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Foreword

Histamine enjoys a wide spectrum of actions spanning across many organ systems.
It is a biogenic amine formed by decarboxylation of the amine acid histidine. Its
actions are mediated through a specific receptor of which four isoforms have been
characterized so far. All these are seven transmembrane G-protein coupled recep-
tors. Medical students often get introduced to actions of histamine following study
of ‘wheal and flare’ phenomenon associated with histamine release in the skin, and
to a lesser extent following study of gastric acid output. The receptor involved in the
former is H1 isoform whereas H2 isoform is involved in the latter. The finding that
histamine is a major mediator of allergic response resulted in the discovery of first
antagonist by Bovet and Staub in 1937. Soon the drugs inhibiting actions began to
appear in 1940s. Initially these were classified as ‘antihistamines’ but now they are
classified according to their receptor isoform specificity.

In the last decade two additional receptor isoforms have been characterized and
each subtype finds a wide tissue distribution. HI1 isoform was at first thought to
be strictly confined to the vascular endothelium and smooth muscle cells. Now we
know it to exist in neural tissue also. In the tubero-mamillary nucleus of the hypotha-
lamus, it acts as an autoreceptor inhibiting further release of histamine. Here it is
possibly involved in control of circadian rhythm and wakefulness. Similarly exis-
tence of H2 receptor in cardiac muscle, mast cells in addition to gastric mucosa
points to possible role of histamine in cardiac function. Relative new entrants are the
H3 and H4 receptors. The former are found distributed in the central nervous system
and to a lesser extent in the peripheral nervous tissue, gastric mucosa, and bronchial
smooth muscle while H4 isoform is distributed across bone marrow, basophils,
thymus, spleen, small intestine and colon.

Histamine exists in two pools (slow turning over pool located primarily in the
mast cells and basophils; and rapidly turning over pool located in gastric ente-
rochromaffin like cells [ECL] and the histaminergic neurons in CNS). Unlike the
mast cells and basophils, ECL and histaminergic neurons do not store histamine.
Instead a physiologic stimulus is required to turn on the synthesis. Thus inges-
tion of food is needed for activation of histidine decarboxylase in the gut. These
observations should allow for more nuanced approach in dealing with histamine
blockade/modulation.
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The latest kid on the block H4 is already raising hopes for developing a drug that
would have impact in mitigating adverse side effects of chemotherapy in patients
being treated with anti-neoplastic drugs. For instance H4 isoform being expressed
in bone marrow may have an important role in erythropoiesis. H4 activation pre-
vents the induction of cell cycle genes through a cAMP/PKA dependent pathway not
associated with apoptosis. The arrest of G1/GS transition (induced by growth fac-
tor) protects progenitor cells from the toxicity of cell cycle dependent chemotherapy
drug like Ara-C [Petit-Berton AF et al. Plos One 2009; 4(8):e6504].

Histamine and histaminergic neurons/storage cells being widely distributed, it is
not surprising that the biologic effects are wide spread and diverse. Elucidation of
receptor isoforms and the functions they sub serve has opened up new vistas partic-
ularly in understanding signal transduction and the biologic consequences thereof.
Understanding this new and evolving biology opens up doors for pharmacologic
manipulations that could be harnessed to benefit patients.

In this compendium the editors have commissioned twenty chapters address-
ing classical and emerging pharmacology. Emerging role in sleep disorders,
sexual/reproductive function, pain and itching are some areas that are bound to
evoke curiosity in readers-even those not vested in histamine biology. This com-
pendium will be an important resource for those dealing with consequences of
histamine storage/release disorders.

Springfield, Illinois, USA Romesh Khardori



Preface

Histamine, discovered in 1910 by Sir Henry H. Dale, has become one of the most
important multifunctional biogenic amines in the field of biomedicine. Histamine
has been known to play the broadest spectrum of activities in various physiological
and pathological conditions.

While searching the literature, compiled in the form of a book, on above-
mentioned important aspects related to histamine, histamine receptors (H1-H4)
and role of their agonists/antagonists, we still found scarcity of knowledge, espe-
cially unveiling the recent developments in the current field. The published books
on H3- and H4-receptors are limited, while H3- and H4-receptors are noble his-
tamine receptors in histaminergic pharmacology and it is assumed that within the
next few years the H3- and H4-receptors antagonists will be freely available in the
market as antagonists for H1- and H2-receptors.

Therefore, we realized that there is an urgent need to compile the newly dis-
covered data on H1-H4 receptors related to biomedical facets in the form of a
significant book, covering all aspects of histamine and histamine receptors.

We have discussed these issues, and decided to edit a book in the larger inter-
est of students and researchers so as to fill the gap in book publications. Here
we have worked to bring together experts in the field to contribute a series of
chapters spanning a cross-section of the field. It is our hope and intent that the
outcome of these efforts in the form of Biomedical Aspects of Histamine: Current
Perspectives will serve as a valued resource to the entire scientific/academic com-
munity. We hope that this text not only encapsulates the recent literature in the field,
but will also illuminate related issues for the benefits of teaching, research and drug
discovery.

This book consists of 20 chapters in 12 themes which address various aspects of
histamine in biomedical science. Part I “Histamine Biology and Physiology” pro-
vides an overview of histamine synthesis, regulation, metabolism and its clinical
aspects in biological system in Chapter 1, and Chapter 2 discusses regulation of
mammalian histamine synthesis- histidine decarboxylase. Part II “Enzymology in
Histamine Biology” discusses enzymology in histamine biogenesis in Chapter 3.
Part III “Pharmacology of Histamine Noble Receptors and Their Ligands in

vii
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Drug Development” deals with biological and pharmacological aspects of his-
tamine receptors and their ligands (Agonists/antagonists) in Chapter 4. Part IV
“Histamine Role in Immune Modulation and Regulation” discusses the role of his-
tamine in immunoregulation in context of T-regulatory and invariant NKT cells in
Chapter 5, and immune regulation by various facets of histamine in immunomodu-
lation and allergic disorders in Chapter 6. Part V “Histamine in Regulation of Cell
Proliferation and Differentiation” discusses effects of histamine on lymphocytes in
Chapter 7, and histamine aspects in acid peptic diseases and cell proliferation in
Chapter 8. Part VI “Histamine Role in Pathogenesis and Diagnosis of Allergic,
Inflammatory, Autoimmune and Cancer Diseases” deals the role of histamine in
pathogenesis of autoimmune, allergic, inflammatory and malignant diseases in
Chapter 9, and biological characteristics of histamine receptors in airways dis-
ease management in Chapter 10. Part VII “Histamine Role in Inflammation and
Allergy” discusses mast cells as a source and target for histamine in Chapter
11, and histamine H1 receptor gene expression mechanism as a novel therapeu-
tic target of allergy in Chapter 12. Part VIII “Histamine in the Nervous System”
deals the neuronal histamine and its receptors as new therapeutic targets for food
intake and obesity in Chapter 13, and implications of histaminergic system in
brain histamine dysfunction in Chapter 14. Part IX “Histamine H3 Receptor:
A Target for Momentous Brain Research” discusses pre-synaptic control by his-
tamine H3 Receptors of neurotransmitter release in Chapter 15. Part X “Histamine
H4 Receptor: A Noble Target for Inflammatory and Immune Research” deals
expression of histamine H4 receptor in human synovial cells and dermal tissues
in Chapter 16. Part XI “Role of Histamine in Reproductive Function™ discusses
novel role for histamine through classical H1 and H2 receptors: regulation of
leydig cell steroidogenesis and its implications for male reproductive function in
Chapter 17, and possible effects of histamine in physiology of female reproductive
function in Chapter 18. Part XII “Other Biomedical Aspects of Histamine Agonists,
Antagonists, and Inverse Agonists” deals histamine role in malaria in Chapter 19,
and histamine-cytokine and histamine-antibody network in immune regulation in
Chapter 20.

We have made our sincere efforts to provide good scientific content in this book.
It is our hope that this book will be useful to graduates and post-graduates medi-
cal students, teachers, researchers and clinicians. However, there may also be some
shortcomings. We invite you to communicate your experiences with the book to us.

We thank all the contributors/experts for timely submission of their excellent
contributions and for their overall cooperation. We also thank many leading scien-
tists in this field who may not have contributed directly, but encouraged or guided
us towards successful completion of this project.

The technical and scientific advice received from the Springer book editorial
team, especially from Meran Owen, Peter Butler and Tanja van Gaans (Springer
Science + Business Media B. V., Dordrecht, The Netherlands) and Ms. Anandhi
Bashyam, Project Manager, Integra Software Services Pvt. Ltd., Pondicherry, India,
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is thankfully acknowledged. Finally we acknowledge the Almighty God, who pro-
vided all the positive thoughts and channels needed for completion of this book
project.

Aligarh, India Mohammed Shahid
Springfield, Illinois Nancy Khardori
Aligarh, India Rahat Ali Khan
Aligarh, India Trivendra Tripathi

September 2010
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Part I
Histamine Biology and Physiology



Chapter 1

An Overview of Histamine Synthesis, Regulation
and Metabolism, and its Clinical Aspects

in Biological System

Mohammed Shahid, Trivendra Tripathi, Nancy Khardori,
and Rahat Ali Khan

Abstract Histamine is an autacoid widespread in plant and animal kingdoms. In the
early 1900s, it was identified as a mediator of biological functions by Sir Henry Dale
and co-workers and drugs targeting histamine receptors have been in clinical use for
more than 60 years. The synthesis of histamine was discovered by Windausa and
Vogta in 1907. Its synthesis, regulation and metabolism causes numerous biological
effects. This chapter will provide an overview of histamine synthesis, regulation and
metabolism, and the biological effects thereof.
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HMT histamine N *-methyltransferase
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1.1 Introduction

Histamine molecule exhibits two basic structural moieties, i.e. primary aliphatic
amine (pK,; 9.4) and imidazole (pK,» 5.8). These make the monocation with dif-
ferent tautomers; the preferred form at physiologic pH value (96%) with a minor
dicationic fraction (3%) and a very small amount of the neutral form (Cooper
et al. 1990). The nomenclature for histamine positions may be highly significant for
histamine biology including synthesis, regulation, metabolism, and also histamine
derivatives; see Fig. 1.1.

s
o
Fig. 1.1 Specific N / o
nomenclature for histamine tH 4orh

positions

1.2 Synthesis of Histamine

Histamine was first identified as an autacoid having potent vasoactive properties.
It is a low molecular weight amine synthesized from L-histidine exclusively by
L-histidine decarboxylase (HDC) (E.C. 4.1.1.22 or E.C. 4.1.1.26), which is depen-
dent on the cofactor pyridoxal-5’-phosphate to a putative binding site (TFNPSKW)
on the protein. Histamine cannot be generated by another enzymatic pathway (Dy
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and Schneider 2004, Parsons and Ganellin 2006). Histidine decarboxylase (HDC)
is an enzyme that is expressed in various cells through out the body, including cen-
tral nervous system (neurons), gastric-mucosa (parietal cells), mast cells (~3 pg/cell
histamine), and basophils (~1 pg/cell histamine). Histamine has an important role
in human physiology, and exerts its diverse biologic effects by 4 types of recep-
tors (Akdis and Blaser 2003, Lovenberg et al. 1999, MacGlashan 2003, Oda et al.
2000, Schneider et al. 2002). Histamine is synthesized by enterochromaffin-like
cells (ECL) in the stomach and plays an important role in gastric acid secretion.
Only basophils and mast cells can store the amine in specific granules. In the
hematopoietic system, histamine is closely associated with anionic proteoglycans
heparin (in mast cells) and chondroitin-4-sulfate (in basophils). In this specific form,
histamine can be released in large amounts during degranulation in response to
various immunological (immunoglobulin E, or cytokines) or non-immunological
(compound 48/80, calcium ionophore, mastoparin, substance P, opioids, or hypo-
osmolar solutions) stimuli (Dy and Schneider 2004). Histamine synthesis in Golgi
apparatus can be inhibited by a-fluoromethylhistidin (Hill et al. 1997).

Recently, many myeloid and lymphoid cell types that do not store histamine have
been shown to have HDC activity and are capable of synthesis of large amounts
of histamine (Szeberényi et al. 2001). This so called “neo synthesized histamine,”
has been shown in various cells, including hematopoietic progenitors, macrophages,
neutrophils, platelets, dendritic cells (DCs) and T cells (Dy and Schneider 2004,
Ghosh et al. 2002, Shiraishi et al. 2000, Tanaka et al. 2004, Yokoyama et al.
2004). Histamine synthesis in non-mast cells was first confirmed using W/W" mice,
which genetically lack mature mast cells, upon stimulation with a phorbol ester
(Taguchi et al. 1982). HDC activity is demonstrated in vitro through cytokines, such
as interleukin (IL)-1, IL-3, IL-12, IL-18, GM-CSF, macrophage-colony stimulat-
ing factor, TNF-a, and calcium ionophore (Schneider et al. 1987, Yoshimoto et al.
1999). In vivo HDC activity has been shown to be modulated by LPS stimulation,
inflammation, infection and graft rejection (Dy et al. 1981).

The generation of HDC-knockout mice provides a tool to study the role of
endogenous histamine in a broad range of normal and disease processes. Such mice
demonstrate diminished numbers of mast cells and significantly decreased granule
content, which suggests that histamine might affect the production of mast cell gran-
ule proteins (Ohtsu et al. 2001). In a recent study, interleukin-3 (IL-3)-dependent
bone marrow derived mast cells (BMMCs) have been found to be activated by
certain immunoglobulin-E (IgE) clones in absence of specific antigen, leading to
their survival, cytokine secretion, histamine production, adhesion, and migration
(Kawakami and Kitaura 2005). In addition to this study, Tanaka et al. (2002) has
shown a drastic and transient induction of HDC (~ 200-fold in activity) in BMMCs
stimulated by IgE alone, which was much higher than that after antigen stimulation.
This induction resulted in the increase in stored histamine. Another study suggested
that the anti-apoptic effects of monomeric IgE on BMMCs were mediated by IL-3
in an autocrine fashion (Kohno et al. 2005). Although Schneider et al. (1987) found
the potential role of IL-3 to induce HDC in bone marrow cells, it is clearly indi-
cated that monomeric IgE-induced histamine synthesis may not be mediated through
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IL-3 (Kohno et al. 2005). Since stimulation of histamine synthesis occurs upon
IgE-mediated antigen induction, and this remains controversial if these two modes
of FceRI activation share a common signal transduction pathway. However, many
recent studies have demonstrated the qualitative differences between both modes:
such as monomeric IgE-induced Ca®* influx is mediated by a distinct channel from
that activated upon antigen stimulation (Tanaka et al. 2005), and protein kinase C
B-II (PKCBII) plays a significant role in monomeric IgE-induced histamine syn-
thesis in mast cells, but not upon antigen stimulation (Liu et al. 2005). Since, only
small levels of increase in histamine synthesis were found by monomeric IgE both in
purified rat peritoneal mast cells and in vitro maturated BMMCs, inducing effects
of monomeric IgE on mast cells may be limited to immature mast cells (Tanaka
et al. 2005). However, Tanaka and Ichikawa (2006) has suggested that monomeric
IgE-induced histamine synthesis exacerbates the symptoms of chronic allergy, while
drastic increases in the levels of serum IgE are often observed in such diseases.

1.3 Regulation of Histamine

Histamine is synthesized only by HDC enzyme. Therefore, histamine regulation is
dependent on the gene of HDC enzyme, which is expressed in the cells throughout
the body. The complementary deoxyribonucleic acids (cDNAs) of HDC enzyme
have been isolated from mouse mastocytoma, fetal rat liver, erythroleukemia cells
and human basophil leukemia cells. Based on structural studies, mouse and human
genes are composed of 12 exons spanning approximately 24 kb. The 2.4 kb sin-
gle transcript is produced by mouse gene, whereas two splice variants of 3.4 and
2.4 kb exist in humans, and latter encode the functional HDC (Yatsunami et al.
1994). HDC gene is found on chromosome 2 in mice and chromosome 15 in humans
and its expression is controlled by lineage-specific transcription factors. These fac-
tors interact with a promoter region consisting of a GC box, four GATA consensus
sequences, a c-Myb-binding motif and four CACC boxes (Nakagawa et al. 1997).
It has been demonstrated in several studies that the HDC transcription is regulated
by various factors in gastric cancer cells such as gastrin, oxidative stress and PMA,
through a Ras-independent, Raf-dependent mechanism, MAP kinase/ERK and a
protein kinase C (PKC) pathway functioning on three overlapping cis acting ele-
ments (GAS-RE 1, GAS-RE 2 and GAS-RE3) known as gastrin response elements
(Hocker et al. 1998, Raychowdhury et al. 2002). The negative control on HDC
expression in gastric epithelial cell line is exerted by expression of the transcrip-
tion factors GATA-4 and GATA-6 (Watson et al. 2002). This is well known that
the expression of HDC in basophils and mast cells is a consequence of the state of
CpG methylation in the promoter region (Kuramasu et al. 1998). Many studies on
the mast cell line HMC1 and the pluripotent hematopoietic cell line UT7D1 have
demonstrated that HDC-gene expression is subject to post-transcriptional control.
Therefore, the chromosomal configuration and methylation of the HDC-promoter
is likely to account for its cell-specific expression (Maeda et al. 1998, Oh et al.
2001). It has also been reported that PMA stimulates a strong increase in HDC
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activity which is affected by actinomycin D and that is not paralleled by enhanced
HDC mRNA expression. Similar effect was noted in cell lines (HEL and CMK)
with megakaryocyte/basophil differentiation potential (Dy et al. 1999). In addition
to this effect, a mechanism that accounts for the strong enhancement of HDC activ-
ity in ECL cells in response to gastrin is explained by a translation control of HDC
expression (Zhao et al. 2003).

Two essential mechanisms of translational control have been explained in
hematopoietic cells:

(i) a rapamycin dependent pathway that is linked to phosphoinositide 3-kinase
(PI3K), FRAP/mTOR and phosphorylation/dephosphorylation of repressor of
translation 4E-binding protein (4E-Bps),

(ii)) ERK- and p38-dependent pathway that controls the 4E-BP expression by the
induction of Egr-1 (Rolli-Derkinderen et al. 2003).

The multiple carboxy-truncated isoforms are formed due to post-translational
processing of HDC gene; the gene is initially translated 73—74 kDa protein in
mammals, and originally it was assumed that enzymes purified from native sources
corresponded to a dimer of two processed isoforms of 53 and 55 kDa. According
to Fleming and Wang (2003), the biosynthesis of histamine involves primarily the
55 kDa isoform and it is being acknowledged that many other isoforms generated
from 74 kDa primary translation product can also be active. It is also being docu-
mented that enhancing the histidine decarboxylase activity might cause reduction
in messenger RNA (mRNA) degradation by amino acid carboxyl-terminal PEST
(proline-glutamic acid-serine-threonine) domains (Fleming and Wang 2000). Here
is a need to completely understand the negative feed back regulation of HDC activity
that differs from one cell type to another. It has been shown in AGS-B cells that over
expression of the HDC protein inhibit histidine decarboxylase promoter activity by
downregulation of ERK signals (Colucci et al. 2001).

However, in gastrin-stimulated ECL cells, this type of feedback mechanism was
not observed. It was also demonstrated that in the hematopoietic cells, as well as
in the stomach, negative feedback signals could be produced through high cytosolic
histamine concentration (Rolli-Derkinderen et al. 2003). Histamine reuptake mech-
anism comparable to that of the other aminergic neurotransmitters has not been
observed (Masahito et al. 2006).

1.4 Metabolism of Histamine

It is noteworthy that only a small amount of released histamine (2-3%) is excreted
unchanged. The remaining histamine (more than 97%) is metabolized by two enzy-
matic pathways: histamine N *-methyltransferase (HMT) (EC2.1.1.8) and diamine
oxidase (DAO) (EC1.4.3.6) before excretion (Hill et al. 1997, Maintz and Novak
2007, Fig. 1.2). DAO is the main enzyme for the metabolism of ingested histamine.
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Fig. 1.2 Summary of the histamine metabolism. (I) Histamine is synthesized by decarboxylation
of histidine catalyzed by L-histidine decarboxylase (HDC). (II) Histamine can be metabolized by
extracellular oxidative deamination of the primary amino group by diamine oxidase (DAO) or (III)
intracellular methylation of the imidazole ring by histamine-N-methyltransferase (HNMT). (IV)
Thus, insufficient enzyme activity caused by enzyme deficiency or inhibition may lead to accu-
mulation of histamine. Both enzymes can be inhibited by their respective reaction products in a
negative feedbackloop. (V) N-Methylhistamine is oxidatively deaminated to N-methyl-imidazole
acetaldehyde by monoamine oxidase B (MAO B) or (VI) by DAO. Because the methylation path-
way takes place in the cytosolic compartment of cells, MAO B (V) has been suggested to catalyze
this reaction in vivo (Maintz and Novak 2007, Tsujikawa et al. 1999)

It has been documented that DAO, when functioning as a secretory protein,
may be responsible for scavenging extra-cellular histamine after mediator release.
Conversely, HMT, the other important enzyme inactivating histamine, is a cytoso-
lic protein that can convert histamine only in the intracellular space of cells
(Maintz and Novak 2007). HMT metabolizes the majority of histamine (50—-80%) to
N-methyl histamine, which is further metabolized to the primary urinary metabolite
M-methylimidazole acetic acid by monoamine oxidase. DAO metabolizes the his-
tamine (15-30%) to imidazole acetic acid (Akdis and Blaser 2003). The study of
the former pathway was greatly facilitated by the availability of a potent and highly
specific inhibitor of DAO, aminoguanidine. HMT appears to be the most impor-
tant enzyme responsible for the degradation of histamine in the airways, because
blockers of HMT (such as SKF 91488) increase the bronchoconstricting action
of histamine in vitro and in vivo, whereas DAO inhibition remained unaffected
(Sekizawa et al. 1993). However, recently, it has been documented that impaired
histamine degradation based on reduced DAO activity and the resulting histamine
excess may cause several symptoms mimicking an allergic reaction. The ingestion
of histamine-rich food or of alcohol or drugs that release histamine or block DAO
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may provoke diarrhea, headache, rhinoconjunctival symptoms, asthma, hypoten-
sion, arrhythmia, urticaria, pruritus, flushing, and other conditions in patients with
histamine intolerance. Symptoms can be reduced by a histamine-free diet or be
eliminated by antihistamines (Maintz and Novak 2007).

HMT is expressed in airway epithelial cells and may therefore be responsible
for the local metabolism of histamine released from airway mast cells. Mechanical
removal of airway epithelium enhances the bronchoconstriction response to his-
tamine in vitro (Barnes et al. 1985, Flavahan et al. 1985, Knight et al. 1990); this
might be the result, in part, of loss of the metabolizing enzyme. Furthermore, exper-
imental viral infections resulted in reduced epithelial HMT activity in association
with increased responsiveness to inhaled histamine (Nakazawa et al. 1994). The
half-life of pharmacologically active doses of histamine is less than 10s in the rat
and 20-30 s in the dog. In earlier studies, histamine levels were measured by bioas-
say, but subsequently fluorometric and radio-enzymatic techniques were developed
(Parsons and Ganellin 2006).

1.5 Biological Effects of Histamine

Histamine is a known mediator of several biological reactions through differen-
tial expression of four types of histamine receptors (HIR, H2R, H3R and H4R).
These affect secretion by effector cells (mast cells and basophils) through various
immunological [such as triggering of degranulation of mast cells by crosslinking
of the FceRI receptor by specific allergens] or non-immunological stimuli [such as
neuropeptides, complement factors (i.e., C3a and C5a), cytokines, hyperosmolar-
ity, lipoproteins, adenosine, superoxidases, hypoxia, chemical and physical factors
(extreme temperatures and traumas), or alcohol and certain food and drugs, may
activate mast cells] (Maintz and Novak 2007, Shahid et al. 2009). Histamine causes
smooth muscle cell contraction, vasodilatation, increased vascular permeability and
mucus secretion, tachycardia, alterations of blood pressure, and arrhythmias. It stim-
ulates gastric acid secretion and nociceptive nerve fibers. It also plays a potent role in
hematopoiesis, neurotransmission, immunomodulation, day-night rhythm, wound
healing, and the regulation of cell proliferation and angiogenesis in tumor models
and intestinal ischemia (Maintz and Novak 2007, see Fig. 1.3). Basal plasma his-
tamine concentrations of 0.3 to 1.0 ng/mL are considered normal (Dyer et al. 1982).
Histapenia (deficiency of histamine) and histadelia (abundance of histamine) can
cause both neurological and physical disorders. Histapenia may be caused by excess
copper levels, as this decreases blood histamine levels. Exceeding the individual
histamine tolerance causes concentration-dependent histamine mediated symptoms
(Dyer et al. 1982, Maintz and Novak 2007). Scromboid poisoning studies have
shown that healthy persons may develop severe headache or flushing due to inges-
tion of massive amounts of histamine (Morrow et al. 1991). It has been documented
that inhibition of DAO followed by oral histamine administration may induce severe
and even life-threatening reactions, such as hypotension, bronchospasm or shock



10 M. Shahid et al.

Contribution to the

Vertigo Headache Circadian rhythm, arousal regulation of
Nausea, Vomitus body temperature,

I food intake,

» Hypotonia, locomotion,
i Central nervous system learning, memory

Bone marrow

/

Neurotransmitter  Regulation of
release hematopoiesis
?

"7 Mast cell secretion

Vasodilatation Ha campt Leukocytes

Tachycardia, H1/2 cAMP*
Arrhythmias /

H2

" " H2
Stimulation of " \Gasmc acid 4
nociceptive

> Arrhythmia

Pruritus nerve fibres H1 secretion Diarrhea
. / H1/2 it H1
T s Gastointestnum
Flush Mucus Estrogen® \
secretion
/ Stomach ache,
Urticaria Respiratory Uterus cramps

- \

Congestion of the nose, .
rhinorrhea, sneezing Bronchoconstriction, dyspnea Dysmenorrhea

Meteorism

Fig. 1.3 Histamine-mediated symptoms. Modified from Maintz et al. (2006)

(Maintz and Novak 2007). Patients with hyperhistaminemia showed recurrent ana-
phylactic reactions (Hershko et al. 2001). The ingestion of the small amounts of
histamine causes reduced DAO activity in histamine-sensitive patients that are well
tolerated by healthy persons. Classical symptoms of histamine intolerance com-
prise gastrointestinal disorders, sneezing, rhinorrhea and congestion of the nose,
headache, dysmenorrhea, hypotonia, arrhythmias, urticaria, pruritus, flushing, and
asthma (Maintz and Novak 2007, see Fig. 1.3).

1.6 Conclusion

The pleiotropic effects of histamine in biological system depend on its synthesis,
regulation and metabolism. Under physiological conditions, H1 and H2 isoforms of
histamine are involved in vaso regulation, smooth muscle cell contraction, circadian
rhythm and wakefulness, gastric acid output and possibly in cardiac function. No
symptoms or constellation of symptoms have clearly been lived to lower than basal
levels of histamine, therefore the role of histamine agonists in pharmacotherapy has
not been explored. On the other hand, there is a clear role for histamine antagonists
in allergic disease and peptic ulcer disease. The detection of H3 and H4 receptors
in nervous system, bronchial smooth muscle and bone marrow has raised hopes for
further pharmacotherapy related to histamine.
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Chapter 2
Regulation of Mammalian Histamine Synthesis:
Histidine Decarboxylase

Satoshi Tanaka and Atsushi Ichikawa

Abstract Histamine plays a wide variety of physiological and pathological
responses, such as immediate allergy, inflammation, gastric acid secretion, neu-
rotransmission, and immune modulation. Histamine synthesis is mediated by the
enzyme, L-histidine decarboxylase (HDC), which catalyzes decarboxylation of
L-histidine. In contrast to extensive investigation and development of specific antag-
onists for histamine receptors, regulation of histamine synthesis remains to be
clarified. We review here a series of studies about regulation of histamine synthe-
sis, with a particular attention to the rate-limiting enzyme, HDC. We describe and
discuss about the findings on various aspects of HDC, such as transcriptional reg-
ulation, post-translational regulation, and novel functions identified with the gene
targeted mouse strain for HDC. It should be surely required for better understanding
of the physiological roles of histamine to clarify the regulation of histamine synthe-
sis, since accumulating evidence has indicated the critical roles of newly-formed
histamine in health and disease.
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2.1 Introduction

Histamine is involved in a wide variety of physiological and pathological responses,
such as immediate allergy, inflammation, gastric acid secretion, neurotransmission,
and immune modulation (Haas et al. 2008, Jutel et al. 2005, Leurs et al. 2005,
Schubert 2007, Thurmond et al. 2008). In accord with prominent success of various
histamine receptor antagonists as therapeutic drugs for immediate allergy and peptic
ulcer diseases, significant progress has been made in understanding the functions of
histamine H1 and H2 receptors. Identification of novel histamine receptors, H3 and
H4, has enhanced our understanding of various roles of histamine (Lovenberg et al.
1999, Oda et al. 2000). In contrast to the long history of histamine receptor study,
biosynthesis of histamine remained to be clarified.

Histidine decarboxylase (L-histidine decarboxylase, HDC, EC 4.1.1.22) is the
rate limiting enzyme for mammalian histamine synthesis. Histamine synthesis
had long been evaluated through measurement of enzymatic activity of HDC
in various tissues and cells, whereas many groups tried to purify this enzyme
(Watanabe and Wada 1983). In 1990, HDC cDNA was cloned for the first time
in rats, and consequently researches with genetic approaches started (Joseph et al.
1990). Identification of the HDC gene enabled us to investigate the transcriptional
regulation of histamine synthesis. Cloning of HDC cDNA revealed that HDC is
translated as the 74-kDa precursor protein and might be post-translationally cleaved
to the 53-55-kDa species. This post-translational processing of HDC was found to
be accompanied by increase in the enzymatic activity in several histamine-forming
cells. In 2001, the gene targeted mouse strain for HDC was established (Ohtsu et al.
2001), and a series of novel functions of histamine has been identified using this
strain.

In general, histamine synthesis is transient, and therefore induction and/or enzy-
matic activation of HDC plays key roles in a diverse array of histamine-mediated
responses. Accumulating experimental evidence about HDC has consolidated and
enriched our comprehension of the physiological roles of histamine. Novel functions
of histamine have often been identified using HDC as a probe.
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This review covers the areas of studies related to regulation of HDC. We regret
that we could not cite many excellent papers in this field owing to limits of the space.

2.2 Purification and cDNA Cloning of HDC

HDC mediates decarboxylation of L-histidine to histamine, which requires pyri-
doxal 5'-phosphate as the cofactor (Schayer 1978, Shore et al. 1959). HDC has
been regarded as the only enzyme that forms histamine, which has been recently
confirmed by the gene targeted mouse strain (Ohtsu et al. 2001). Since fluoromet-
ric detection of histamine is sensitive and convenient, it has been used extensively
in measurement of histamine content (Palacios et al. 1978). Early studies demon-
strated that active histamine synthesis was observed in fetal liver, pregnant mouse
kidney, mastocytoma, and stomach, although it was difficult to purify the enzyme
due to its instability. A suicide inhibitor of HDC, a-fluoromethylhistidine, made a
significant contribution to characterization of tissue histamine synthesis (Maeyama
et al. 1982). Several groups tried to purify HDC from various sources, such as fetal
liver, and kidney (Martin and Bishop 1986, Taguchi et al. 1984, Tran and Snyder
1981). In 1984, Watanabe et al. demonstrated for the first time the presence of
hisatminergic neuron using the specific antibody raised against partially purified
rat HDC protein (Watanabe et al. 1984). The presence of histaminergic neuron was
also confirmed by Panula et al. using the specific antibody raised against histamine
(Panula et al. 1984). A majority of these trials to purify HDC protein revealed that
HDC consisted of two identical subunit, of which molecular mass was ~55-kDa.
Ohmori et al. succeeded in identification of partial amino acid sequence of HDC
purified from mouse mastocytoma cell line, P-815 (Ohmori et al. 1990). On the other
hand, cDNA of rat HDC was genetically identified for the first time through anal-
ysis of androgen binding protein (ABP) (Joseph et al. 1990, Sullivan et al. 1991).
Although it remains unknown whether the fusion transcript of ABP and HDC is
physiologically relevant, full length cDNA of rat HDC was identified using this
fusion transcript as a probe. After that time, mouse and human HDC cDNAs were
cloned in succession (Yamamoto et al. 1990, Zahnow et al. 1991). Cloning of HDC
revealed that HDC might be initially translated as the precursor form, of which
molecular mass is 74-kDa, and raised the possibility that HDC might undergo post-
translational processing. Amino terminal approximately 55-kDa region of HDC is
highly homologous between species and shares homology with the other amino
acid decarboxylase, such as DOPA decarboxylase (DDC, also known as aromatic
L-amino acid decarboxylase).

2.3 Transcriptional Regulation of HDC

Constitutive expression of HDC has been observed in the limited kinds of cells, such
as histamine-containing neuron, mast cells, and basophils. Although histamine is
one of the essential mediators in gastric acid secretion, prolonged fasting has been
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reported to virtually abolish the expression of HDC in the enterochromaffin-like
(ECL) cells. Since histamine synthesis is often regulated through transcriptional
regulation of the HDC gene, it should be required for better understanding of phys-
iological roles of histamine to clarify the transcriptional regulation of the HDC
gene.

2.3.1 Stomach

In 1972, Black et al. reported that histamine stimulated gastric acid secretion via the
histamine H2 receptor, and then they successfully developed selective H2 antago-
nists (Black et al. 1972). H2 receptor antagonists had been the principal therapeutic
agent for peptic ulcer and gastroesophageal reflux disease, both of which resulted
from gastric acid hypersecretion until proton pump inhibitors were developed. HDC
was found to be expressed in the ECL cells, and newly-formed histamine induces
gastric acid secretion from parietal cells by acting on the H2 receptors. Although
both gastrin and pituitary adenylyl cyclase-activating protein (PACAP) are the major
stimulus of histamine release from ECL cells (Prinz et al. 2003), transcriptional
regulation of HDC upon gastrin stimulation has been intensively studied.
Following cDNA cloning, gastrin-mediated induction of HDC was demonstrated
in rat fundus (Dimaline and Sandvik 1991). Kolby et al. demonstrated that hypergas-
trinemia and ECL tumor formation drastically induced mRNA expression of HDC
(Kolby et al. 1996). Transcriptional regulation of human and rat HDC gene was
investigated in detail by Wang’s group. Three GC-rich gastrin responsive elements
were located downstream of the transcription initiation site of human HDC gene,
and one of the nuclear factors bound to these elements was identified as Kruppel-
like factor 4, which was involved in repression of HDC gene expression (Ai et al.
2004, Hocker et al. 1997, Raychowdhury et al. 1999, Zhang et al. 1996). A tran-
scription factor, YY1, was found to repress HDC promoter activity in co-operation
with SREBP-1a, and gastrin down-regulated mRNA expression of SREBP-1a, indi-
cating that gastrin-mediated induction of HDC might be attributed at least in part
to down-regulation of SREBP-1a (Ai et al. 2006). In process of these researches,
they revealed that oxidative stress, such as hydrogen peroxide, could induce tran-
scriptional activation of HDC gene through the gastrin responsive element (Hocker
et al. 1998). They also demonstrated the differences of promoter activity of human
HDC gene in PC12 cells, which stably expressed the human gastrin/CCK-2 receptor,
upon stimulation of gastrin and PACAP (McLaughlin et al. 2004). Gastrin-mediated
transcriptional activation was also reported in rat HDC gene (Hocker et al. 1996).

2.3.2 Mastocytoma

Transcriptional activation of mouse HDC gene was investigated in a mouse mas-
tocytoma cell line, P-815, since purification and cDNA cloning were performed
using this cell line. Although histamine synthesis was found to be suppressed by
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glucocorticoid in several reports (Zahnow et al. 1998), dexamethasone drastically
induced HDC in combination with phorbol ester in P-815 cells (Kawai et al.
1992, Ohgoh et al. 1993). Transcriptional activation of mouse HDC gene was also
observed in the cells stimulated with the combination of Ca?* ionophore and cyclic
AMP elevating agents (Miyazaki et al. 1992). Expression of HDC in P-815 cells
was induced when the cells were transplanted into the peritoneal cavity of the syn-
genic BDF1 mice. Although it remains to be clarified which humoral factors are
involved in such induction, Ohtsu et al. (1996) suggested that down-regulation of
NF-E2 should lead to transcriptional activation of mouse HDC gene.

2.3.3 Tissue/Cell Specific Expression

Since expression of HDC is not ubiquitous but limited in specific cell types,
gene expression of HDC should be spatiotemporally regulated. Yatsunami et al.
determined the structure of human HDC gene (Yatsunami et al. 1994). Investigation
of the 5’-lanking region of human HDC gene suggested that the c-Myb binding
motif is involved in the specific expression of HDC in human basophilic leukemia,
KU-812-F (Nakagawa et al. 1997). Kuramasu et al. found that mast cell- or basophil-
specific expression of human HDC is regulated by CpG methylation in the promoter
region (Kuramasu et al. 1998). DNA methylation-mediated regulation was also
found in the cell type-specific expression of mouse HDC (Suzuki-Ishigaki et al.
2000). Recently, Aichberger et al. demonstrated that the chronic myeloid leukemia
(CML)-specific oncoprotein BCR/ABL was involved in induction of histamine
synthesis and that H1 receptor antagonists with binding potential to cyp450 can
suppress proliferation of human chronic myeloid leukemia cell lines, such as K562
and KU-812 (Aichberger et al. 2006).

One of the tissues that exhibit highest HDC activity is fetal liver. HDC is dras-
tically induced in the fetal liver immediately before parturition, indicating that
histamine plays a critical role in fetal hematopoiesis (Héron et al. 2001, Karlstedt
et al. 2001). However, it remains largely unknown how expression of HDC is
transcriptionally regulated in hematopoietic lineage cells except mast cells and
basophils.

2.4 Post-Translational Regulation of HDC

HDC might be initially translated as the precursor, of which molecular mass is
74-kDa, whereas the molecular mass of the enzyme purified from various sources
was ~55-kDa (Fig. 2.1). Several groups including us focused on the significance
of the post-translational processing of HDC in regulation of histamine synthe-
sis. In contrast to cytosolic distribution of DDC, the presence of insoluble and
membrane-bound enzymatic activity of HDC had been recognized in various tis-
sues (Baudry et al. 1973, Toledo et al. 1991). The recombinant HDC proteins
were characterized in various expression systems, soon after its cDNA cloning. The
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Fig. 2.1 Post-translational regulation of HDC. HDC is initially translated as the precursor
74-kDa form, which is enzymatically active. The 74-kDa HDC then undergoes proteolytic cleav-
age to yield the 53-kDa mature form. The post-translational processing was found to be mediated
by caspase-9 and was accompanied by enzymatical activation in a mouse mastocytoma cell line.
On the other hand, the residual 74-kDa HDC might be degraded through the ubiquitin-proteasome
system. The carboxyl-terminal region has a potential to target HDC to the ER, although it remains
unknown how the ER targeting occurs. In mast cells and neutrophils, the 53-kDa HDC was found
to be localized in the granules, which may contribute to efficient uptake and storage of histamine
via vesicular monoamine transporter-2 (VMAT-2). Accumulated cytosolic histamine is exported
via organic cation transporter-3 (OCT3)

recombinant 74-kDa HDC was largely distributed in the insoluble fraction of the
insect cell expression system, whereas the recombinant carboxyl-terminal deleted
54-kDa HDC in the soluble fraction (Yamamoto et al. 1993, Yatsunami et al. 1995).
The 74-kDa HDC was enzymatically active in spite of its insoluble nature. Although
no significant differences in specific activities were detected in between human 74-
kDa and 54-kDa forms, proteolytic cleavage of mouse 74-kDa HDC resulted in
formation of the 53-kDa soluble enzyme and increased enzyme activity (Tanaka
et al. 1995). Dartsch et al. (1998) reported that the recombinant 74-kDa rat HDC
exhibited lower enzyme activity whereas the carboxyl-terminal truncated 54-kDa
was an active enzyme in COS-7 cells. However, Fleming and Wang demonstrated
that proteolytic cleavage of rat HDC did not affect the enzyme activity and sug-
gested that amino acid residues, §502K503504 \which is not conserved in mouse
and human, is the processing site in mammalian expression system with COS cells
(Fleming and Wang 2003). They also reported that the carboxyl-terminal region of
rat HDC contains a region, which hinders substrate binding (Fleming et al. 2004).
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We have recently identified the processing sites and the responsible protease for the
post-translational processing of mouse HDC in a mouse mastocytoma, P-815 cells
(Furuta et al. 2007). Alanine scanning mutation analysis revealed that tandem di-
aspartic acid residues (D>'7D3!8, and D3D?3!), which are completely conserved
among mouse, rat, and human, are the potential candidates for the processing sites.
We demonstrated that caspase-9 played a critical role in the post-translational pro-
cessing and enzymatical activation of HDC. Combination of butyrate and a Zn>*
chelator, TPEN, augmented the enzyme activity of caspase-3 and -9 and lead to
increased histamine synthesis, but no obvious apoptic cell death was observed in
the cells.

The relationship between the molecular species and the intracellular localiza-
tion of HDC is complicated. A series of studies in various expression systems have
indicated that the 74-kDa HDC is localized at least in part in the insoluble frac-
tion (Yamamoto et al. 1993, Yatsunami et al. 1995). However, the 74-kDa HDC
was found to be localized mainly in the cytosol in a rat basophilic/mast cell line,
RBL-2H3, where as the mature 53-kDa HDC in the granule compartments (Tanaka
et al. 1998). In COS-7 cells, the carboxyl-terminal region mediated accumulation
of mouse HDC protein in the ER, and in vitro translation system with reticulo-
cyte lysate, the nascent 74-kDa mouse HDC was post-translationally targeted to
the microsomal membranes whereas the carboxyl-terminal 54-kDa HDC was not
(Suzuki et al. 1998). In casein-elicited activated mouse neutrophils, a rapid post-
translational processing of HDC was observed and the 53-kDa HDC was localized
in the granules (Tanaka et al. 2004). It is plausible that insoluble 74-kDa HDC
found in the expression systems results from over expression and the absence of
the endogenous partner proteins required for further post-translational processing.
Viguera et al. predicted based on the sequence comparison that instability of HDC
protein might be mediated by two PEST sequences (Viguera et al. 1994), which are
enriched in proline (P), glutamic acid (E), serine (S) and threonine (T) and target
proteins for rapid destruction (Rechsteiner and Rogers 1996). Indeed, the 74-kDa
mouse HDC was found to be modified by ubiquitin and to undergo proteasomal
degradation (Tanaka et al. 1997). In rat HDC protein, two PEST sequences were also
involved in rapid degradation, and gastrin contributed to stabilization of multiple
forms of HDC proteins (Fleming and Wang 2000).

2.5 Histamine Forming Cells

Specific antibodies raised against the recombinant HDC protein have made a sig-
nificant contribution to identification of histamine-forming cells. Accumulating
evidence suggests that a diverse array of cells can produce histamine in addition
to mast cells, basophils, ECL cells, and neuron (Table 2.1).

Drastic increase in histamine synthesis in fetal liver just before parturition indi-
cates that histamine may be involved in regulation of fetal hematopoiesis. Watanabe
et al. demonstrated that such increase in histamine synthesis was abolished in W/W
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Table 2.1 Histamine synthesis in various kinds of cells
Cell type Function Reference(s)
Mast cell Immediate allergy, Metcalfe et al. (1997)
Inflammation
Basophil Immediate allergy, Sullivan and Locksley (2009)
Inflammation
Macrophage Immune suppression Kawaguchi-Nagata et al. (1985),
Takamatsu et al. (1996), Yokoyama
et al. (2004)
Microglia Neurotransmission? Katoh et al. (2001)
Neutrophil Inflammation Shiraishi et al. (2000), Tanaka et al.
(2004), Xu et al. (2006)
Neuron Neurotransmission Haas et al. (2008), Panula et al.
(1984), Watanabe et al. (1984)
ECL cell Gastric acid secretion Prinz et al. (2003), Rubin and

Male germ cells

Mammary epithelial
cell

Epithelial cells (uterus)

Unidentified (kidney,

Fertilization?
?

Implantation
Vasodilation?

Schwartz (1979)
Safina et al. (2002)
Wagner et al. (2003)

Paria et al. (1998)
Morgan et al. (2006)

during pregnancy)

mice, which suggested that c-kit-dependent cell lineage expressed HDC in fetal liver
(Watanabe et al. 1981). Histamine synthesis in non-mast cells was also exhibited
in the skin upon phorbol ester stimulation (Taguchi et al. 1982). Dy et al. (1981)
demonstrated that histamine synthesis was induced upon allograft rejection. They
have focused on histamine synthesis during hematopoiesis, in particular interleukin-
3-dependent hematopoietic progenitor cells (Dy et al. 1993, 1996, Schneider et al.
1993). One of the potential candidates for non-mast cell histamine-forming cells is
macrophages (Kawaguchi-Nagata et al. 1985). Takamatsu et al. (1996) first demon-
strated that bone marrow-derived macrophages can produce histamine in response to
endotoxin. Histamine synthesis was found to be induced by phorbol ester and thapsi-
gargin in a mouse macrophage cell line, RAW264.7, in which the 74-kDa HDC was
dominantly expressed (Hirasawa et al. 2001, Shiraishi et al. 2000). Accumulating
evidence suggests that nascent histamine produced by macrophages plays critical
roles in suppression of immune responses mainly by acting on the H2 receptor
(Yokoyama et al. 2004). The H2 receptor-mediated suppression might be impor-
tant feedback system of immune responses (Elenkov et al. 1998, van der Pouw
Kraan et al. 1998, Vannier et al. 1991). Hirasawa et al. (1987) reported that his-
tamine synthesis occurred in the late phase of anaphylactic inflammation in addition
to rapid degranulation of mast cells in the immediate phase. Histamine synthesis
in the late phase of allergic inflammation was accompanied by elicited neutrophil
accumulation (Shiraishi et al. 2000). Based on these remarks, we demonstrated
that activated neutrophils express HDC in the casein-induced peritonitis model and
that granulocyte-macrophage colony stimulating factor (GM-CSF) has a potential
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to induce HDC in immature neutrophils (Tanaka et al. 2004). Xu et al. (2006)
demonstrated that mycoplasma pneumonia directly stimulated histamine synthesis
in naive neutrophils, which provoked lung and airway inflammation. We observed
that activated neutrophils infiltrated into tumor tissues produced histamine, which
might down-regulate local cytokine production, such as TNF-a and IFN-y, by act-
ing on the H2 receptor in the tumor tissues (Takahashi et al. 2001, 2002). Ghosh
et al. (2002) demonstrated that histamine promoted angiogenesis in inflammatory
granulation tissues, which was mediated by the H2 receptor. Angiogenesis induced
by histamine was also observed in the W/W" mice, suggesting that the source of
histamine might be macrophages or neutrophils.

2.6 Gene Targeting of HDC

Ohtsu et al. reported establishment of the gene targeted mouse strain for HDC for the
first time (Ohtsu et al. 2001), and thereafter, a wide variety of histamine-mediated
responses has been identified, a part of which could not be attributed to the specific
histamine receptor functions. The gene targeted mice for HDC and histamine recep-
tors will certainly provide us with a deeper insight into the physiological roles of
histamine. We discuss here a part of recent findings obtained with the HDC defi-
cient (HDC~~) mice. Ohtsu and Watanabe also summarized the studies using the
HDC~/~ mice (Ohtsu and Watanabe 2003).

Histamine plays a central role in immediate allergic responses and many HI
receptor antagonists have been developed for therapeutic drugs for type I allergy
(Du Buske 1996, Thurmond et al. 2008). The HDC~/~ mice were resistant to IgE-
mediated passive cutaneous and systemic anaphylaxis (Makabe-Kobayashi et al.
2002, Ohtsu et al. 2002). However, the impaired allergic responses in the HDC ™/~
mice could not be attributed solely to lack of histamine as a critical proinflamma-
tory mediator, since mast cells in the skin and peritoneal cavity in the HDC ™/~ mice
exhibited severe morphological abnormality in the granules (Ohtsu et al. 2001).
The scarce electron density of the mature mast cells in the HDC~/~ mice indi-
cated that histamine is involved in granule maturation of mast cells. We previously
reported that a part of IgE clones have a potential to induce histamine synthe-
sis in immature mast cells in the absence of the antigens (Tanaka et al. 2002b).
It is plausible that autocrine loop of histamine promotes granule maturation and
exacerbates allergic inflammation in chronic allergy with elevated serum IgE con-
centrations. Since histamine is also produced by intestinal bacteria, it is difficult to
completely exclude the trace amount of histamine in the HDC ™/~ mouse tissues.
Indeed, dietary supplemented histamine was accumulated in the granules of mast
cells and macrophages and it might affect the phenotype of the HDC~/~ mice (Ohtsu
et al. 2002, Tanaka et al. 2003). Schneider et al. (2005) demonstrated that transport
of histamine across the plasma membrane was mediated by organic cation trans-
porter 3 (OCT3), whereas granule storage of histamine was found to be mediated
solely by vesicular monoamine transporter 2 (VMAT?2) (Travis et al. 2000). These
systems may be involved in cellular uptake of dietary supplemented histamine.
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A series of studies with the H1- and H2-deficient mice highlighted the critical
role of histamine in immune modulation. Jutel et al. demonstrated that histamine
augmented Th1 responses through the H1 receptor and suppressed both Thl and
Th2 responses by acting on the H2 receptors (Jutel et al. 2001). Modulatory roles
of histamine in helper T cells and dendritic cells through the H1 and H2 recep-
tors should be taken into consideration of the immunological phenotype of the
HDC~ mice (Jutel et al. 2002). In experimental autoimmune encephalomyelitis,
an animal model for multiple sclerosis, lack of HDC resulted in disease exacer-
bation (Musio et al. 2006). Although it remains to be determined which kinds of
histamine receptors are involved, it is likely that impaired production of IFN-y
and TNF-a was mediated by the H2 receptor. Beghdadi et al. recently demon-
strated that the HDC~~ mice were highly resistant to severe malaria through the
preserved blood-brain barrier integrity, the absence of infected erythrocyte aggrega-
tion, and a lack of sequestration of CD4* and CD8" T cells (Beghdadi et al. 2008).
They also revealed that the H1 and H2 receptors were involved in the pathogenesis
using the gene targeted mice and the specific antagonists. Co-operative action of
the H1 and H2 receptors has often been found in histamine-mediated immune mod-
ulation. The HDC~ mice exhibited accelerated bacterial clearance in peritoneal
cavity, and this histamine-mediated suppression of bacterial clearance was inhibited
by the H1 and H2 antagonists (Hori et al. 2002). In an ovalbumin-induced allergic
asthma model, airway eosinophilia was significantly suppressed in the HDC~ mice
whereas airway hyperresponsiveness was not affected (Koarai et al. 2003). These
findings might be related to histamine-mediated leukocyte chemotaxis, which is
mediated by the H1 and H4 receptors (Thurmond et al. 2008, Zampeli and Tiligada
2009).

Parietal cells undergo gastric acid secretion upon activation of the H2 receptor.
In the H2 receptor deficient (H2R ") mice, gastric acid secretion induced by his-
tamine or gastrin was completely abolished but that by carbachol remained intact
(Kobayashi et al. 2000). The H2R™~ mice exhibited a marked hypertrophy in gas-
tric mucosa and elevated serum gastrin levels. We found that the HDC™~ mice
also exhibited moderate hypergastrinemia and that they were sensitive to carbachol
but not to gastrin in acid secretion (Furutan et al. 2003, Tanaka et al. 2002a). The
HDC ™~ mice were hypersensitive to exogenous histamine in acid secretion, which
were reminiscent of rebound acid hypersecretion after the abrupt withdrawal of pro-
longed H2 receptor blockade. Gastric hyperplasia was also observed in the HDC~~
mice, which was not so severe as in the H2R™~ mice (Nakamura et al. 2004).

In addition to these phenotypes in immune and gastrointestinal systems, many
studies have indicated the pathological and physiological roles of histamine. The
HDC - mice should provide us with a deeper insight in functions of histamine.

2.7 Conclusion
In contrast to extensive research for the specific receptors of histamine, regulation of

histamine synthesis remained to be clarified in detail. Cloning of HDC enabled us to
raise specific antibodies against the recombinant HDC protein and to characterize
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a variety of histamine-forming cells. Identification of histamine-forming cells has
lead to better understanding of the function of histamine. Furthermore, various
unexpected functions of histamine have been found using the HDC deficient mouse
strain, a part of which could not be attributed simply to a single receptor-mediated
response. Comparison between and combinatorial use of the HDC deficient and the
histamine receptor deficient mice should make a significant contribution to the field
of histamine research.

References

Ai W, Liu Y, Langlois M et al (2004) Kruppel-like factor 4 (KLF4) represses histidine decarboxy-
lase gene expression through an upstream Sp1 site and downstream gastrin responsive elements.
J Biol Chem 279:8684-8693

Ai W, Liu Y, Wang TC (2006) Yin yang 1 (YY1) represses histidine decarboxylase gene expression
with SREBP-1a in part through an upstream Sp1 site. Am J Physiol Gastrointest Liver Physiol
290:G1096-G1104

Aichberger KJ, Mayerhofer M, Vales A et al (2006) The CML-related oncoprotein BCR/ABL
induces expression of histidine decarboxylase (HDC) and the synthesis of histamine in
leukemic cells. Blood 108:3538-3547

Baudry M, Martres MP, Schwartz JC (1973) The subcelluar localization of histidine decarboxylase
in various regions of rat brain. J] Neurochem 21:1301-1309

Beghdadi W, Porcherie A, Schneider BS et al (2008) Inhibition of histamine-mediated signaling
confers significant protection against severe malaria in mouse models of disease. J Exp Med
205:395-408

Black JW, Duncan WA, Durant CJ et al (1972) Definition and anatgonism of histamine Hj-
receptors. Nature 236:385-90

Dartsch C, Chen D, Persson L (1998) Multiple forms of rat stomach histidine decarboxylase may
reflect posttranslational activation of the enzyme. Regul Pept 77:33-41

Dimaline R, Sandvik AK (1991) Histidine decarboxylase gene expression in rat fundus is regulated
by gastrin. FEBS Lett 281:20-22

Du Buske LM (1996) Clinical comparison of histamine Hj-receptor antagonist drugs. J Allergy
Clin Immunol 98:S307-S318

Dy M, Amould A, Lemoine FM et al (1996) Hematopoietic progenitors and interleukin-
3-denpendent cell line synthesize histamine in response to calcium ionophore. Blood
87:3161-3169

Dy M, Lebel B, Kamoun P et al (1981) Histamine production during the anti-allograft response.
J Exp Med 153:293-309

Dy M, Machavoine F, Lebel B et al (1993) Interleukin 3 promotes histamine synthesis in
hematopoietic progenitors by increasing histidine decarboxylase mRNA expression. Biochem
Biophys Res Commun 192:167-173

Elenkov 1J, Webster E, Papanicolaou DA et al (1998) Histamine potently suppresses human IL-12
and stimulates IL-10 production via H, receptors. J Immunol 161:2586-2593

Fleming JV, Fajardo I, Langlois MR et al (2004) The C-terminus of rat L-histidine decarboxylase
specifically inhibits enzymic activity and disrupts pyridoxal phosphate-dependent interactions
with L-histidine substrate analogues. Biochem J 381:769-778

Fleming JV, Wang TC (2000) Amino- and carboxy-terminal PEST domains mediate gastrin
stabilization of rat L-histidine decarboxylase isoforms. Mol Cell Biol 20:4932-4947

Fleming JV, Wang TC (2003) The production of 53-55-kDa isoforms is not required for rat
L-histidine decarboxylase activity. ] Biol Chem 278:686—694

Furuta K, Nakayama K, Sugimoto Y et al (2007) Activation of histidine decarboxylase through
post-translational cleavage by caspase-9 in a mouse mastocytoma P-815. J Biol Chem
282:13438-13446



26 S. Tanaka and A. Ichikawa

Furutan K, Aihara T, Nakamura E et al (2003) Crucial role of histamine for regulation of gastric
acid secretion ascertained by histidine decarboxylase-knockout mice. J Pharmacol Exp Ther
307:331-338

Ghosh AK, Hirasawa N, Ohtsu H et al (2002) Defective angiogenesis in the inflammatory granula-
tion tissue in histidine decarboxylase-deficient mice but not in mast cell-deficient mice. J Exp
Med 195:973-982

Haas HL, Sergeeva OA, Selbach O (2008) Histamine in the nervous system. Physiol Rev
88:1183-1241

Héron A, Rouleau A, Cochois V et al (2001) Expression analysis of the histamine H3 receptor in
developing rat tissues. Mech Dev 105:167-173

Hirasawa N, Murakami A, Ohuchi K (2001) Expression of 74-kDa histidine decarboxylase protein
in a macrophage-like cell line RAW264.7 and inhibition by dexamethasone. Eur J Pharmacol
418:23-28

Hirasawa N, Ohuchi K, Watanabe M et al (1987) Role of endogenous histamine in psotanaphylactic
phase of allergic inflammation in rats. J Pharmacol Exp Ther 241:967-973

Hocker M, Rosenberg I, Xavier R et al (1998) Oxidative stress activates the human histidine
decarboxylase promoter in AGS gastric cancer cells. J Biol Chem 273:23046-23054

Hocker M, Zhang Z, Fenstermacher DA et al (1996) Rat histidine decarboxylase promoter is reg-
ulated by gastrin through a protein kinase C pathway. Am J Physiol Gastrointest Liver Phyiol
270:G619-G633

Hocker M, Zhang Z, Merchant JL et al (1997) Gastrin regulates the human histidine decarboxylase
promoter through an AP-1-dependent mechanism. Am J Physiol Gastrointest Liver Physiol
272:G822-G830

Hori Y, Nihei Y, Kurokawa Y et al (2002) Accelerated clearance of Escherichia coli in experimental
peritonitis of histamine-deficient mice. J Immunol 169:1978-1983

Joseph DR, Sullivan PM, Wang YM et al (1990) Characterization and expression of the comple-
mentary DNA encoding rat histidine decarboxylase. Proc Natl Acad Sci USA 87:733-737

Jutel M, Blaser K, Akdis CA (2005) Histamine in allergic inflammation and immune modulation.
Int Arch Allergy Immunol 137:82-92

Jutel M, Watanabe T, Akdis M et al (2002) Immune regulation by histamine. Curr Opin Immunol
14:735-740

Jutel M, Watanabe T, Klunker S et al (2001) Histamine regulates T-cell and antibody responses by
differential expression of H; and Hj receptors. Nature 413:420-425

Karlstedt K, Nissinen M, Michelsen KA et al (2001) Multiple sites of L-histidine decarboxylase
expression in mouse suggest novel developmental functions for histamine. Dev Dyn 221:81-91

Katoh Y, Niimi M, Yamamoto Y et al (2001) Histamine production by cultured microglial cells of
the mouse. Neurosci Lett 305:181-184

Kawaguchi-Nagata K, Okamura H, Tamura T et al (1985) Induction of histidine decarboxylase
activity in the spleen of mice treated with staphylococcal enterotoxin A and demonstration of
its non-mast cell origin. Biochem Biophys Res Commun 129:187-192

Kawai H, Ohgoh M, Emoto S et al (1992) Synergistic effects of 12-O-tetradecanoylphorbol-
13-acetate and dexamethasone on de novo synthesis of histidine decarboxylase in mouse
mastocytoma P-815 cells. Biochim Biophys Acta 1133:172-178

Koarai A, Ichinose M, Ishigaki-Suzuki S et al (2003) Disruption of L-histidine decarboxy-
lase reduces airway eosinophilia but not hyperresponsiveness. Am J Respir Crit Care Med
167:758-763

Kobayashi T, Tonai S, Ishihara Y et al (2000) Abnormal functional and morphological regulation
of the gastric mucosa in histamine Hj receptor-deficient mice. J Clin Invest 105:1741-1749

Kolby L, Wingberg B, Ahlman H et al (1996) Histidine decarboxylase expression and histamine
metabolism in gastric oxyntic mucosa during hypergastrinemia and carcinoid tumor formation.
Endocrinology 137:4435-4442

Kuramasu A, Saito H, Suzuki S et al (1998) Mast cell-/basophil-specific regulation of human
L-histidine decarboxylase gene by CpG methylation in the promoter region. J Biol Chem
273:31607-31614



2 Regulation of Mammalian Histamine Synthesis 27

Leurs R, Bakker RA, Timmerman H et al (2005) The histamine H3 receptor: from gene cloning to
Hj receptor drugs. Nat Rev Drug Discov 4:107-120

Lovenberg TW, Roland BL, Wilson SJ et al (1999) Cloning and functional expression of the human
histamine H3 receptor. Mol Pharamcol 55:1101-1107

Maeyama K, Watanabe T, Taguchi Y et al (1982) Effect of a-fluoromethylhistidine, a suicide
inhibitor of histidine decarboxylase, on histamine levels in mouse tissues. Biochem Pharmacol
14:2367-2370

Makabe-Kobayashi Y, Hori Y, Adachi T et al (2002) The control effect of histamine on body
temperature and respiratory function in IgE-dependent systemic anaphylaxis. J Allergy Clin
Immunol 110:298-303

Martin SAM, Bishop JO (1986) Purification and characterization of histidine decarboxylase from
mouse kidney. Biochem J 234:349-354

McLaughlin JT, Ai W, Sinclair NF et al (2004) PACAP and gastrin regulate the histidine
decarboxylase promoter via distinct mechanisms. Am J Physiol Gastrointest Liver Physiol
286:G51-G59

Metcalfe DD, Baram D, Mekori YA (1997) Mast cells. Physiol Rev 77:1033-1079

Miyazaki T, Ohgoh M, Ohmori E et al (1992) Synergistic effects of cyclic AMP and Ca**
ionophore A23187 on de novo synthesis of histidine decarboxylase in mastocytoma P-815 cells.
Biochim Biphys Acta 1133:179-186

Morgan TK, Montgomery K, Mason V et al (2006) Upregulation of histidine decarboxylase
expression in superficial cortical nephrons during pregnancy in mice and women. Kidney Int
70:306-314

Musio S, Gallo B, Scabeni S et al (2006) A key regulatory role for histamine in experimen-
tal autoimmune encephalomyelitis: disease exacerbation in histidine decarboxylase-deficient
mice. J Immunol 176:17-26

Nakagawa S, Okaya Y, Yatsunami K et al (1997) Identification of multiple regulatory elements of
human L-histidine decarboxylase gene. J Biochem 121:935-940

Nakamura E, Kataoka T, Furutani K et al (2004) Lack of histamine alters gastric mucosal mor-
phology: comparison of histidine decarboxylase-deficient and mast cell-deficient mice. Am
J Physiol Gastrointest Liver Physiol 287:G1053-G1061

Oda T, Morikawa N, Saito Y et al (2000) Molecular cloning and characterization of a novel type
of histamine receptor preferentially expressed in leukocytes. J Biol Chem 275:36781-36786

Ohgoh M, Yamamoto J, Kawata M et al (1993) Enhanced expression of the mouse L-histidine
decarboxylase gene with a combination of dexamethasone and 12-O-tetradecanoylphorbol-13-
acetate. Biochem Biophys Res Commun 196:1113-1119

Ohmori E, Fukui T, Imanishi N et al (1990) Purification and chracterization of L-histidine
decarboxylase from mouse mastocytoma P-815 cells. J Biochem (Tokyo) 107:834-839

Ohtsu H, Kuramasu A, Suzuki S et al (1996) Histidine decarboxylase expression in mouse
mast cell line P-815 is induced by mouse peritoneal cavity incubation. J Biol Chem 271:
28439-28444

Ohtsu H, Kuramasu A, Tanaka S et al (2002) Plasma extravasation induced by dietary supple-
mented histamine in histamine-free mice. Eur J Immunol 32:1698-1708

Ohtsu H, Tanaka S, Terui T et al (2001) Mice lacking histidine decarboxylase exhibit abnormal
mast cells. FEBS Lett 502:53-56

Ohtsu H, Watanabe T (2003) New functions of histamine found in histidine decarboxylase gene
knockout mice. Biochem Biphys Res Commun 305:443-447

Palacios JM, Mengod G, Grau M et al (1978) Pyridoxal 5'-phosphate as a cofactor for rat brain
histidine decarboxylase. J Neurochem 30:213-216

Panula P, Yang HY, Costa E (1984) Histamine-containing neurons in the rat hypothalamus. Proc
Natl Acad Sci USA 81:2572-2576

Paria BC, Das N, Das SK et al (1998) Histidine decarboxylase gene in the mouse uterus is reg-
ulated by progesterone and correlates with uterine differentiation for blastocyst implantation.
Endocrinology 139:3958-3966



28 S. Tanaka and A. Ichikawa

Prinz C, Zanner R, Gratzl M (2003) Physiology of gastric enterochromaffin-like cells. Annu Rev
Physiol 65:371-382

Raychowdhury R, Zhang Z, Hocker M et al (1999) Activation of human histidine decarboxylase
gene promoter activity by gastrin is mediated by two distinct nuclear factors. J Biol Chem
274:20961-20969

Rechsteiner M, Rogers SW (1996) PEST sequences and regulation by proteolysis. Trends Biochem
Sci 21:267-271

Rubin W, Schwartz B (1979) Electron microscopic radioautographic identification of the ECL cell
as the histamine-synthesizing endocrine cell in the rat stomach. Gastroenterology 77:458-467

Safina F, Tanaka S, Inagaki M et al (2002) Expression of L-histidine decarboxylase in mouse male
germ cells. J Biol Chem 277:14211-14215

Schayer RW (1978) Biogenesis of histamine. In Rocha e Silva M (ed) Handbook of experimental
pharmacology, vol 18/2 Springer, Berlin Heidelberg New York

Schneider E, Machavoine F, Pléau JM et al (2005) Organic cation transporter 3 modulates murine
basophil functions by controlling intracellular histamine levels. J Exp Med 202:387-393

Schneider E, Poemacher RE, Nabarra B et al (1993) Mast cells and their committed precur-
sors are not required for interleukin-3-induced histamine synthesis in murine bone marrow:
characteristics of histamine-producing cells. Blood 81:1161-1169

Schubert ML (2007) Gastric secretion. Curr Opin Gastroenterol 23:595-601

Shiraishi M, Hirasawa N, Kobayashi Y et al (2000) Participation of mitogen-activated pro-
tein kinase in thapsigargin- and TPA-induced histamine production in murine macrophage
RAW264.7 cells. Br J Pharmacol 129:515-524

Shiraishi M, Hirasawa N, Oikawa S et al (2000) Analysis of histamine-producing cells at the late
phase of allergic inflammation in rats. Immunology 99:600-606

Shore PA, Burkhalter A, Cohn VH Jr (1959) A method for the fluorometric assay of histamine in
tissues. J Pharmacol Exp Ther 127:182-186

Sullivan BM, Locksley RM (2009) Basophils: A nonredundant contributor to host immunity.
Immunity 30:12-20

Sullivan PM, Petrusz P, Szpirer C et al (1991) Alternative processing of androgen-binding protein
RNA transcripts in fetal rat liver. J Biol Chem 266:143-154

Suzuki S, Tanaka S, Nemoto K et al (1998) Membrane targeting and binding of the 74-kDa form
of mouse L-histidine decarboxylase via its carboxyl-terminal sequence. FEBS Lett 437:44-48

Suzuki-Ishigaki S, Numayama-Tsuruta K, Kuramasu A et al (2000) The mouse L-histidine decar-
boxylase gene: structure and transcriptional regulation by CpG methylation in the promoter
region. Nucleic Acids Res 28:2627-2633

Taguchi Y, Tsuyama K, Watanabe T et al (1982) Increase in histidine decarboxylase activity in
skin of genetically mast-cell-deficient W/Wv mice after application of phorbol 12-myristate
13-acetate: evidence for the presence of histamine-producing cells without basophilic granules.
Proc Natl Acad Sci USA 79:6837-6841

Taguchi Y, Watanabe T, Kubota H et al (1984) Purification of histidine decarboxylase from
the liver of fetal rats and its immunochemical and immunohistochemical characterization.
J Biol Chem 259:5214-5221

Takahashi K, Tanaka S, Furuta K et al (2002) Histamine H; receptor-mediated modulation of local
cytokine expression in a mouse experimental tumor model. Biochem Biophys Res Commun
297:1205-1210

Takahashi K, Tanaka S, Ichikawa A (2001) Effect of cimetidine on intratumoral cytokine
expression in an experimental tumor. Biochem Biophys Res Commun 281:1113-1119

Takamatsu S, Nakashima I, Nakano K (1996) Modulation of endotoxin-induced histamine
synthesis by cytokine in mouse bone marrow-derived macrophages. I Immunol 156:778-785

Tanaka S, Deai K, Inagaki M et al (2003) Uptake of histamine by mouse peritoneal macrophages
and a macrophage cell line, RAW264.7. Am J Physiol Cell Physiol 285:C592-C598

Tanaka S, Deai K, Konomi A et al (2004) Expression of L-histidine decarboxylase in granules of
elicited mouse polymorphonuclear leukocytes. Eur J Immunol 34:1472-1482



2 Regulation of Mammalian Histamine Synthesis 29

Tanaka S, Fukui T, Yamamoto J et al (1995) Processing and activation of recombinant mouse mas-
tocytoma histidine decarboxylase in the particulate fraction of Sf9 cells by porcine pancreatic
elastase. Biochimica Biophys Acta 1253:9-12

Tanaka S, Hamada K, Yamada N et al (2002a) Gastric acid secretion in L-histidine decarboxylase-
deficient mice. Gastroenterology 122:145-155

Tanaka S, Nemoto K, Yamamura E et al (1997) Degradation of the 74 kDa form of L-histidine
decarboxylase via the ubiquitin-proteasome pathway in a rat basophilic/mast cell line (RBL-
2H3). FEBS Lett 417:203-207

Tanaka S, Nemoto K, Yamamura E et al (1998) Intracellular localization of the 74- and 53-kDa
forms of L-histidine decarboxylase in a rat basophilic/mast cell line, RBL-2H3. J Biol Chem
273:8177-8182

Tanaka S, Takasu Y, Mikura S et al (2002b) Antigen-independent induction of histamine synthesis
by immunoglobulin E in mouse bone marrow-derived mast cells. J Exp Med 196:229-235

Thurmond RL, Gelfand EW, Dunford PJ (2008) The role of histamine H; and H4 receptors in
allergic inflammation: the search for new antihistamine. Nat Rev Drug Discov 7:41-53

Toledo A, Rodriguez R, Sabria J et al (1991) Calcium effects on the solubilization of membrane-
bound histidine decarboxylase in the rat brain. J] Neurochem 56:380-384

Tran VT, Snyder S (1981) Histidine decarboxylase. Purification from fetal rat liver, immuno-
logic properties, and histochemical localization in brain and stomach. J Biol Chem 256:
680-686

Travis ER, Wang YM, Michael Dj et al (2000) Differential quantal release of histamine and
5-hydroxytryptamine from mast cells of vesicular monoamine transporter 2 knockout mice.
Proc Natl Acad Sci USA 97:162-167

van der Pouw Kraan TC, Snijders A, Boeije LC et al (1998) Histamine inhibits the production of
interleukin-12 through interaction with Hy receptors. J Clin Invest 102:1866-1873

Vannier E, Miller LC, Dinarello CA (1991) Histamine suppresses gene expression and synthesis
of tumor necrosis factor alpha via histamine H, receptors. ] Exp Med 174:281-284

Viguera E, Trelles O, Urdiales JL et al (1994) Mammalian L-amino acid decarboxylase producing
1,4-diamines: analogies among differences. Trends Biochem Sci 19:318-319

Wagner W, Ichikawa A, Tanaka S et al (2003) Mouse mammry epithelial histamine system.
J Physiol Pharmacol 54:211-223

Watanabe T, Kitamura Y, Maeyama K et al (1981) Absence of increase of histidine decarboxylase
activity in mast cell-deficient W/W mouse embryos before parturition. Proc Natl Acad Sci USA
78:4209-4212

Watanabe T, Taguchi Y, Shiosaka S et al (1984) Distribution of the histaminergic neuron system in
the central nervous system of rats; a fluorescent immunohistochemical analysis with histidine
decarboxylase as a marker. Brain Res 295:13-25

Watanabe T, Wada H (1983) Histidine decarboxylase and histamine N-methyl transferase. In:
Parvez S, Nagatsu T, Nagatsu I, Parvez H (eds) Methods in biogenic amine research. Elsevier
Science, Ltd. (Amsterdam, Netherlands) pp 689-720

Xu X, Zhang D, Zhang H et al (2006) Neutrophil histamine contributes to inflammation in
mycoplasma pneumonia. J Exp Med 203:2907-2917

Yamamoto J, Fukui T, Suzuki K et al (1993) Expression and characterization of recombinant mouse
mastocytoma histidine decarboxylase. Biochim Biphys Acta 1216:431-440

Yamamoto J, Yatsunami K, Ohmori E et al (1990) cDNA-derived amino acid sequence of
L-histidine decarboxylase from mouse mastocytoma P-815 cells. FEBS Lett 276:214-218

Yatsunami K, Ohtsu H, Tsuchikawa M et al (1994) Structure of the L-histidine decarboxylase gene.
J Biol Chem 269:1554-1559

Yatsunami K, Tsuchikawa M, Kamada M et al (1995) Comparative studies of human recombinant
74- and 54-kDa L-histidine decarboxylase. J Biol Chem 270:30813-30817

Yokoyama M, Yokoyama A, Mori S et al (2004) Inducible histamine protects mice from P.
acnes-primed and LPS-induced hepatitis through Hj-receptor stimulation. Gastroenterology
127:892-902



30 S. Tanaka and A. Ichikawa

Zahnow C, Panula P, Yamatodani A et al (1998) Glucocorticoid hormones downregulate histidine
decarboxylase mRNA and enzyme activity in rat lung. Am J Physiol Lung Cell Mol Physiol
275:L407-L413

Zahnow CA, Yi HF, McBride OW et al (1991) Cloning of the cDNA encoding human histidine
decarboxylase from an erythroleukemia cell line and mapping of the gene locus to chromosome
15. DNA Seq 1:395-400

Zampeli E, Tiligada E (2009) The role of histamine H4 receptor in immune and inflammatory
disorders. Bt J Pharmacol 157:24-33

Zhang Z, Hocker M, Koh TJ et al (1996) The human histidine decarboxylase promoter is regulated
by gastrin and phorbor 12-myristate 13-acetate through a downstream cis-acting element. J Biol
Chem 271:14188-14197



Part I1
Enzymology in Histamine Biology



Chapter 3
Enzymology in Histamine Biogenesis

Almudena Pino-Angeles, Aurelio A. Moya-Garcia, Miguel Angel Medina,
and Francisca Sanchez-Jiménez

Abstract Histamine is a multifunctional biogenic amine with relevant roles in
intercellular communication, inflammatory processes and many emergent patholo-
gies. Histamine biosynthesis depends on the single decarboxylation of the amino
acid histidine. In Gram-negative bacteria and animals, this reaction is carried out by
a PLP-dependent histidine decarboxylase activity (HDC, EC 4.1.1.22), an enzyme
that has been rather difficult to experimentally characterize. Interest in the mam-
malian HDC has increased due to recent findings on physiological consequences
observed in HDC knockout animals. During the last few years, important advances
have been made in the study of the structure/function relationship that explains its
catalytic behaviour, mainly through a combination of both biophysical and bio-
computational approaches. This chapter provides a comprehensive review of the
current knowledge on this topic and how this knowledge could be extracted, which
could give insights to characterize other unstable and minor proteins with phys-
iopathological relevance. A model for the structure of the enzyme allowed us to
understand its topology and to locate the catalytic environment, which was vali-
dated by direct-mutagenesis. Hybrid quantum mechanics and molecular mechanics
simulations made it possible to understand the decarboxylation reaction at atomic
level, as well as the conformational changes of the enzyme caused by the substrate
binding. At this point, the search for and design of new and more selective mod-
ulators of the activity are possible. We also point out some important outstanding
problems: (i) the exact role of the carboxy-terminal portion of the primary transla-
tion product; (ii) the putative binding proteins that can explain several intracellular
features deduced for this enzyme; and (iii) the need for a deeper comparison to the
unsolved PLP-dependent bacterial counterpart and other homologous enzymes.
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3.1 Introduction

Histamine is the product of the a-decarboxylation of the proteinogenic amino acid
histidine. In several animals, including rat and growing humans, the endogenous
synthesis of histidine, which is metabolically linked to de novo nucleic acid syn-
thesis, is not enough to accomplish the endogenous synthesis of proteins and other
histidine-derived secondary metabolites, so that food intake is the most important
source for the endogenous pool of the amino acid (Bender 1985). After pro-
tein digestion, histamine can be considered the product of a single step pathway
catalysed by the enzyme histidine decarboxylase (HDC, EC 4.1.1.22). In any case,
diet can also be an important source of histamine, since microorganisms growing on
the raw material of fermented foods, as well as the intestinal flora, can also produce
the amine which is assimilated in the gastrointestinal track. Due to these facts, there
is a growing demand for consumers and control authorities to reduce the allowable
limits of histamine in food and beverages.
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Histamine can elicit pleiotropic responses in the human body through different
receptors, as it is a mediator of the immune response, gastric secretion and neuro-
transmission (see other chapters of this book). Its uptake, synthesis, degradation,
reception and storage must be strictly controlled since it is, both an essential com-
pound for several physiological functions, and a toxic compound when it is present
either in excess or in the wrong metabolic context, as revealed by experiments
with knock-out and histamine-treated animals. Histamine has been related to aller-
gies and many other inflammatory responses, peptic ulcers, food intolerance, bone
loss, several neurological and fertility disorders and even tumour growth modulation
(Csaba et al. 2007a, b, Dere et al. 2004, Jorgensen et al. 2006, Klausz et al. 2004,
Liu et al. 2007, Mondillo et al. 2007, Ohtsu 2008, Ohtsu and Watanabe 2003, Pos
et al. 2008, Rahman et al. 2007). Consequently, from a biomedical point of view,
the characteristics of both bacterial and animal enzymes are interesting and must be
taken into account to develop strategies to interfere with histamine metabolism and
its undesirable consequences (Medina et al. 2003).

In this chapter, we review the current knowledge about the structural features
and function of histidine decarboxylase, new perspectives to control its activity, as
well as the approaches used to generate this body of knowledge which combined
multiple characteristics that are specially resistant to molecular and mechanistic
characterizations, thus complicating the use of this enzyme as a potential target for
antihistaminic treatments.

3.2 A Brief Presentation of the Involved Elements
and Organisms

Histamine biosynthesis takes places by a-decarboxylation of the L-amino acid
histidine:

#._7/\

In general, biocatalysis of this reaction proceeds by a covalent mechanism. It
involves that a carbonyl group (R1R,C=0) that belong to the reaction cofactor is
finally able to form a Schiff base (R{R,C=N-R3) with the a-amino group of the
substrate histidine (HoN-R3).

Histamine can be produced by both Gram-negative and Gram-positive bacte-
ria, and in a reduced set of animal cell types. In all cases, the enzyme keeps the
same nomenclature and EC number (EC 4.1.1.22). However, the structure and the
properties of HDCs present in different organisms differ enormously and are some-
times completely different. In fact, the HDC of Gram positive bacteria has a different
evolutionary origin. In Gram-negative bacteria and animals the enzyme requires
pyridoxal-5-phosphate (PLP) as a cofactor (see its formula below, Fig. 3.1).
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Fig. 3.1 Structures of pyridoxal-5'-phosphate in both its aldehide (leff) and aldimine (right)
forms

PLP also seems to be required for the activation of the HDC of Gram-positive
bacteria, studied on Lactobacillus casei 30a, but after purification, the enzyme does
not contain covalently bound PLP. Alternatively, a pyruvoyl (Pyr) residue is located
in the catalytic site of L. casei 30a (Gallagher et al. 1989).

Most of the molecular and