CHAPTER 2

Molecular Pharmacology of the Four

Histamine Receptors
Gerold Bongers, Iwan de Esch and Rob Leurs*

Abstract
istamine and its receptors have been (and are still today) very fruitful topics for pharma-
H cological and medicinal chemistry studies. In this chapter we review the various selective
ligands that are available for the four different histamine receptors and we describe the
main molecular pharmacological aspects of cach of the receptor subtypes.

The Discovery of the Four Histamine Receptors: An Historical Overview

The biological effects of histamine were observed early by Dale and Laidlaw (1910). Injection
of the biogenic amine produced similar effects as in many allergic reactions.! As carly as 1937,
the first evidence for a histamine receptor was provided by Bovet and Staub, who discovered the
first antihistamine thymoxidiethylamine, that was capable of preventing anaphylactic shock in
animals.? The discovery by Ash and Schild in 1966 that antihistamines, like mepyramine, could
block certain pharmacological actions of histamine on symptoms of allergic reactions, but not
the effects on the gastric acid secretion led the hypothesis that there were at least two subtypes of
histamine receptors.’ This was further corroborated by the finding that burimamide selectively
antagonized the histamine mediated effects on the gastric acid secretion.” The histamine mediated
auto-inhibition of brain histamine release was shown to by mediated by a third class of histamine
receptors that could be pharmacologically differentiated from the heretofore known histamine H,
receptor (H,R) and histamine H, receptor (H,R).” The histamine H; receptor (H;R) was definitely
confirmed by the first selective and potent H;R antagonists thioperamide.® The last member of
the histamine receptor family was originally cloned as an orphan receptor, but based on its high
sequence homology to the H;R was found to respond to histamine and confirmed to be a fourth
histamine receptor, the histamine Hy receptor (H,R).”"!

The four histamine receptors are all membrane bound proteins that belong to the superfamily
of the G-protein coupled receptors (GPCRs) and more precisely to the biogenic amine receptors
in the rhodopsin-family. GPCRs convert diverse stimuli like odors, photons, neurotransmitters
(including biogenic amines), hormones, peptides and proteases, via guanine nucleotide-binding
proteins (G-proteins) into intracellular responses. GPCRs are characterized by seven alpha helical
transmembrane (TM) domains and are found in eukaryotes, including yeast, plants, choanoflagel-
lates and animals. They are involved in numerous physiological processes like smell, taste, vision,
behavior and mood, regulation of the immune system and autonomic nervous system transmis-
sion. GPCRs are considered attractive drug targets by the pharmaceutical industry, because they
are involved in the regulation of almost every major mammalian physiological process and are
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Figure 1. Chemical structures of selected H;R antagonists.

readily accessible to drugs due to their localization on the cell surface. In fact, 30% of all drugs
on the market are targeting GPCRs, among these are several block-buster drugs like clopidogrel
(Plavix®), cimetidine ( Tagamet®), Fexofenadine hydrochloride (Allegra®), quetiapine (Seroquel®)
and metoprolol (Lopressor® or Seloken®).!*!3 Recently, considerable progress has been made in
the purification and crystallization of several members of the rhodopsin class of GPCRs,'*¢ likely
further enhancing the success of GPCR based drug discovery.

Histamine Receptors, Signal Transduction and Their Ligands

In the next paragraphs we will discuss various molecular pharmacological aspects of the four
different receptor subtypes, including the availability of selective subtype selective agonists and
antagonists.

The Histamine H, Receptor and Its Ligands

The histamine H, receptor (H,R) is found mainly on smooth muscle cells, endothelium and
in the CNS. Its physiological role includes e.g., vasodilatation, bronchoconstriction, modulation
of endothelial barrier function (responsible for hives), pain and itching due to insect stings. The
antagonists for the H,R, commonly known as antihistamines, are successfully used for the treat-
ment of allergic rhinitis and skin irritations."” Following the first antihistamine, thymoxyethyldi-
cthylamine (Fig. 1), the related ethylenediamines (e.g., mepyramine) were the first clinically used
H;R antagonists. Like the other first generation H;R antagonists, the use of mepyramine however
suffers from sedation as a side effect. Actually, these compounds are now used in many sleeping-aid
preparations. Second generation antagonists for the H,R, e.g., the piperazine cetirizine, have a
reduced occurrence of adverse drug reactions due to a decreased brain penetration and increased
H R selectivity.'

Some selective H, R agonists have recently been developed as well, but are not used therapeutically.
Modification of the imidazole moiety of histamine has been the most successful approach for obtain-
ingselective H, agonists (Fig. 2). The presence of the tautomeric N™-N" system of the imidazole ring is
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Figure 2. Chemical structures of selected H;R agonists.
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notobligatory, as reflected by the selective, but weak H, agonists 2-pyridylethylamine. Substitution of
the imidazole ring at the 2-position leads to relatively selective H, agonists. Schunack and colleagues
developed a series of H,R selective histaprodifens.’>! A further increase in H, R agonist potency was
obtained by a bivalent ligand approach. Suprahistaprodifen, a dimer of histaprodifen and histamine
is currently one of the most potent H, R agonists available.”*** Surprisingly, recent high throughput
screening of CNS-active drugs at the H,R has identified the non-imidazole ergot derivative lisuride
as another high affinity H,R agonist.**

The bovine H,R cDNA was cloned from a cDNA library of bovine adrenal medulla and was the
first H,R gene to be cloned,” soon to be followed by other species, including the human H,R 2%
The human H;R gene is an intron-less gene that is located on chromosome 3p25 and encodes for
a487 amino acid GPCR with a long third intracellular loop (IL3).”

The H,R predominantly couples to Gayyi-proteins® leading to the activation of PLC and
subsequent release of the second messengers IP; and DAG followed by the activation of PKC and
the release of [Ca?*],. Additionally, the H,R has been shown to constitutively increase IP; levels™
and to activate the nuclear factor kB (NF-kB),*? a transcription factor involved in inflammation
and cancer. Remarkably, the H,R-mediated constitutive activation of NF-kB is primarily mediated
through G-protein By-subunits, whereas both Ga 1 ,-proteins and By-subunits are required for the
H;R agonists mediated NF-kB activation.?”? All the clinically used H,R antagonists, in fact act as
inverse agonists inhibiting the constitutive activation of the H,R.

The Histamine H, Receptor and Its Ligands

The histamine H, receptor (H,R) is located in a variety of tissues including brain, gastric cells
and cardiac tissue.”” H,Rs are involved in the gastric acid secretion and therefore antagonists of
the H,R are used in the treatment of peptic ulcers. The first H,R antagonist, burimamide (Fig. 3),*
was not very potent and actually was not very specific for the H,R either. With the discovery of the
H;R and HR we now know that burimamide has a higher affinity for the H;R and H,R.>* Further
development within the class of H,R antagonists led to the discovery of cimetidine (Tagamet®) by
Smith, Kline and French and ranitidine (Zantac®) by GlaxoSmithKline. These H,R antagonists
have been widely used in the clinical treatment of peptic ulcers and have become major blockbust-
ers. Nowadays it has become apparent that gastric ulcers can effectively be cured by a proton-pump
inhibitor in combination with antibiotics when an infection with H. pylori is found >3

A first step towards a selective H,R agonist was made with the discovery of dimaprit (Fig. 4),
which was found in a quest for isothiourea-based H,R antagonists. Dimaprit is an H,R agonist
that is almost as active as histamine at the H,R, but hardly displays any H,R agonism. Later it
was found that dimaprit is also a moderate H;R antagonist and a moderate HiR agonist. Using
dimapritas a template, amthamine (2-amino-5-(2-aminoethyl)-4-methylthiazole) was designed as
arigid dimaprit analogue (Fig. 4).”” Amthamine combines a high H,R selectivity with a potency,
which is slightly higher compared to histamine, both in vitro and in vivo.

The H,R gene was the first gene of the histamine receptor family to be cloned. By using degen-
erate oligonucleotide primers based on the known homology between GPCRs and subsequent
polymerase chain reaction (PCR) on canine gastric parietal cell cDNA Gantz and coworkers
cloned the canine H,R.*® High homology of the various H,R facilitated cloning of the H,R
in other species, including the human H,R gene.”” The human H,R gene is an intron-less gene
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Figure 3. Chemical structures of H,R antagonists.
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located on chromosome 5q35 encoding for a protein of 358 amino acids. Compared to the other
histamine receptors the H,R has a short IL3 and a longer C-terminal tail. The H,R predomi-
nantly couples to Ga,-proteins and subsequently leads an increase in intracellular cAAMP and the
activation PKA. Selective immunoprecipitation of activated G proteins labeled with [0-*?P]GTP
azidoanilide revealed, in addition to Goy-protein coupling, specific coupling to Go,-proteins as
well. Stimulation of recombinantly expressed H,R in COS-7 cells indeed resulted in an increase
in intracellular inositol 3-phosphate (IP;) and as well as an increase in cAMP.*’ Similar to the
H R, the H,R was found to display constitutive activity as well,* which led to the reclassification
of heretofore known (and clinically important) antagonists (like cimetidine and ranitidine) as
inverse agonists. Burimamide was found to be neutral antagonist for the rat H,R,* but acts as a
weak partial agonist on the human H,R.*

The Histamine H; Receptor and Its Ligands

The histamine H; receptor (H;R) is predominantly expressed in the CNS and to a lesser
extent in the peripheral nervous system.” On histaminergic neurons in the CNS the H;R acts
as an presynaptic autoreceptor inhibiting the release and synthesis of histamine.> On nonhis-
taminergic neurons in mammalian brain, the H;R functions as a heteroreceptor inhibiting
the release of various important neurotransmitters like serotonin, noradrenalin, acetylcholine
and dopamine.'” Besides neuronal expression, peripheral inhibitory effects of H;R activation
on neurotransmission have been shown to occur in the cardiovascular system, gastrointestinal
tract and the airways. ¢

The H;R has been an attractive drug target for both academia and the pharmaceutical
industry.”>! The H;R is expressed in brain regions that are critical for cognition (cortex and
hippocampus), sleep and homeostatic regulation (hypothalamus).>> Moreover, the H;R acts as a
heteroreceptor modulating the release of several important neurotransmitters that are involved
in processes like cognition, mood and sensory gating.”>** In addition, the H;R acts as an autore-
ceptor regulating the release and synthesis of histamine, a neurotransmitter that plays a role in
vigilance, attention, impulsivity and feeding/weight regulation.'”* Therefore, antagonists for the
H;R are currently under investigation in several therapeutic areas including sleep disorders, energy
homeostasis and cognitive disorders.””*

The first potent H;R ligands, e.g., thioperamide and clobenpropit (Fig. 5)**° were based on
the structure of histamine and therefore imidazole-based. However, development of H;R specific
antagonists by pharmaceutical companies like GlaxoSmithKline (c.g., GSK-189254), Abbott (c.g.,
A-423579), Johnson and Johnson, Schering-Plough, Pfizer, UCB Pharma, Merck, Banyu, Eli
Lilly, Sanofi-Synthelabo and Roche focused on non-imidazole compounds,” in order to limit
potential drug-drug interactions via the interaction with the cytochrome P450 isoenzymes.®*

At the H; receptor, histamine itself is a highly active agonist. Methylation of the a-carbon
atom of histamine’s ethylamine sidechain leads to R-a-methylhistamine, with a highly reduced
activity at both the HR—and H,R and potent agonist activity at the H;R.** For potent H;
agonism, the amine function of histamine can be incorporated in ring structures. For ex-
ample, immepip (Fig. 6) is a potent H; agonist that is effective in vitro and in vivo. Although
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Figure 5. Chemical structures of H;R antagonists.

immepip and R-a-methylhistamine have previously been used as reference ligands to study
the H;R, both of them have considerable activity for the recently discovered HR. Therefore,
new potent and selective H;R agonists have been dcveloped, most notably immethridine
(pECs = 9.8; 300 fold selectivity over the H{R) and methimepip (pECs, = 9.5; >10000 fold
selectivity over the H4R).%

It was not until the turn of last century before the human H;R ¢DNA was identified by
Lovenberg and his coworkers at Johnson and Johnson in 1999.% Eatlier efforts to clone the H;R
gene by homology screening on the basis of the earlier elucidated H,R and H,R genes all failed.
In search for novel GPCRs in commercial genome databases, an orphan GPCR with homology
to the M, muscarinic acetylcholine receptor was identified. Full pharmacological characterization
of this new aminergic GPCR identified this protein as the histamine H;R. Cloning of the H;R
genes of other species, including rat, guinea pig and mouse, soon followed and important H;
receptor species differences have been identified.® The H;R mRNA undergoes extensive alterna-
tive splicing, resulting in many Hj receptor isoforms that have different signaling properties and
expression profiles.’®®” Moreover, the H;R displays particularly high constitutive activity, which
can also be observed in vivo, leading to a reclassification of existing ligands into agonists, neutral
antagonists and inverse agonists.

The H;R signals via Gy, proteins as shown by the pertussis toxin sensitive stimulation of
[*S]-GTPyS binding in rat cortical membranes.® The inhibition of adenylyl cyclase after stimu-
lation of the H;R results in lowering of cellular cAMP levels and modulation of CREB (cAMP
responsive element-binding protein) dependent gene transcription.®”> Moreover, the H;R ef-
fectively couples to the stimulation of MAPK ¢ and the Ake-GSK3-f3 axis.”
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Figure 6. Chemical structures of H;R agonists.
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Figure 7. Chemical structures of H,R ligands.

The Histamine H, Receptor and Its Ligands

The histamine H; receptor (H,R) has a relatively low CNS expression and is highly expressed
in peripheral blood leukocytes and mast cells, suggesting a role for the HyR in inflammatory and
immune responses.”” At this moment lot of interest is focused on the potential of the H,R as
drug target in inflammatory conditions (e.g., allergic asthma) and itch. With the discovery of the
H.R and its initial pharmacological characterization,”" it became immediately clear that many
imidazole-containing H;R ligands show a high affinity for the H,R as well.”® This is probably due
to the high homology (68%) in the transmembrane regions of the H;R and HR.#**37 Classical
H;R ligands like the H;R agonists immepip and imetit and the H;R inverse agonist clobenpropit
were shown to be potent high affinity agonists on the Hy;R,” whereas thioperamide turns out
to be a high affinity inverse agonist for the H4R.* The first potent and H4R selective agonists,
4-methylhistamine®® and VUF84307 and inverse agonists, JNJ 7777120% and its benzimidazole
derivative VUF600%#2%3 have now been developed (Fig. 7). These specific HR ligands, together
with the availability of H;R specific ligands,* will help to delineate the roles of the H,R in vivo.

The gene that encodes for the human H,R is located on chromosome 18q11.2 and contains
three exons encoding for a 390 amino acid protein that has a 31% homology to the human H;R.®
Similarity in gene organization between the H;R and the H;R might indicate the possibility of
H.R isoforms, however so far no 7-TM H,R isoforms have been published.””!"# Like the H;R,
the H/R couples to Goy,-proteins, subsequently leading to an inhibition of cAMP accumulation
and the subsequent PKA dependent inhibition of the cAMP responsive element-binding protein
(CREB)." Furthermore, activation H,R has been shown to lead to a Gay,-protein dependent phos-
phorylation of MAPK in HEK293 cells** and mobilization of [Ca®*]; in mast cells endogenously
expressing the H R and in L1.2 cells that recombinantly express the H,R.*” The H,R mediated
mobilization of [Ca®]; in mast cells is both Gay,-protein and PLC dependent as shown by the
use of PTX and the phospholipase C inhibitor U73122.%

Conclusion

After the first successful period of histamine receptor pharmacology and the blockbuster
success of the histamine H;R and H,R antagonists, the histamine research area is now having a
firm revival. With the cloning of the genes of the H;R and H,R worldwide significant attention
is paid to the potential therapeutic use of ligands acting at these two “new” family members. It
is anticipated that in the coming years the first clinical results with recently developed H;R and
H.R antagonists will be made public.
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