a propidium monoazide step with gPCR to quantify viable
Photobacterium phosphoreum in salmon steaks. Wongsariya et al (2015) developed
gPCR methodology targeting the hdc gene in M. morganii, E. aerogenes, and A.
baumannii. They found that the primers could detect M. morganii, E. aerogenes before
the histamine level reached 50mg/kg. In addition to PCR technologies, rapid
sequencing has also been applied to the detection of histamine-producing bacteria in

fish (Peters et al., 2021).

7. Histamine Levels Used in Regulation and Control

To assess the mean concentration of histamine in fish causing histamine poisonings,
Columbo et al (2017) conducted a systematic review and meta-analysis of histamine
poisonings. Approximately 1100 mg/kg caused scombroid poisoning but with a wide

range in uncertainty, from 423-2,900 mg/kg. Mclauchlin et al (2006) stated that
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histamine intoxication can occur at levels of about 1000 mg/kg. FDA has stated that
histamine levels in illness-implicated fish have been above 200 mg/kg and often above
500 mg/kg (FDA 2020). This can be compared to the FAO (2013) meeting report which
derived a histamine limit of 200 mg/kg based on a NOAEL of 50 mg and 250 g serving
size. Histamine intoxications do occur at concentrations lower than 1000 mg/kg, and
Shalaby (1996) states that concentrations of 50-200 mg/kg may be toxic. FDA uses a
guidance level of 50 mg/kg for histamine in fish. Since histamine has a very
heterogeneous distribution within fish and between fish, FDA states that “If 50 mg/kg is
found in one section of a fish or lot, there is the possibility that other sections may

exceed 500 mg/kg” (FDA, 2020).

In the European Union critical levels for histamine in fish and simple fish products (EU,
2005) target species high in histidine, with emphasis on the families Engraulidae,
Clupeidae, Coryfenidae, Pomatomidae, Scombridae, and Scombresosidae. Critical
levels for histamine in fish and simple fish products are 100 mg/kg histamine (EU,
2005). These levels are based on the average of nine samples. Of the nine, no more
than two can be greater than 100 mg/kg and no sample may have a level above 200
ppm. The EU allows higher critical levels of histamine for “the fishery products which
have undergone enzyme maturation treatment in brine and manufactured from fish
species associated with a high amount of histidine” (EU, 2013). For these enzyme-
maturated (brined, ripened or fermented) products, the critical limit based on the
average histamine content is 200 mg/kg or less, and no more than two samples may

have levels between 200 mg/kg and 400 mg/kg. No sample can exceed 400 mg/kg. For
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578 fish sauce only one sample is required, with the histamine content not exceeding 400

579 mg/kg (EU 2013).

580

581 8. Impact and Management of SFP

582  Scombrotoxicosis can be prevented since it is due to time and temperature abuse

583  following harvest. Despite this SFP, along with ciguatera poisoning (WHO, 2020),

584  remains a leading cause of fish-borne illness (Lehane and Olley, 2000, Dalgaard et al,
585 2008, Hungerford, 2010, Pennotti et al., 2013). In a 2013 report the Centers for Disease
586  Control (CDC) concluded that Scombroid poisonings affected more Americans than
587 reported in surveillance systems. Using extrapolated numbers, they estimated over
588 35,000 illnesses resulting in 162 hospitalizations between 2000 and 2009 (Pennotti et
589  al., 2013). When preventing time-temperature abuse is a critical aspect of supply

590 chains, as in the control of histamine formation, the term "cold chain" is used.

591  Mercogliano and Santonicola (2019) described the main factors resulting in histamine
592  production related to the tuna supply chain. All stages including catching, processing,
593  storage, and distribution must be considered in the cold chain since they all impact
594  histamine production. Mercogliano and Santonicola (2019) also suggested that

595 secondary control measures might be developed considering emerging approaches

596 such as irradiation, hydrostatic pressures, active packaging or food additives.

597 Hazard Analysis Critical Control Point (HACCP) is a science-based system for assuring
598 food safety which requires seafood processors to identify potential food safety hazards

599 and to prevent them from occurring (FDA, 2015). Imported seafood products are also
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600 addressed and written verification procedures are required of importers to assure that
601 imported seafood is processed in a way to meet requirements of FDA Seafood HACCP
602  programs (FDA, 1995). A review of the US Seafood HACCP program for 2006-2014 by
603 the Food and Drug Administration (FDA 2015) concluded that the overall plan and

604 implementation success rates for the control of histamine were high but varied

605  considerably: pathogen growth and toxin formation success rates were 85-89%. The
606 initial HACCP step which consists of identifying plan controls was 95-98% and actual
607 implementation was 91-96%. These compare well with overall rates of plan and

608 implementation for all pathogens of 56-77%. In spite of these encouraging numbers,
609  SFP remains the dominant chemical intoxication in fish and fish products in the US

610 (Dewey-Mattia et al., 2018) and a common cause of food poisoning worldwide (De

611  Cerio et al., 2016). Since the seafood production and distribution system has been

612 increasingly globalized with more than 80% of US seafood is imported, it has become

613  more complicated to protect the public from SFP. (NMFS, 2012).

614 9. Detection of Histamine in Implicated Fish

615  The relatively high action levels required to detect histamine in fish have allowed

616  considerable freedom in devising detection strategies. Since we last reviewed histamine
617  detection methodology for analyzing fish (Hungerford, 2010), much progress has been
618 made in the development and validation of detection methods for histamine. Reference
619 methods have also received increased attention, and the European Commission has
620 conducted interlab-validation of their official precolumn dansylation-based HPLC

621 method and studied method equivalence with the AOAC fluorescence method 977.13

622  recognized by Codex Alimentarius. Advances in rapid screening methods have received
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the greatest emphasis including many innovative sensors and new commercial test kits.
Rapid test kits for histamine were in the past (Hungerford, 2010) dominated by

immunoassays, particularly enzyme-linked immunosorbent assays (ELISAs). Simplified
and more portable immunoassays have been developed but recently enzymatic assays

have been developed which offer some advantages.

Perhaps the most influential analytical method for detecting histamine in fish, AOAC
977.13 is based on a fluorescence method using condensation of histamine with o-
phthalaldehyde (OPA) developed by Shore et al. (1959) to measure histamine in
mammalian tissues. The original method used butanol extraction from alkalinized
extracts followed by back-extraction to eliminate L-histidine, which they found produced
similar excitation and emission spectra to histamine. This procedure removes matrix-
derived L-histidine, the major interference with the analysis. In the CODEX-approved
fluorescence method (AOAC 977.13) L-histidine, present in high concentrations in the
implicated fish, is removed using an anion exchange column under alkaline conditions.
A modified version of AOAC 977.13 has been single laboratory validated (Bjornsdottir-
Butler et al., 2015). The method uses 96 well-microplates and a fluorescence plate
reader to measure the final fluorescence rather than serial readings via conventional
cuvette. Extractions are conducted using by cold methanol rather than a lengthy heating
and cooling procedure in the original method. The authors claim a 45% increase in
throughput, with this increase assuming samples have already been thawed,
composited, and aliquoted. Moitessier et al. (2020) described a modified procedure
using cold extraction and substituting 4-methoxyphthalaldehyde (MOPA) for OPA. The

authors claimed improved performance.
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9.1 Liquid Chromatographic Methods for Histamine and other Biogenic Amines

Interest in detecting other biogenic amines in addition to histamine (Venkateswarlu et
al., 2016) continues based on their use as decomposition indicators (Meitz and Karmas,
1978), the direct toxicity of these compounds, (Ladero et al., 2009) and the postulated
mechanisms for enhancement of histamine toxicity by other biogenic amines (Hui and
Taylor, 1985). Many methods have been developed for detecting biogenic amines by
HPLC (Onal, 2007, Onal et al., 2013, Biji et al., 2016, Mohammed et al., 2016). Starting
among the original literature on SFP, most of the HPLC methods routinely and officially
used to detect histamine and other biogenic amines in fish use dansyl chloride for pre-
separation derivatization of the amines followed by UV detection (Hui and Taylor, 1983).
The evolution of these methods has culminated with a method by Duflos et al. (1999)
now officially validated for histamine (Duflos et al., 2019). A variety of HPLC methods
closely related to the original (Hui and Taylor, 1983) and Duflos (1999) method have
been described over the years including an application by Chen et al (2010) to an SFP
outbreak. Most recently the dansyl chloride approach has been adapted to the analysis
of dried bonito flakes (Qiao et al., 2020) while Wang et al. (2020) modified the sample
handling aspect of the method to use ultrasound-assisted dispersive solid-phase
extraction. The dansyl chloride approach has also been applied to a UHPLC method
simultaneously detecting 10 major free amino acids in addition to histamine, cadaverine,
putrescine, and tyramine in mahi-mahi and yellowfin tuna (Bai et al., 2019). Although
not as commonly used as dansyl chloride derivatization, another classic approach for

HPLC analysis of biogenic amines is reaction with o-phalaldehyde prior to separation



669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

31

and fluorescence detection, most recently a method developed by (Kounnoun et al.,
2020). A very rapid and economical UHPLC method for detecting histamine alone by
UV-diode array, which does not use chemical derivatization and limits the use of organic

solvents, has been developed by Cicero et al. (2020).

9.2 Mass Spectrometric Methods for Histamine and other Biogenic Amines in Fish

As with many application areas of analytical chemistry, mass spectrometry-based
methods for detecting histamine and other biogenic amines continue to be developed for
detection in fish. LC-MS/MS methods for biogenic amines, surprisingly limited in number
a decade ago (Hungerford, 2010) have increased in recent years. Considering the
capabilities for universal detection, LC-MS/MS methods would seem especially well
suited to detecting a full range of biogenic amines since they otherwise require chemical
conversion to allow either UV or fluorescence detection. Sagratini et al (2012) described
an LC-MS/MS method for detecting histamine and 7 other biogenic amines without
derivatization using STRATA X solid phase extraction for sample cleanup. Adequate
performance required matrix-matched standards. Self et al (2011) reported an HPLC-
Orbitrap method for detecting eight biogenic amines in tuna and later Self and Wu (2012)
developed a UHPLC-Orbitrap MS method for detecting histamine and 7 other biogenic
amines in seafood products. Both of these studies used extraction by matrix solid-phase
dispersion and urocanic acids were also included although the cis and trans isomers were
not separated. Nei et al. (2017) investigated direct analysis of histamine in fish using real

time mass spectrometry (DART-MS). They used an internal standard to develop a rapid
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screening method. Their study did not include naturally contaminated samples and even
with spiked samples matrix effects were observed. lon chromatography was combined
with mass-spectrometric detection by Kocar et al. (2021) to develop a method suitable for
the detection of 8 biogenic amines without derivatization or sample cleanup and with
recoveries showing no evidence of matrix effects. Tolerance to sample matrix by this
method is further supported by its prior application by S&avniéar et al. (2018) to detecting
biogenic amines in cheese. To further study the physiology and human health implications
of histamine-related illness including scombroid poisoning, the accuracy of methods for
detecting histamine metabolites in human fluids following histamine intoxications are
crucial. This is examined in detail by Nelis et al. (2020) in their methodology for detecting

a variety of human metabolites using LC-MS/MS.

9.3 International Reference Methods for Histamine in Fish

Reference methods are critical to support the development of new methods, to verify
the results of rapid screening, and for settling trade disputes. The batch fluorescence
method using conventional fluorescence spectrometry and ion exchange cleanup

(AOAC 977.13) remains the recognized reference method of Codex Alimentarius.

In Europe the first EC-approved HPLC method for detecting histamine was based on
precolumn derivatization with dansyl chloride and internal standard 1,3-diaminopropane
(Duflos et al.,1999). Following EC approval of a change in the internal standard from
1,3-diaminopropane to 1,7-diaminoheptane, an interlaboratory study was initiated. The

study addressed tuna, herring, and mackerel, and three fish product categories, fish
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with enzymatic maturation, fish without enzymatic maturation, and fish sauce. The
validation efforts revealed sample matrix issues leading to poor recoveries for some
matrices. While performance was excellent with (95%) recoveries for fresh tuna,
recoveries for herring and mackerel were low at 36% and 70%. Performance of the
method improved considerably (recoveries from herring 78-90%) when matrix matched
standards were used and other improvements such as in sample extraction were
applied. Following detailed studies and modifications to address sample matrix effects
the interlaboratory study was published by Duflos et al. in 2019 and approved as EN
ISO 19343. Prior to publication of the validation study, the same method (using the 1,7
diaminoheptane internal standard) was evaluated by Stroka et al. (2014) for
equivalence to the Codex approved fluorescence method (AOAC 977.13) and again the
same matrix issues were encountered. Stroka et al. (2014) reported that when the EU
HPLC method was applied as described in legislation, histamine levels were
overestimated by 35% versus the Codex method (Stroka et al., 2014). The internal
standard used in the EU HPLC method appears to play an important role in
overestimating histamine levels, and when external standards were used the

overestimation was only 7%.

9.4 Rapid screening methods for histamine in fish and fish products

In the last decade there has been renewed interest in developing rapid screening
methods for detecting histamine in fish (Hungerford and Wu, 2012), including a variety of

innovative sensors as well as new commercial test kits, with many of the kits now
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validated. Histamine sensors for rapidly testing fish have seen a renaissance with a
variety of novel approaches, many of them based on electrochemical sensors. These
include flexible printed electrochemical immunosensors based on carbon nanotubes
(Shkodra et al., 2020) or graphene (Parate et al., 2020; Nakthong et al., 2020), or sensors
using the selectivity of histamine-imprinted polymeric materials (Serrano et al., 2020).
Wang et al. (2021) described graphene transistor-based sensor using gold nanoparticles
and multi-walled carbon nanotubes. A portable, amperometric immunosensor using
Prussian blue-chitosan-gold nanoparticle nanocomposite films was developed by Dong
et al. (2017). Other electrochemical sensors use screen-printed electrodes coupled with
enzymes to produce disposable biosensors. These include a diamine oxidase-modified
sensor reported by Torre et al (2020) and a screen-printed platinum nanoparticle-modified
carbon electrode coupled with DAO and MAO (Dalkiran et al., 2020). Fluorescent
immunoliposomal nanovesicles have also been used to detect histamine (Bajpai et al.,
2020) and both fluorescent and colorimetric detection is accomplished using gold
nanoparticles by Bi et al. (2020). Li et al (2019) have developed a colorimetric strip based
on self-assembled polydiacetylene vesicles. Another approach to detecting histamine
described by Feng et al. (2018) uses the selectivity of molecular imprinted polymers
(MIPs) in which histamine-specific hanoparticle MIPs are immobilized to microplates to
capture histamine. O-phthalaldehyde (OPA) labeling of the captured histamine then
allows detection fluorometrically within the microwells. Surface-enhanced Raman
spectrometry (SERS) is the detection principle used in a FesO4s/Au@ ATP@ Ag nanorod
sandwich structure developed by Li et al (2019). Aptamer-based sensors have also been

developed for detecting histamine in fish, including a gold nanoparticle aptamer assay
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(Lerga et al.,, 2020). For some sensor designs and detection principles, inherent
limitations must be considered: Sensors using DAO must overcome specificity
limitations since they will respond to multiple biogenic amines, and with all aptamer-based

systems, the presence of RNAase in samples is a potential problem.

Enzyme linked immunosorbent (ELISAS) assays in quantitative formats have been
previously reviewed (Hungerford, 2010) and are still widely used for rapid screening in
field laboratory settings. A controlled laboratory environment is required for ELISA since
as mentioned in previous work (Hungerford and Wu, 2012, Hungerford et al., 201)
although ELISA offers high sensitivity and speed, ELISA methods require careful control

of timing-and temperature.

In efforts to develop faster, simplified and more field-friendly kits, other immunoassay kit
formats such as lateral flow immunochromatography have been commercialized as
dipstick or cassette rapid tests. Examples are Neogen’s Reveal dipstick or the Histasure
cassette by Labor Diagnostika Nord (LDN). These kits promise even greater simplification
of assay procedures compared to ELISA (Hungerford and Wu, 2012) however they are
sensitive to temperature and humidity (Hungerford et al., 2018) which can limit their
application outside of the strict ambient control of a laboratory environment. Although
antibody-based kits remain popular, in recent years many commercial kits have emerged
based on enzymatic detection of histamine. These new kits all use a selective and
recombinant histamine dehydrogenase first described by Bakke et al. (2005). This work
was refined into a well characterized method by Sato et al (2005) and first commercialized
as a microplate kit by BiooScientific. Following BiooScientific’'s lead, commercial kit

implementations use Bakke’s enzyme in combination with a tetrazolium salt pro-dye that
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is reduced to a colored formazan dye coupled to histamine oxidation. In contrast to
antibody-based kits, the enzymatic kits give a linear response and the enzyme is used to
drive conversion of histamine to completion. Most recently Bioassay Systems introduced
two histamine dehydrogenase-based kits for histamine detection, one in microplate
format and another as a visual endpoint test strip (Bioassay Systems, 2020). These two
products have not been studied in the literature nor validated. Several test kit vendors
offering enzymatic histamine assays have recently taken the additional step of validating
these kits through the Performance Tested Method (PTM) program overseen by the
AOAC Research Institute. These PTM validations include the Biofish-300 HIS, an
amperometric assay by Biolan Microbiosensors (Sallares et al., 2016) and tetrazolium-
based kits such as BiooScientific’'s MaxSignal microplate kit (Gone et al., 2017)
Kikkoman’s assay using a portable spectrophotometer (Shimoji et al., 2019) the
RIDASCREEN® Histamine assay by R-Biopharm (Lacorn et al., 2019) and an automated
procedure using the Biosystems Y15 rapid access analyzer (Duefas et al., 2020). All of
these PTM validations include data provided by an independent laboratory and
confirmation data using a recognized reference method. Introduced in recent years, the
BiooScientific HistaStrip dipstick assay combines the enzymatic (histamine
dehydrogenase) technology described above with immobilization of the enzyme on a
cotton pad attached to a test strip. This allows simplification of the procedure and the
ability to detect the colorimetric response using a colorimetric strip reader. This approach
differs from lateral flow immunochromatography (LFIC) test strips in several ways,
including a linear response versus the sigmoidal curves generated by LFIC, much less

susceptibility to temperature and humidity, and elimination of test strip positioning errors
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found with strip readers and LFIC (Hungerford et al., 2018). The production of simplified,
rugged, and portable test kits, combined with new approaches to sampling and extraction
are required before on-site screening for histamine is practical (Hungerford et al., 1997;

Hungerford, 2010, Hungerford et al, 2018).

10. Conclusion

Although histamine has many essential functions in healthy individuals, intoxications
result when histamine-metabolizing enzymes are compromised or overwhelmed. This
can occur either due to metabolic enzyme deficiencies such as in histamine intolerance,
or from ingestion of decomposed dark-muscled fish containing high concentrations of
histamine, resulting in the allergy-like symptoms of scombrotoxin fish poisoning (SFP).
Prevention of SFP consists of maintaining a cold chain to prevent bacterial production of
histamine. The term "scombrotoxins" refers to a mixture of histamine and postulated
bioactives which co-occur in decomposed scombroid fish. Two international reference
methods including the CODEX recognized AOAC 977 batch fluorescence method and
an EU validated HPLC method have been compared. Progress has been made on rapid
methods for detecting histamine including many innovative sensors and several

validated test kits based on recombinant histamine dehydrogenase.

References

Abe, H., 2000. Role of histidine-related compounds as intracellular proton buffering

constituents in vertebrate muscle. Biochem. C/C Of Biokhimiia, 65, 757-765.



825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

38

Arnold, S.H., Brown, W.D., 1978. Histamine toxicity from fish products. Adv. Food

Res. 34, 113-154.

Bajpai, V.K., Oh, C., Khan, I., Haldorai, Y., Gandhi, S., Lee, H., Song, X., Kim, M.,
Upadhyay, A., Chen, L., Huh, Y.S., 2020. Fluorescent immunoliposomal nanovesicles
for rapid multi-well immuno-biosensing of histamine in fish

samples. Chemosphere. 243, 125404.

Bakke, M.,Satoa, T., Ichikawa,K., Nishimura, I., 2005. Histamine dehydrogenase from
Rhizobium sp.: Gene cloning, expression in Escherichia coli, characterization and

application to histamine determination. J. Biotechnol. 119, 260-271.

Barrett, K.A., Nakao, J.H., Tyalor, E.V., Eggerts, C., Gould, L.H., 2017. Fish-
associated food-borne disease outbreaks: United States, 1998—-2015. Foodborne

Pathog. Dis. 14, 1-7. DOI: https://doi.org/10.1089/fpd.2017.2286

Bartholomew, B.A., Berry, P.R., Rodhouse, J.C., Gilbert, R.J., Murray, C.K., 1987.
Scombrotoxic fish poisoning in Britain: features of over 250 suspected incidents from

1976 to 1986. Epidemiol. Infect. 99, 775-782.



846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

39

Bernard, J. J., Gallo, R. L., Krutmann, J. 2019. Photoimmunology: how ultraviolet

radiation affects the immune system. Nature Rev. Immunol. 19, 688-701.

Bi, J., Tian, C., Zhang, G. L., Hao, H., Hou, H. M. 2020. Detection of histamine
based on gold nanoparticles with dual sensor system of colorimetric and

fluorescence. Foods. 9, 316.

Bieganski, T., Kusche, J., Feussne, K.D., Hesterberg, R., Richter, H., Lorenz,
W., 1980. The importance of human intestinal diamine oxidase in the oxidation of

histamine and/or putrescine. Arch. Immunol. Ther. Exp. 28, 901-906.

Bieganski, T., Kusche, J., Lorenz, W., Hesterberg, R., Stahlknecht, C.D., Feussner,
K.D., 1983. Distribution and properties of human intestinal diamine oxidase and its

relevance for the histamine catabolism. Biochim. Biophys. Acta 756, 196—203.

Biji, K.B., Ravishankar, C.N., Venkateswarlu, R., Mohan, C.O. and Gopal, T.S.,

2016. Biogenic Amines in Seafood: a Review. J. Food Sci. Tech., 53, 2210-2218.



865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

40

Bioassay Systems, 2020. QuantiQuick product literature.
https://www.bioassaysys.com/Histamine-Quick-Test-Strips.html (accessed August 5,

2021)

Bjornsdottir-Butler, K., Abraham, A., Harper, A., Dunlap, P.V., Benner Jr., R.A., 2018.
Biogenic amine production by and phylogenetic analysis of 23 Photobacterium

species. J. Food Prot. 81, 1264-1274.

Bjornsdottir-Butler, K., Bencsath, F. A., Benner Jr, R. A., 2015. Modification and
single-laboratory validation of AOAC official method 977.13 for histamine in seafood

to improve sample throughput. J. AOAC Int. 98, 622-627.

Bjornsdottir-Butler, K., Jones, J.L., Benner, R., Burkhardt, W., 2011. Development of
a real-time PCR assay with an internal amplification control for detection of Gram-

negative histamine-producing bacteria in fish. Food Microbiol. 28, 356—-363.

Bjornsdottir-Butler, K., May, S., Hayes, M., Abraham, A., Benner Jr, R. A., 2020.
Characterization of a novel enzyme from Photobacterium phosphoreum with

histidine decarboxylase activity. Int. J. Food Microb. 334, 108815.


https://www.bioassaysys.com/Histamine-Quick-Test-Strips.html

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

41

Bjornsdottir-Butler, K., McCarthy, S.A., Dunlap, P.V., Benner, R.A., 2016.
Photobacterium angustum and Photobacterium kishitanii, psychrotrophic high-level
histamine-producing bacteria indigenous to tuna. Appl. Environ. Microbiol. 82, 2167—

2176.

Blakesley, M.L., 1983. Scombroid poisoning: prompt resolution of symptoms with

cimetidine, Ann. Emerg. Med. 12, 104-106.

Boldyrev, A. A., Severin, S. E., 1990. The histidine-containing dipeptides, carnosine
and anserine: distribution, properties and biological significance. Adv. Enzyme

Regul. 30, 175-188.

Botta, L., Mira, E., Valli, S., Zucca, G., Perin, P., Benvenuti, C., Fossati, A., Valli, P.,
2001. Effects of betahistine and of its metabolites on vestibular sensory organs. Acta

Otorhinolaryngol Ital. 21, 24-30.

Chen, H. C., Huang, Y. R., Hsu, H. H., Lin, C. S., Chen, W. C,, Lin, C. M., Tsali, Y.
H., 2010. Determination of histamine and biogenic amines in fish cubes (Tetrapturus

angustirostris) implicated in a food-borne poisoning. Food Control. 21, 13-18.

Chin, K.W., Garriga, M.M., Metcalfe, D.D., 1989. The histamine



906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

42

content of oriental foods. Food Chem. Toxicol. 27, 283-287.

Cicero, A., Galluzzo, F.G., Cammilleri, G., Pulvirenti, A., Giangrosso, G., Macaluso,
A., Vella, A., Ferrantelli, V., 2020. Development of a Rapid and Eco-Friendly UHPLC
Analytical Method for the Detection of Histamine in Fish Products. Int. J. Environ.

Res. Pub. Health. 17, 7453.

Clifford, M.N., et al. 1991. Is there a role for amines other than histamines in the

aetiology of scombrotoxicosis? Food Addit. Contam., 8, 641-651.

Dalkiran, B., Kagar, C., Can, E., Erden, P. E., Kilig, E., 2020. Disposable biosensors
based on platinum nanoparticle-modified screen-printed carbon electrodes for the
determination of biogenic amines. Monatshefte fir Chemie-Chemical Monthly, 151,

1773-1783.

De Cerio, O. G. D., Barrutia-Borque, A., Gardeazabal-Garcia, J., 2016. Scombroid
poisoning: a practical approach. Actas Dermo-Sifiliograficas (English Edition), 107,

567-571.

Del Rio, B., Redruello, B., Fernandez, M., Martin, M. C., Ladero, V., Alvarez, M. A.,

2020. The biogenic amine tryptamine, unlike B-phenylethyamine, shows in vitro



927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

43

cytotoxicity at concentrations that have been found in foods. Food chem. 331,

127303.

Del Rio, B., Redruello, B., Linares, D.M., Ladero, V., Ruas-Madiedo, P., Fernandez,
M., Martin, M.C., Alvarez, M.A., 2018. Spermine and spermidine are cytotoxic
towards intestinal cell cultures, but are they a health hazard at concentrations found

in foods? Food chem. 269, 321-326.

Del Rio, B., Redruello, B., Linares, D.M., Ladero, V., Fernandez, M., Martin, M.C.,
Ruas-Madiedo, P., Alvarez, M.A., 2017. The dietary biogenic amines tyramine and
histamine show synergistic toxicity towards intestinal cells in culture. Food chem.

218, 249-255.

Del Rio, B., Redruello, B., Linares, D.M., Ladero, V., Ruas-Madiedo, P., Fernandez,
M., Martin, M.C., Alvarez, M.A., 2019. The biogenic amines putrescine and
cadaverine show in vitro cytotoxicity at concentrations that can be found in

foods. Sci. reports. 9, 1-7.

Demoncheaux, J.P., Michel, R., Mazenot, C., Duflos, G., lacini, C., Delaval, F.,

Saware EM, Renard JC., 2012. A large outbreak of scombroid fish poisoning



947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

44

associated with eating yellowfin tuna (Thunnus albacares) at a military mass

catering in Dakar, Senegal. Epidemiol. Infect. 140, 1008-1012.

Dewey-Mattia, D., Manikonda, K., Hall, A.J., Wise, M.E., Crowe, S.J., 2018
Surveillance for Foodborne Disease Outbreaks — United States, 2009—-2015.

MMWR Surveill. Summ. 67,1-11.

Dong, X.X., Yang, J.Y., Luo, L., Zhang, Y.F., Mao, C., Sun, Y.M.,, Lei, H.T., Shen,
Y.D., Beier, R.C., Xu, Z.L., 2017. Portable amperometric immunosensor for
histamine detection using Prussian blue-chitosan-gold nanoparticle nanocomposite

films. Biosens. Bioelectr. 98, 305-309.

Duefas, S., Boix, M., Tobefa, A., 2020. Validation Study of BioSystems® Y15
Histamine Dehydrogenase Kit for the Detection of Histamine in Fish and Fishery

Products, AOAC Performance Tested Method SM 072001. J. AOAC Int., 1-19.

Duflos G., Dervin C., Malle P., Bouquelet S. 1999. Relevance of matrix effect in
determination of biogenic amines in plaice (Pleuronectes platessa) and withing

(Merlangus merlangus). J. AOAC Int. 82, 1097-1101.



967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

45

Duflos, G., Inglebert, G., Himber, C., Degremont, S., Lombard, B., Brisabois, A., 2019.
Validation of standard method EN 1SO 19343 for the detection and quantification of
histamine in fish and fishery products using high-performance liquid

chromatography. Int. J. Food Microb., 288, 97-101.

Durant, G., Duncan, W., Ganellin, C., Parsons, M., Blakemore, R., Rasmussen, A.,
1978. Impromidine (SK&F 92676) is a very potent and specific agonist for histamine

H2 receptors. Nature. 276, 403-5.

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

https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2011.2393 (accessed Aug

5, 2021)

Eldanasory, O.A., Eljaaly, K., Memish, Z.A., Al-Tawfiq, J.A., 2020. Histamine release
theory and roles of antihistamine in the treatment of cytokines storm of COVID-19.

Travel Med Infect Dis. 37,101874.

Emborg, J., Dalgaard, P. 2006. Formation of histamine and biogenic amines in cold-
smoked tuna - an investigation of psychrotolerant bacteria from samples implicated

in cases of histamine fish poisoning. J. Food Prot. 69, 897-906.


https://en.wikipedia.org/wiki/Nature_(journal)
https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2011.2393

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

46

Emborg, J., Dalgaard, P., Ahrens, P., 2006. Morganella psychrotolerans sp. nov.,a
histamine producing bacterium isolated from various seafoods. Int. J. Syst. Evol.

Microbiol. 56, 2473-2479.

EU, 2005. Commission regulation (EC) No 2073/2005 of 15 November 2005 on
microbiological criteria for foodstuffs. Off. J. Eur. Union 338, 1-25. https://eur-
lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32005R2073 (downloaded Aug

4, 2021)

EU, 2013. Commission regulation (EC) No 1019/2013 of 23 October 2013 amending
Annex | to Regulation (EC) No 2073/2005 as regards histamine in fishery products.
Off. J. Eur. Union 282, 46-47. https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32013R1019&from=EN (downloaded Aug 4,

2021)

Fang, Q., Xicoy, H., Shen, J., Luchetti, S., Dai, D., Zhou, P., Qi, X.R., Martens, G.J.,
Huitinga, I., Swaab, D.F., Liu, C., 2020. Histamine-4 receptor antagonist ameliorates

Parkinson-like pathology in the striatum. Brain, Behav., Immun. 92, 127-38.

Feng, X., Ashley, J., Zhou, T., Halder, A., Sun, Y., 2018. A facile molecularly
imprinted polymer-based fluorometric assay for detection of histamine. RSC adv. 8,

2365-2372.



1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

47

FAO Expert Meeting on the Public Health Risks of Histamine and Other Biogenic
Amines from Fish and Fishery Products; Meeting report, 2013.
http://lwww.fao.org/fileadmin/user_upload/agns/news_events/Histamine_Final_Repor

t.pdf (accessed Feb 26, 2021)

Faustman, E.M., Omenn, G.S., 2001. Risk Assessment, in: C. D. Klaassen (Ed.),

Casarett & Doull's Toxicology, 6. ed., McGraw-Hill, New York, pp. 92-94.

Feng, C., Teuber, S., Gershwin, M.E., 2016. Histamine (scombroid) fish poisoning: a

comprehensive review. Clin. Rev. Allerg. Immu. 50, 64—69.

Food and Drug Administration, 2015. FDA’s evaluation of the seafood HACCP
program for fiscal years 2006/2014. https://www.fda.gov/media/130272/download

(accessed August 2, 2021)

Food and Drug Administration, 2020. Fish and Fishery Products Hazards and

Controls Guidance, Fourth Edition. https://www.fda.gov/media/80637/download

(accessed Aug 5, 2021)


http://www.fao.org/fileadmin/user_upload/agns/news_events/Histamine_Final_Report.pdf
http://www.fao.org/fileadmin/user_upload/agns/news_events/Histamine_Final_Report.pdf
https://www.fda.gov/media/80637/download

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

48

Germundson, D. L., Vendsel, L. P., Nagamoto-Combs, K., 2020. Region-specific
regulation of central histaminergic H3 receptor expression in a mouse model of

cow’s milk allergy. Brain Res. 1749, 147148.

Gone, S., Kosa, N., Krebs, J., Hungerford, J., Trucksess, M. and DeWitt, C., 2018.
Validation study of MaxSignal® histamine enzymatic assay for the detection of

histamine in fish/seafood. J. AOAC Int. 101, 783-792.

Guss, D.A., 1998. Scombroid fish poisoning: successful treatment with cimetidine.

Undersea Hyperb. Med. 25 (2), 123-125.

Hammond, J.B., Offen, W.W., 1988. Effect of nizatidine and cimetidine on betazole-
stimulated gastric secretion of normal subjects: comparison of effects on acid, water,

and pepsin. Am. J. Gastroenterol. 83, 32—6.

Hanna, S. E., Connor, C. J., Wang, H. H., 2005. Real-time polymerase chain
reaction for the food microbiologist: technologies, applications, and limitations. J.

Food Sci., 70, R49eR53.



1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

49

Harmelin Y., Hubiche T., Pharaon M., Del Giudice P., 2018. Three cases of

scombroid poisoning. Ann. Dermatol. Venereol. 145, 29-32.

Hill. S.J., Ganellin, C.R., Timmerman, H., Schwartz, J.C., Shankley, N.P., Young,
J.M., Schunack, W., Levi, R., Haas, H.L., 1997, International Union of
Pharmacology. Xlll. Classification of histamine receptors. Pharmacol. Rev. 49, 253—

78.

Hui, J.Y., Taylor, S.L., 1983. High pressure liquid chromatographic determination of

putrefactive amines in foods. J. AOAC Int. 66, 853-857.

Hui, J.Y., Taylor, S.L., 1985. Inhibition of in vivo histamine metabolism in rats by
foodborne and pharmacologic inhibitors of diamine oxidase, histamine N-methyl

transferase, and monoamine oxidase. Toxicol. Appl. Pharmacol. 8, 241-249.

Hungerford, J. M., 2010. Scombroid poisoning: a review. Toxicon, 56, 231-243.

Hungerford, J.M., Arefyev, A.A., 1992. Flow-injection assay of enzyme inhibition

using immobilized diamine oxidase. Anal. Chim. Acta. 261,351-359.



1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

50

Hungerford, J.M., Lock, C., and Wu, W.H., 2018. Factors Impacting Use of
Commercial Histamine Test Kits in Extreme Environments. Abstract, Annual Meeting

of AOAC Int., Toronto, Canada.

Hungerford, J.M., Manger, R., Wekell, M., Hollingworth, T., 1997. Rapid chemical
tests: Laboratory and field screening, in: Martin, R.E., Collette, R.L., Slavin, J.W.
(Eds.), Fish Inspection, Quality Control, and HACCP: A Global Focus. Technomic,

Lancaster, pp. 538-550.

Hungerford, J.M., Wu, W.-H., 2012. Comparison Study of Three Rapid Test Kits for
Histamine in Fish: BiooScientific MaxSignal Enzymatic Assay, Neogen Veratox

ELISA, and the Neogen Reveal Histamine Screening Test. Food Control. 25, 448-457.

ljomah, P., Clifford, M.N., Walker, R., Wright, J., Hardy, R. Murray, C.K., 1991. The
importance of endogenous histamine relative to dietary histamine in the aetiology of

scombrotoxicosis. Food Addit. Contam., 8, 531-542.

Imanaka, H., 1962. Urocanic acid production by sporogenous bacteria: Part Il. Cultural
conditions and mechanisms of urocanic acid accumulation. Agric. Biol. Chem. 26, 49—

55.



1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

51

Jones, M,E., 1953. Albrecht Kossel, a biographical sketch. Yale J. Biol. Med. 26, 80—

97.

Kalchmair,B., Klocker J., Perkmann R., 2003. Alterations in plasma amine
oxidase activities in a compartment syndrome model. Inflamm. Res.

52, S67— S68.

Kanduc, D., Mittelman, A., Serpico, R., Sinigaglia, E., Sinha, A.A., Natale, C.,
Santacroce, R., Di Corcia, M.G., Lucchese, A., Dini, L., Pani, P., 2002. Cell death:

apoptosis versus necrosis. Int. J. Oncology, 21,165-170.

Kanki, M., Yoda,T. Ishibashi, M., Tsukamoto, T., 2004. Photobacterium
phosphoreum caused a histamine fish poisoning incident. Int. J. Food Microbiol. 92,

79-87.

Kanki, M., Yoda,T., Tsukamoto,T., Baba, E., 2007. Histidine Decarboxylases and
Their Role in Accumulation of Histamine in Tuna and Dried Saury. Appl. Environ.

Microbiol. 73,1467-1473.

Katzung, B.G., 2018. Histamine, Serotonin, & the Ergot Alkaloids. Basic & Clinical

Pharmacology, pp. 277-281.



1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

52

Koéar, D., Kése, S., Tufan, B., S¢avnicar, A., Pompe, M., 2021. Determination of
Biogenic Amines in Fresh Fish and Processed Fish Products Using IC-MS/MS.

Foods, 10, 1746.

Kogoglu, i. O., Erden, P. E., Kilig, E., 2020. Disposable biogenic amine biosensors for

histamine determination in fish. Anal. Meth. 12, 3802-3812.

Kounnoun, A., Maadoudi, M.E., Cacciola, F., Mondello, L., Bougtaib, H., Alahlah, N.,
Amajoud, N., Baaboua, A.E., Louajri, A., 2020. Development and Validation of a
High-Performance Liquid Chromatography Method for the Determination of Histamine
in Fish Samples Using Fluorescence Detection with Pre-column Derivatization.

Chromatographia. 83,893-901.

Kovacova-Hanuskova, E., Buday, T., Gavliakova, S., Plevkova, J., 2015. Histamine,
histamine intoxication and intolerance. Allergologia et immunopathologia, 43(5), 498-

506.

Kusche J., Bieganski T., Hesterberg R., 1980. The influence of carcinoma
growth on diamine oxidase activity in human gastrointestinal tract.

Agents Actions.10,110-113.



1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

53

Lacorn, M., Garrido, G., Reck, B., Sutterliti, M., Lindeke, S., Meinhardt, P.,
Hungerford, J., Popping, B., Trucksess, M., 2019. Validation of the R-Biopharm AG

RIDASCREEN® Histamine (Enzymatic) Kit. J. AOAC Int. 102, 1472-1491.

Ladero, V., Calles-Enriquez, M., Fernandez, M., & A Alvarez, M. (2010). Toxicological

effects of dietary biogenic amines. Curr. Nutr. Food Sci. 6, 145-156.

Landete, J.M., De Las Rivas, B., Marcobal, A., Munoz, R., 2008. Updated molecular
knowledge about histamine biosynthesis by bacteria. Crit. Rev. Food Sci. Nutr. 48,

697-714.

Le Jeune, C., Lonvaud-Funel, A., Ten Brink, B., Hofstra, H., Van der Vossen, J. M. B.
M., 1995. Development of a detection system for histidine decarboxylating lactic acid

bacteria based on DNA probes, PCR and activity test. J. Appl. Bacteriol. 78, 316—-326.

Lehane, L., Olley, J., 2000. Histamine fish poisoning revisited. Int. J. Food Microbiol.

58, 1-37.



1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

54

Leitner, R., Zoernpfenning, E., Missbichler, A., 2014. Evaluation of the inhibitory effect
of various drugs/active ingredients on the activity of human diamine oxidase in vitro.

Clin. Transl. Allergy, 4, 1-1.

Lerga, T. M., Skouridou, V., Bermudo, M. C., Bashammakh, A. S., EI-Shahawi, M.
S., Alyoubi, A. O., O’Sullivan, C. K., 2020. Gold nanoparticle aptamer assay for the

determination of histamine in foodstuffs. Microchim. Acta, 187, 1-9.

Lerke, P.A., Werner, S.B., Taylor, S.L., Guthertz, L.S., 1978. Scombroid poisoning-

report of an outbreak, West. J. Med., 129, 381-386.

Li, Q.,Ren, S., Peng, Y., Lv, Y., Wang, W., Wang, Z., Gao, Z., 2019. A Colorimetric
Strip for Rapid Detection and Real-Time Monitoring of Histamine in Fish Based on

Self-Assembled Polydiacetylene Vesicles. Anal. Chem. 92, 1611-1617.

Linares, D.M., Del Rio, B., Redruello, B., Ladero, V., Martin, M.C., Fernandez, M.,
Ruas-Madiedo, P. Alvarez, M.A., 2016. Comparative analysis of the in-vitro
cytotoxicity of the dietary biogenic amines tyramine and histamine. Food chem., 197,

658-663.

Mace, S., Mamlouk, K., Chipchakova, S., Prévost, H., Joffraud, J.J., Dalgaard, P.,

Pilet, M.F., Dousset, X., 2013. Development of a rapid real-time PCR method as a



1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

55

tool to quantify viable Photobacterium phosphoreum bacteria in salmon (Salmo

salar) steaks. Appl. Environ. Microbiol., 79, 2612-2619.

Mahmoud, A. M., Alkahtani, S. A., Alyami, B. A., EI-Wekil, M. M., 2020. Dual-
recognition molecularly imprinted aptasensor based on gold nanoparticles decorated
carboxylated carbon nanotubes for highly selective and sensitive determination of

histamine in different matrices. Anal. Chim. Acta, 1133, 58-65.

Maintz, L., Novak, N., 2007. Histamine and Histamine Intolerance. Am. J. Clin. Nutr.

85,1185-1196.

Maintz, L., Yu, C.F., Rodriguez, E., Baurecht, H., Bieber, T., lllig, T., Weidinger, S.
Novak, N., 2011. Association of single nucleotide polymorphisms in the diamine

oxidase gene with diamine oxidase serum activities. Allergy, 66, 893-902.

Manzotti, G., Breda, D., Di Gioacchino, M., Burastero, S. E., 2016. Serum diamine
oxidase activity in patients with histamine intolerance. Int. J. Immunopathol.

Pharmacol., 29, 105-111.



1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

56

Mayer, 1., Missbichler, A., Wantke, F., 2005. Optimized radio extraction assay for the
guantitative measurement of the activity of diamine oxidase (DAQO) in human serum

and plasma. Allergologie, 28, 1-8.

Mclauchlin, J., Little, C. L., Grant, K. A. Mithani, V., 2006. Scombrotoxic fish

poisoning. J. Pub. Health. 28, 61-62.

Mitchell, J. W. 1993. Scombrotoxic fish poisoning. Report prepared for the Ministry
of Health. Institute of Environmental Health & Forensic Science, MtAlbert Science

Centre, Auckland, NZ.

Mohammed, G. |., Bashammakh, A. S., Alsibaai, A. A., Alwael, H., EI-Shahawi, M.
S., 2016. A critical overview on the chemistry, clean-up and recent advances in

analysis of biogenic amines in foodstuffs. TrAC Trends Anal. Chem., 78, 84-94.

Moitessier, C., Kital, K., Danjou, P. E., Cazier-Dennin, F., 2020. 4-Methoxy-ortho-
phthalaldehyde: a promising derivatizing agent for the fluorometric evaluation of
histamine in seafood. Talanta Open, 2, 100014. DOI:

https://doi.org/10.1016/j.talo.2020.100014



1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

57

Morrow, J.D., Margolies, G.R., Rowland, J. and Roberts, L.J., 1991. Evidence that
histamine is the causative toxin of scombroid-fish poisoning. N. Engl. J. Med., 324,

716-720.

Nakthong, P., Kondo, T., Chailapakul, O., Siangproh, W., 2020. Development of an
unmodified screen-printed graphene electrode for nonenzymatic histamine

detection. Anal. Methods, 12, 5407-5414.

National Marine Fisheries Service, F. S. D, 2012. Fisheries of the United States,
2012. National Oceanic and Atmospheric Administration, Silver Spring.
https://www.st.nmfs.noaa.gov/Assets/commercial/fus/fus12/FUS_2012_factsheet.pdf

(accessed Aug 2, 2021)

Nei, D., Nakamura, N., Ishihara, K., Kimura, M., Satomi, M., 2017. A rapid screening
of histamine concentration in fish fillet by direct analysis in real time mass

spectrometry (DART-MS). Food Control, 75, 181-186.

Nelis, M., Decraecker, L., Boeckxstaens, G., Augustijns, P., Cabooter, D., 2020.
Development of a HILIC-MS/MS method for the quantification of histamine and its

main metabolites in human urine samples. Talanta, 220,121328.



1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

58

Ohtsu H., 2010. Histamine Synthesis and Lessons Learned from Histidine
Decarboxylase Deficient Mice, in: Thurmond R.L. (Eds.), Histamine in Inflammation.

Advances in Experimental Medicine and Biology, vol 709. Springer, Boston, MA.

Onal, A. 2007. A review: Current analytical methods for the determination of

biogenic amines in foods. Food Chem., 103, 1475-1486.

Onal, A., Tekkeli, S. E. K., & Onal, C., 2013. A review of the liquid chromatographic
methods for the determination of biogenic amines in foods. Food Chem., 138, 509-

515.

Parate, K., Pola, C.C., Rangnekar, S.V., Mendivelso-Perez, D.L., Smith, E.A.,
Hersam, M.C., Gomes, C.L., Claussen, J.C., 2020. Aerosol-jet-printed graphene
electrochemical histamine sensors for food safety monitoring. 2D Materials, 7,

034002.

Pennotti, R., Scallan, E., Backer, L., Thomas, J., & Angulo, F. J., 2013. Ciguatera
and scombroid fish poisoning in the United States. Foodborne Pathogens and

Disease, 10, 1059-1066.



1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

59

Peralta,T., Bastias,C., Beltran-Ortiz, C., Duran, M., Ramos,V., Guzman, M.A.,
Ferrer, P., 2020. Histamine Intolerance: Clinical Characterization and Determination
of Serum Diamine Oxidase (DAO) in a Series of Cases and Controls. Research

Square, 1-13. DOI: https://doi.org/10.21203/rs.3.rs-60226/v1

Perez-Martin,R.,Franco,J.,Aubourg,S.,Gallardo,J.,1988. Changes in free amino
acids content in albacore (Thunnusalalunga) muscle during thermal processing. Z.

Lebensm. Unters. Forsch. 187,432-435.

Peters, L., Chikweto, A., McKibben, J., Gibson, K., 2021. Potential for Scombroid
Poisoning from Ingestion of Selar crumenophthalmus Due to Increased Histamine

Levels in Grenada, West Indies. J. Food Prot. 84, 368-371.

Petersen, J., Raithel, M., Schwelberger, H.G., 2002. Histamine N-methyl-
transferase and diamine oxidase gene polymorphisms in patients with inflammatory

and neoplastic intestinal diseases. Inflamm. Res. 51(suppl) S91-S92.

Prester, L., 2016. Seafood allergy, toxicity, and intolerance: a review. J. Amer.

College Nutr., 35, 271-283.



1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

o0

Qiao, N., Tao, Z., Xie, S., Zhang, H., Zhang, T., Jiang, Y., 2020. Investigation of
Biogenic Amines in Dried Bonito Flakes from Different Countries Using High-

Performance Liquid Chromatography. Food Anal. Methods, 13, 2213-2221.

Raithel, M., Ulrich, P., Hochberger J., Hahn, E.G., 1998. Measurement of gut
diamine oxidase activity. Diamine oxidase as a new biologic marker of

colorectal proliferation? Ann. NY Acad. Sci. 859, 262—-266.

Redruello, B., Ladero, V., Cuesta, |., Alvarez-Buylla, J. R., Martin, M. C., Fernandez,
M., Alvarez, M. A., 2013. A fast, reliable, ultra-high-performance liquid

chromatography method for the simultaneous determination of amino acids, biogenic
amines and ammonium ions in cheese, using diethyl ethoxymethylenemalonate as a

derivatising agent. Food Chem., 139, 1029-1035.

Ricci, G., Zannoni, M., Cigolini, D., Caroselli, C., Codogni, R., Caruso, B., Bonello,
E., Rocca, G.P., 2010. Tryptase serum level as a possible indicator of scombroid

syndrome. Clin. Toxicol., 48, 203—-206.

Ridolo E, Martignago |, Senna G, Ricci G., 2016. Scombroid syndrome: it seems to

be fish allergy but... it isn't. Curr. Opin. Allergy Clin. Immunol. 16, 516-521.



1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

ol

Ruiz-Capillas, C., Moral, A., 2004. Free amino acids and biogenic amines in red and

white muscle of tuna stored in controlled atmospheres. Amino Acids, 26,125-132.

Russell, F.E., Maretic, Z.,1986. Scombroid poisoning: mini review with case

histories. Toxicon 24, 967-973.

Sabry, M. A., Mansour, H. A. E. A., Ashour, R. M., Hamza, E., 2019. Histamine-
Producing Bacteria and Histamine Induction in Retail Sardine and Mackerel from

Fish Markets in Egypt. Foodborne Pathog. Dis., 16, 597-603.

Sagratini, G., Fernandez-Franzon, M., De Berardinis, F., Font, G., Vittori, S., Mafes,
J., 2012. Simultaneous determination of eight underivatized biogenic amines in fish
by solid phase extraction and liquid chromatography—tandem mass spectrometry.

Food Chem., 132, 537-543.

Salleres, S., Gonzalez, |., Arantzamendi, A., Gonzélez, R., Maza, S., Jaureguibeitia,
A., Hungerford, J.M., DeWitt, C.A. Benner, R.A., 2016. Validation of the biofish-300
HIS enzymatic biosensor for the detection of histamine in fishery products. J. AOAC

Int., 99, 1338-1355.



1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

b2

Sanchez-Guerrero, I.M., Vidal, J.B., Escudero, A.l. 1997. Scombroid fish poisoning: a
potentially life-threatening allergic-like reaction. J. Allergy Clin. Immunol., 100,

433-434.

Sato, T., Horiuchi, T., Nishimura, I., 2005. Simple and rapid determination of histamine
in food using a new histamine dehydrogenase from Rhizobium sp. Anal. Biochem.,

346, 320 - 326.

Sarchio, S. N., Kok, L. F., O’'Sullivan, C., Halliday, G. M., Byrne, S. N., 2012. Dermal
mast cells affect the development of sunlight-induced skin tumours. Experim. Dermat.,

21, 241-248.

Sattler,J., Hesterberg, R., Lorenz, W., Schmidt,U., Crombach, M., Stahlknecht,
C.D.,1985. Inhibition of human and canine diamine oxidase by drugs used in an

intensive care unit: relevance for clinical side effects? Agents Actions,16, 91-94.

Sattler.J., Lorenz, W.,1990. Intestinal diamine oxidases and enteral-induced
histaminosis: studies on three prognostic variables in an epidemiological model. J.

Neural Transm. Suppl. 32, 291-314.



1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

o3

S&avniéar, A.; Rogelj, |.; Ko&ar, D.; Kose, S., Pompe, M. 2018. Determination of
biogenic Amines in Cheese by lon Chromatography with Tandem Mass

Spectrometry Detection. J. AOAC Int. 101, 1542-1547.

Schwelberger, H.G., 2004. Diamine oxidase (DAQO) enzyme and gene, in: Falus, A.
(Ed.), Histamine: biology and medical aspects. SpringMed Publishing, Budapest, pp.

43-52.

Schwelberger, H.G., Hittmair, A., Kohlwein, S.D., 1998. Analysis of tissue and
subcellular localization of mammalian diamine oxidase by confocal laser scanning

fluorescence microscopy. Inflamm. Res. 47, S60-S61.

Self, R. L., Wu, W. H., 2012. Determination of eight biogenic amines in selected
seafood products by MSPD extraction followed by UHPLC-Orbitrap MS. J. Food

Comp. Anal, 27, 169-173.

Self, R. L., Wu, W. H., Marks, H. S., 2011. Simultaneous quantification of eight
biogenic amine compounds in tuna by matrix solid-phase dispersion followed by

HPLC-orbitrap mass spectrometry. J. Agric. Food Chem., 59, 5906-5913.



1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

o4

Senanayake, N., Vyravanathan, S., 1981. Histamine reactions to ingestion of
tuna fish (Thunnus argentivittatus) in patients on anti-tuberculosis therapy.

Toxicon. 19, 184-185.

Serrano, V. M., Cardoso, A. R., Diniz, M., Sales, M. G. F., 2020. In-situ production of
Histamine-imprinted polymeric materials for electrochemical monitoring of fish.

Sensors and Actuators B: Chem., 311, 127902.

Shalaby, A. R., 1996. Significance of biogenic amines to food safety and human

health. Food Res. Int. 29:675-690.

Shkodra, B., Abera, B. D., Cantarella, G., Douaki, A., Avancini, E., Petti, L., Lugli, P.,
2020. Flexible and Printed Electrochemical Immunosensor Coated with Oxygen

Plasma Treated SWCNTSs for Histamine Detection. Biosens., 10, 35.

Shukla, S., Kim, J. K., & Kim, M., 2011. Occurrence of biogenic amines in soybean
food products, in: EI-Shemy (Ed.), Soybean and Health. 181-206. InTech, Rijeka, pp.

181-206.

Smolinska, S., Jutel, M., Crameri, R., O'mahony, L., 2014. Histamine and gut

mucosal immune regulation. Allergy, 69, 273-281.



1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

1395

1396

1397

1398

1399

1400

1401

o5

Snell, E.E., Recsei, P.A., 1981. Bacterial histidine decarboxylases and related

pyruvoyl enzymes. Hoppe-Seylers Z. Physiolog. Chem., 362, 177-191.

Stratton, J.E., Taylor, S.L.,1991b. Scombroid poisoning, in: Ward, D., Hackney, C.

(Eds.), Microbiology of Marine Food Products. Spectrum, New York, pp.331-351.

Stroka, J., Bouten, K., Mischke, C., Breidbach, A., Ulberth, F., 2014. Joint Research
Centre Institute for Reference Materials and Measurements, Report EUR 26605 EN.
Equialence testing of histamine methods - Final report, Administrative Arrangement
N SANCO/2011/G4/JRC32515/S12.611754 between DG Health and Consumers
(DG SANCO) and Joint Research Center (JRC) European Union,
https://publications.jrc.ec.europa.eu/repository/handle/JRC89766 (accessed Aug 2,

2021)

Suyama, M., Yoshizawa, Y., 1973. Free amino acid composition of the skeletal

muscle of migratory fish. Bull. Jpn. Soc. Sci. Fish. 39, 1339-1343.

Taoka, Y., Nakamura, M., Nagai, S., Nagasaka, N., Tanaka, R., Uchida, K., 2019.
Production of Anserine-Rich Fish Sauce from Giant Masu Salmon, Oncorhynchus
masou masou and y-Aminobutyric Acid (GABA)-Enrichment by Lactobacillus

plantarum Strain N10. Ferment., 5, 45.



1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

b6

Taylor, S.L., 1986. Histamine food poisoning: toxicology and clinical aspects. Crit.

Rev. Toxicol. 17, 91-128.

Taylor, S.L., Hui, J.Y., Lyons, D.E.,1984. Toxicology of scombroid poisoning, in:
Ragelis, E.P.(Ed.), Seafood Toxins. American Chemical Society, Washington, DC,

pp.417—430.

Taylor, S.L., Lieber, E.R., 1979. In vivo inhibition of rat intestinal histamine-

metabolizing enzymes. Food Cosmet. Toxicol. 17, 237-240.

Taylor, S.L., Stratton, J.E., Nordlee, J.A., 1989. Histamine poisoning (scombroid fish

poisoning): an allergy-like intoxication. J Toxicol. Clin. Toxicol. 27 (4-5), 225-240.

Taylor, S.L., Sumner, S.S.,1986. Determination of histamine, putrescine, and
cadaverine, in: Kramer, D.E., Liston, J. (Eds.), Seafood Quality Determination.

Elsevier, Amsterdam, pp.235-245.

Toninello, A., Salvi, M., Pietrangeli, P., Mondovi, B., 2004. Biogenic amines and

apoptosis: minireview article. Amino Acids, 26, 339-343.



1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

o7

Torre, R., Costa-Rama, E., Nouws, H. P., Delerue-Matos, C., 2020. Diamine
oxidase-modified screen-printed electrode for the redox-mediated determination of

histamine. Journal of Anal. Sci. Tech., 11, 1-8.

Trzaskowski, B., Latek, D., Yuan, S., Ghoshdastider, U., Debinski, A., Filipek, S.,
2012. Action of molecular switches in GPCRs-theoretical and experimental studies.

Cur. Med. Chem. 19, 1090-1091.

Tubaro, A., Sosa, J.S., and Hungerford, J.M. 2012. Toxicology and Diversity of
Marine Toxins, in: R. Gupta (Ed.) Veterinary Toxicology, Basic and Clinical

Principles, Second Edition, Academic Press, Waltham, pp. 896-934.

Uragoda, C. G., Kottegoda, S.R., 1977. Adverse reactions to isoniazid on ingestion

of fish with a high histamine content. Tubercle. 18, 83-89.

U. S. Food and Drug Administration. 1995. Decomposition and histamine; raw,
frozen tuna and mahi-mahi; canned tuna; and related species; revisited compliance

guide; availability. Fed. Regist., 149: 39754-39756.

Vinagre, J., Rodriguez, A., Larrain, M. A., Aubourg, S. P., 2011. Chemical
composition and quality loss during technological treatment in coho salmon

(Oncorhynchus kisutch). Food Res. Int., 44, 1-13.



1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465

1466

1467

1468

08

Visciano, P., Schirone, M., Tofalo, R., Suzzi, G., 2014. Histamine poisoning and

control measures in fish and fishery products. Front. Microb., 5, 500.

Wang, D., Yamaki, S., Kawali, Y., Yamazaki, K., 2020. Histamine Production
Behaviors of a Psychrotolerant Histamine-Producer, Morganella psychrotolerans, in

Various Environmental Conditions. Curr. Microbiol., 77, 460-467.

Wang, J., Liu, Z., Qu, Y, 2021. Ultrasound-assisted dispersive solid-phase extraction
combined with reversed-phase high-performance liquid chromatography-photodiode
array detection for the determination of nine biogenic amines in canned seafood. J.

Chromatogr. A, 1636, 461768. DOI: https://doi.org/10.1016/j.chroma.2020.461768

Wantke, F., 2015. Diamine Oxidase, in : Jarisch, R. (Ed.) Histamine Intolerance.

Springer Verlag, Berlin, pp 5-6.

Wantke, F., Proud, D., Siekierski, E., Kagey-Sobotka, A.,1998. Daily variations of
serum diamine oxidase and the influence of H1 and H2 blockers: a critical approach

to routine diamine oxidase assessment. Inflamm. Res., 47, 396-400.

WHO (World Health Organization, 2018). Joint FAO/WHO Literature Review:
Histamine in Salmonids. Food & Agriculture Org.
https://apps.who.int/iris/bitstream/handle/10665/275369/9789241514439-

eng.pdf.(accessed Aug 2, 2021)


https://doi.org/10.1016/j.chroma.2020.461768

1469

1470

1471

1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

1483

1484

1485

1486

1487

1488

09

Wongsariya, K., Bunyapraphatsara, N., Yasawong, M., Chomnawang, M. T., 2016.
Development of molecular approach based on PCR assay for detection of histamine

producing bacteria. J. Food Sci. Technol., 53, 640-648.

World Health Organization, 2020. Report of the expert meeting on ciguatera
poisoning: Rome, 19-23 November 2018 (Vol. 9). Food & Agriculture Org.
https://apps.who.int/iris/bitstream/handle/10665/332640/9789240006294-eng.pdf

(accessed March 1, 2021)

Zare, D., Muhammad, K., Bejo, M. H., Ghazali, H. M., 2013. Changes in urocanic
acid, histamine, putrescine and cadaverine levels in Indian mackerel (Rastrelliger
kanagurta) during storage at different temperatures. Food Chem., 139(1-4), 320-

325.

Zare, D., Muhammad, K., Bejo, M. H., Ghazali, H. M., 2015a. Determination of trans-
and cis-urocanic acid in relation to histamine, putrescine, and cadaverine contents in

tuna (Auxis thazard) at different storage temperatures. J. Food Sci., 80, T479-T483.

DOI: https://doi.org/10.1111/1750-3841.12752



https://apps.who.int/iris/bitstream/handle/10665/332640/9789240006294-eng.pdf
https://doi.org/10.1111/1750-3841.12752

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

/0

Zare, D., Muhammad, K., Bejo, M. H., Ghazali, H. M., 2015b. Determination of
urocanic acid, a compound implicated in histamine toxicity, and assessment of
biogenic amines relative to urocanic acid content in selected fish and fish

products. J. Food Comp. Anal., 37, 95-103.

Zhang, X.Y., Peng, S.Y., Shen, L.P., Zhuang, Q.X., Li, B., Xie, S.T., Li, Q.X., Shi,
M.R., Ma, T.Y., Zhang, Q. and Wang, J.J., 2020. Targeting presynaptic H3
heteroreceptor in nucleus accumbens to improve anxiety and obsessive-compulsive-

like behaviors. Proc. Nat. Acad. Sci., 117, 32155-32164.

Zhong, J. J., Liao, N., He, M., Pu, Y., Liu, D., 2018. Development of an analytical
method for urocanic acid isomers in fish based on reactive extraction cleanup and

chaotropic chromatography techniques. J. Chrom. A, 1548, 44-50.

Zhong, J.J., Liao, N., Li, C., Wang, W., Wang, D., Pu, Y., Ye, X. Liu, D., 2019.
Acinetobacter as a potentially important producer of urocanic acid in chub mackerel,
a histidine metabolite of emerging health concern. Eur. Food Res. Tech., 245, 825-

835.

Zhou, T., Fan, M., You, R., Lu, Y., Huang, L., Xu, Y., Feng, S., Wu, Y., Shen, H. and

Zhu, L., 2020. Fabrication of FesO4/Au@ ATP@ Ag Nanorod sandwich structure for



1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

/1

sensitive SERS quantitative detection of histamine. Anal. Chim. Acta, 1104, 199-

206.

Disclaimer

The views and information presented in this article are those of the author and do
not necessarily represent those of the U.S. Food and Drug Administration. Mention
of brand or firm name does not constitute an endorsement by the U.S. Food and

Drug Administration over others of a similar nature not mentioned.



Highlights

Scombrotoxin fish poisoning is also known as scombroid poisoning and
histamine fish poisoning

Scombrotoxin fish poisoning is a common cause of food poisoning worldwide
Dietary histamine in decomposed fish is formed by bacterial enzymes and is due
to mishandling

Scombrotoxins are bioactives postulated to augment the toxicity of dietary
histamine

Many new rapid screening methods for histamine detection have been developed

and validated
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