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Abstract: Unlike the earlier agents in this class, certain of the newer histamine H, -receptor antagonists (so-called second-
generation H,-receptor antagonists) have recently been reported to promote gastric mucosal defenses. We review herein
the structure, specificity, and mechanisms of these agents with a special focus on their cytoprotective/gastroprotective ac-

tions.
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1. INTRODUCTION

Acid related diseases, including gastric and duodenal
ulcer, have plagued human and animals throughout recorded
history. Schwarz’s dictum [1]:, “no acid, no ulcer”, has been
challenged but rarely [2]. The discovery of the histamine H, -
receptor [3] and the subsequent introduction of cimetidine
[4] are regarded as milestones in the history of peptic ulcer
disease. During the 1980s, these gastric antisecretory agents
became the first-line therapy in peptic ulcer disease, and led
to an improved quality of life for many patients. An immense
amount of work has been done in this field of pharmacologi-
cal research [5-7]. More than 10,000 compounds have been
synthesized and tested for their H,-receptor antagonistic
activity. Many H,-receptor antagonists are being tested in
clinical or pre-clinical trials.

While acid, pepsin, and Helicobacter pylori are thought
to be major factors in the pathophysiology of peptic ulcer
diseases, the importance of the mucosal defense system has
also been emphasized [8-16]. Based on the belief that ulcers
occur as a result of an imbalance between aggressive and
defensive factors, such as mucus and mucosal blood flow,
related to mucosal resistance, in Japan it is often treated with
a combination of an acid suppressant (e.g. H,-receptor an-
tagonist or proton-pump inhibitor) and a mucosal protectant
[17-22]. Recent prospective randomized trials indicated that
the addition of a mucosal protectant significantly augmented
gastric ulcer healing and symptom relief by cimetidine [20,
21]. Compared with the aggressive factors, little attention
has been paid to the mucosal defensive factors in ulcer ther-
apy and the role of the H,-receptor antagonists in gastric
mucosal protection has not been well characterized.

Recently, some of the newer H,-receptor antagonists (so-
called second-generation histamine H,-receptor antagonists)
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have been reported to promote the gastric mucosal defense
mechanisms [18, 23-41]. We review herein the structure,
specificity, and mechanism of the histamine H,-receptor
antagonists with a special focus on their cytoprotective/gas-
troprotective actions.

2. STRUCTURE OF H,-RECEPTOR ANTAGONISTS

The chemical structures of some frequently used H,-
receptor antagonists are shown in Fig. (1). All the known
H,-receptor antagonists comprise an aromatic ring with a
flexible chain joined to a polar group. Despite considerable
diversity, these compounds can be grouped into two main
series according to the nature of the aromatic rings, namely
five-membered and six-membered aromatic ring series. Ci-
metidine, ranitidine, nizatidine, and famotidine belong to the
first-generation group characterized by a five-membered
aromatic ring. Second-generation histamine H,-receptor
antagonists contain a six-membered aromatic ring, instead of
a five-membered heterocyclic ring. The polar groups of ci-
metidine and ranitidine are bioisosteric groups. This means
that they can be exchanged without great loss of activity [7,
42].

In the search for a selective antagonist for H,-receptors,
the structure of histamine served as the chemical starting
point. Studies of its chemistry suggest that tautomerism of
the imidazole ring of histamine may be involved as a proton-
transfer agent [43]; consequently, the first H,-receptor an-
tagonists developed were derivatives of imidazole, chemical
modification of which led to cimetidine. It was originally
thought that a basic imidazole ring was required for Hj-
receptor affinity. It later became apparent that the imidazole
ring could be successfully replaced by other five-membered
rings. Ranitidine contains a dimethylaminomethylfuran ring
[44]. If the furan ring of ranitidine is replaced by a thiazole
ring, nizatidine is the result; the H,-receptor antagonistic
activity of this drug is in the same range as that of ranitidine
[45]. The guanidinothiazole moiety of famotidine, however,
is a group with exceptionally high H,-receptor affinity [46].
The guanidinothiazole group has been incorporated into
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Fig. (1). Chemical structures of the histamine H,-receptor antagonists.

many other compounds to produce potent H,-receptor an-
tagonists. This chemical group, therefore, is responsible for
the potency and H, selectivity of famotidine. Moreover,
molecular modelling studies by Schunack et al. have demon-
strated that the best fit to the binding site H,-receptor protein
is seen with famotidine, but not cimetidine or ranitidine [42].

Roxatidine and lafutidine belong to the second-generation
histamine H,-receptor antagonist group characterized by a
six-membered aromatic ring. These drugs contain piperidi-
nomethylbenzene or piperidinomethylpyridine groups, in-
stead of a five-membered aromatic ring, and also possess
strong antisecretory properties. The negative logarithm of the
molar concentration of antagonist in the presence of which
the potency of the agonist is reduced 2-fold (pA,), and an-
tagonist dissociation constant (Kp) values of some H,-
receptor antagonists, derived from in vifro models are sum-
marised in Table [45, 47-49]. Comparison of average Kp
values obtained using guinea-pig atrium indicates that famo-

tidine is about 50 times more potent than cimetidine and 10
times more potent than ranitidine. The Kp values of niza-
tidine and roxatidine acetate are in the same range as rani-
tidine. Inaba ef al. demonstrated that the histamine dose-
response curve could not show typical competitive antago-
nism in the guinea-pig right atrium in the absence or pres-
ence of increasing concentrations of lafutidine, indicating
that it is an unsurmountable and selective histamine H,-
receptor antagonist [50]. In a [* H]tiotidine binding study
using a guinea-pig cerebral cortex preparation, the K values
showed that the affinity of lafutidine was 2 and 80 times
more potent than those of famotidine and cimetidine, respec-
tively [50].

3. GASTROPROTECTIVE ACTIONS INDEPENDENT
OF ANTI-ACID SECRETORY EFFECT

Gastric ‘cytoprotection’ refers to a reduction or preven-
tion of chemically induced acute hemorrhagic erosions by
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Table. Pharmacological Activities of Histamine H2-Receptor Antagonists
H,-Receptor Antagonist Species Tissue PA; K (¥10°mol/L) Reference

Cimetidine Guinea-pig Gastric gland 6.41 0.389 [49]

Right atrium 6.08 0.832 [47]

Ranitidine Guinea-pig Gastric gland 6.87 0.135 [49]

Right atrium 6.75 0.178 [47]

Nizatidine Rat Uterus 7.10 0.079 [45]
Famotidine Guinea-pig Gastric gland 7.60 0.025 [49]

Right atrium 7.74 0.018 [47]

7.80 0.016 [48]

Roxatidine Guinea-pig Gastric gland 6.94 0.115 [49]

Right atrium 7.00 0.100 [48]

compounds such as prostaglandin (PG) and SH derivatives
without inhibiting acid secretion in rodents [51-53]. Since
the concept of ‘cytoprotection’ was introduced, increasing
attention has been paid to the effect of medications on the
gastric mucosal defensive mechanisms. Although the exact
mechanisms of the mucosal defense system are unknown, it
involves one or more of the naturally occurring gastric mu-
cosal defensive factors such as gastric blood flow, bicarbon-
ate secretion, and mucin metabolism. For estimation of the
gastroprotective function, many drugs have been investigated
for their activity to protect the gastric mucosa from a variety
of necrotizing agents such as ethanol and HCL Of the six
histamine H,-receptor antagonists shown in Fig. (1), roxa-
tidine and lafutidine have been reported to prevent the for-
mation of gastric mucosal lesions induced by necrotizing
agents in rats [24, 34, 39], and this effect may be due not
only to the inhibition of aggressive factors such as acid, but
also to the maintenance of defensive factors such as gastric
blood flow, bicarbonate and mucus secretion. On the other
hand, many reports have indicated that cimetidine and rani-
tidine lack a protective effect against necrotizing agent-
induced gastric mucosal damage in the rat [39, 54].

Considerable information has accumulated about the gas-
troprotective function of the mucus that covers the mucosal
surface of the stomach [55]. Mucin, a major component of
gastric mucus, is a high-molecular-weight compound of
unique structure and an important mucosal defensive factor
[56]. Stimulation of mucin synthesis is shown to be closely
related to mucosal protective activity [26]. Roxatidine and
lafutidine, the second-generation histamine H,-receptor an-
tagonists characterized by a six-membered aromatic ring,
have a stimulant effect on mucin biosynthesis in the rat gas-
tric mucosa. In contrast, first-generation H,-receptor antago-
nists such as cimetidine, ranitidine and famotidine, failed to
stimulate mucin biosynthesis [18, 26].

The above findings have clarified that the second-
generation H,-receptor antagonists have a unique structure,
and not only inhibit acid secretion but also enhance the pro-
tective mechanisms of the gastric mucosa. This should
stimulate new interest in the chemical analysis of these drugs

to determine the structural requirements for their gastropro-
tective actions.

4. STRUCTURE-ACTIVITY RELATIONSHIP FOR
GASTROPROTECTIVE ACTIONS

Compared with the structural requirements of the acid-
inhibitory mechanisms of the H,-receptor antagonists, only a
few detailed analyses have been reported of the structural
aspects of their gastroprotective actions [27, 28, 37, 57] be-
cause of the complicated mechanisms of mucosal protection.
However, the cardinal chemical features of lafutidine that
determine its mucin biosynthetic activity, as a quantitative
index of its gastroprotective action, were identified by con-
sidering the structural analogs (Fig. 2) of this drug using an
rat stomach organ culture system [28]. As shown in Fig. (2),
compounds A, B and C bear the pyridine ring and com-
pounds D and E bear the furan ring, which are commonly
present in the structure of lafutidine. Mucin biosynthetic
activity was increased by the addition of two pyridine deriva-
tives, lafutidine and compound A. In contrast, compounds D
and E, lacking a pyridine ring, failed to stimulate mucin bio-
synthesis. Similar results were obtained for compounds B
and C, which have a pyridine ring but lack an amide struc-
ture. These results indicate that pyridine-based compounds
containing an amide structure may be essential for activating
the gastroprotective function. Furthermore, comparison with
the histamine H,-receptor antagonistic activities of these
compounds suggests that H,-receptor antagonism is not di-
rectly correlated with lafutidine-induced stimulation of
mucin biosynthesis.

A more detailed analysis has been performed using roxa-
tidine and its structural analogs to reveal the structural re-
quirements of second-generation H,-receptor antagonists for
the stimulant effect on rat gastric mucin biosynthesis, par-
ticularly with regard to whether the cardinal features of roxa-
tidine are only the six-membered aromatic ring and amide
structure, and its relation to histamine H,-receptor antago-
nism [27]. Of six compounds containing both a benzene ring
and an amide structure, analogs A and B, but not C, stimu-
lated mucin biosynthesis in a manner similar to that of roxa-
tidine. These three compounds contain a piperidine ring (in-
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Fig. (2). Structures and pharmacological activities of lafutidine and its analogs. Mucin biosynthetic activity was evaluated in an organ culture
system of the rat stomach. Score was divided into the following 4 groups: -, no effect at 1 x 10 M; +, under 20% increase from the baseline
at dose of 1 x 10°® M; ++, significant 20-30% increase of biosynthetic activity (p < 0.05) at 1 x 10" M; +++, significant over 30% increase of
mucin biosynthesis (p < 0.01) at 1 x 10 M. Histamine H,-receptor antagonistic activity was investigated on the histamine-induced positive
chronotropic responses in the isolated guinea-pig right atria. Score was divided into the following 4 groups: -, no effect at 1 x 10 M; +, un-
der 70% inhibition at 1 x 10" M; ++, 70-90% inhibition at 1 x 10°® M; +++, over 90% inhibition at 1 x 10® M. Data are taken from reference

[28].

dicated by R, in Fig. 3) attached to the benzene ring via a
methylene bridge, but the length of the flexible chain (indi-
cated by R, in Fig. 3) of analog C differs from that of roxa-
tidine. This means that the length of the flexible chain be-
tween the benzene ring and the amide structure is essential
for this stimulation of mucin biosynthesis. Analogs D, E and
F, having different ring structures or no ring structure at R;
of the roxatidine molecule, failed to activate mucin biosyn-
thesis. Analogs D, E and F contain the same flexible chain as
roxatidine. Thus, the piperidine ring is also important for
their activity. These results indicate that the structural re-
quirements for the stimulant effect of roxatidine on mucin
biosynthesis are not only the six-membered aromatic ring
and amide structure, but the attachment of the piperidi-
nomethyl group and the appropriate length of the flexible
chain are also important for this function. With regard to
their histamine H,-receptor antagonistic properties, the six
analogs were investigated using competition with the binding
of the radiolabeled H,-receptor antagonist [ '*’I]liodoamino-
potentidine to membranes of the guinea pig striatum [58,
59]. All compounds except analog F in Fig. (3), displaced the
specific ['*’I]iodoaminopotentidine binding to histamine
H,-receptor sites. The relative potencies of these antagonists
were: analog B > A > roxatidine > D > C > E. Compared
with the I1Cs value (concentration required to inhibit 50% of

specific binding) for cimetidine obtained under similar ex-
perimental conditions, roxatidine and analogs A, B, C and D
were 4.6, 9.5, 13.7, 1.6 and 2.7 times more potent than ci-
metidine, respectively [27]. These results suggest that H,-
receptor antagonism does not directly correlate with roxa-
tidine-induced stimulation of mucin biosynthesis.

Structural differences between roxatidine and lafutidine
have been examined with regard to the strength of their gas-
troprotective ability [37, 57]. Structures and pharmacological
activities of N-[3-[3-(piperidinomethyl)phenoxy]propyl]acet-
amide derivatives are summarized in Fig. (4). Gastroprotec-
tive activity was evaluated in terms of the degree of inhibi-
tion of lesion formation by necrotizing agent in the rat stom-
ach [37]. As shown in Fig. (4), N-phenoxypropylacetamide
derivatives with thioether function expressed more potent
gastroprotective activity than roxatidine. As a thioether moi-
ety, the furfurylsulfinyl part was found to provide the opti-
mal gastroprotective activity. In addition, oxidation of sulfur
atoms tended to strengthen gastroprotective action (Fig. (4):
compound 6 vs. 11, 12 and 20 vs. 21, 22).

Taken together, these data indicate that the structural
requirements for mucosal protective activity in the second-
generation H,-receptor antagonists are their amide structure
and six-membered aromatic ring, such as benzene and pyri-
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Fig. (3). Structures and pharmacological activities of roxatidine and its analogs. Mucin biosynthetic activity was evaluated in an organ cul-
ture system of the rat stomach. Score was divided into the following 4 groups: -, no effect at 1 x 10 M; +, under 20% increase from the
baseline at dose of 1 x 10 M; ++, significant 20-30% increase of biosynthetic activity (p < 0.05) at 1 x 10 M; +++, significant over 30%
increase of mucin biosynthesis (p < 0.01) at 1 x 10 M. Histamine H,-receptor antagonistic activity was investigated on the competition stud-
ies with ['**IJiodoaminopotentidine binding to membranes of the guinea-pig striatum. ICsy values (concentration required to inhibit 50% of
specific binding) were determined and divided into the following 5 groups: -, ICsy > 4000 nM; +, 800 > ICso> 500 nM (similar to cimetidine
in the antagonism ); ++, 500 > ICso> 200 nM; +++, 200 > IC5¢> 50 nM; ++++, 50 nM > ICsq. Data are taken from reference [27].

dine derivatives. The cardinal chemical features of roxatidine
for the activation of mucin biosynthesis are the appropriate
length of the flexible chain between the amide structure and
the aromatic ring system bearing the methylpiperidinyl group
at the meta position. The thioether function can confer in-
creased gastroprotective activity on lafutidine.

5. MECHANISMS OF GASTROPROTECTIVE
TION

AC-

Although the exact mechanisms that underlie the gastro-
protective activity of the second-generation H,-receptor an-
tagonists are not well understood, recent findings suggest
that the activation of capsaicin-sensitive sensory neurons is
associated with their maintenance of gastric mucosal integ-
rity [24, 25, 31, 32, 40, 60]. The gastrointestinal tract is
known to possess a rich neural network, among which affer-
ent neurons of extrinsic origin are reported to operate as the
emergency protective system [61, 62]. The discovery of
these sensory neuron functions was made possible by cap-
saicin, a pharmacological tool with which the activity of cer-
tain primary afferent neurons can be manipulated selectively
[63]. Capsaicin is an excitotoxin that acutely stimulates a

group of afferent neurons with unmyelinated (C) or thinly
myelinated (Ad) nerve fibers. This excitotoxic action is re-
stricted to neurons with C- and Ad-fibers because only these
cells express receptor-binding sites (transient receptor poten-
tial vanilloid type 1: TRPV1) for capsaicin and structurally
related ligands. The mammalian stomach, particularly in the
lamina propria mucosa and submucosa, is densely innervated
with capsaicin-sensitive afferent neurons [64, 65]. These
neurons not only serve a sensory and afferent role, but also
display a local effector function initiated by the release of
neuropeptide mediators, such as calcitonin gene-related pep-
tide (CGRP) and substance P [66], from their peripheral
nerve endings. CGRP is reported to exhibit significant mu-
cosal protective roles in the gastrointestinal tract [67-73].
The action of CGRP is in part mediated by endogenous nitric
oxide (NO) [61, 70].

The gastroprotective action of lafutidine has been re-
duced or abolished by treatment with tetrodotoxin, CGRPg.
37, or chemical defunctionalisation of afferent nerves [31, 34,
74], indicating that capsaicin-sensitive nerves contribute
significantly to the mechanisms underlying the actions of
lafutidine [60]. Moreover, lafutidine has been shown to sig-
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Fig. (4). Structures and pharmacological activities of N-[3-[3-(piperidinomethyl)phenoxy]propyl]acetamide derivatives. Gastroprotective
activity was evaluated in terms of the degree of inhibition of acidified ethanol-induced lesion formation of rat stomach. Score was divided
into the following 4 groups: -, no effect at an orally administration dose of 30 mg/kg; +, inhibition of lesion formation at doses of 10-30
mg/kg; ++, significant inhibition of lesion formation (p < 0.05) at a dose of 10 mg/kg; +++, significant inhibition of lesion formation (p <
0.01) at a dose of 10 mg/kg. Histamine H,-receptor antagonistic activity was investigated on the histamine-induced positive chronotropic
responses in the isolated guinea-pig right atria. Score was divided into the following 4 groups: -, no effect at 1 x 10° M; +, under 70% inhibi-
tion at 1 x 10 M; ++, 70-90% inhibition at 1 x 10" M; +++, over 90% inhibition at 1 x 10°® M. Data are taken from reference [37].

nificantly increase CGRP release in both experimental ani-
mal models and humans [25, 60, 75, 76]. Several reports
indicate thatthe TRPV1 of capsaicin-sensitive afferent nerves
may not contribute the CGRP release by lafutidine, suggest-
ing the existence of yet unidentified sites for lafutidine other
than TRPV1 on these nerves [24, 60]. The gastroprotective
effects of lafutidine are decreased by treatment with NO syn-
thase inhibitors or NO scavenger [60, 77], indicating the
involvement of NO generation in lafutidine function. Similar
results have been obtained with another second-generation
H,-receptor antagonist, roxatidine [27, 78].

Lafutidine has been shown to enhance the healing of gas-
trointestinal mucosal lesions in a manner independent of its
antacid secretory action [34, 38, 79, 80]. However, lafutidine
by itself does not have any direct effects on cell migration or
proliferation. An earlier study demonstrated that lafutidine
does not influence the impaired healing of epithelial wounds
in RGMI cells under in vitro conditions without neuronal
innervations [32], again confirming the importance of sen-
sory neurons in the healing-promoting action of this agent.
Several studies show that luminal lafutidine stimulates cap-
saicin-sensitive afferent nerves via presumably direct diffu-
sion rather than after its absorption from intestine followed
by via circulation, suggesting the rapid local diffusion reach-
ing to the afferents before H,-receptor blockade from the

circulation [81, 82]. Second-generation H,-receptor antago-
nists such as lafutidine are thought to facilitate capsaicin-
sensitive sensory afferent nerves and exert gastroprotective
effects through CGRP and in part viea NO release in the
stomach.

6. SUMMARY AND PERSPECTIVES

The findings reviewed here put a new perspective on the
ability of second-generation H,-receptor antagonists to
strengthen gastric mucosal defense in a manner independent
of their histamine H,-receptor antagonistic activity. The
structural requirements for mucosal protective activity in
these antagonists were shown to be the amide structure and
six-membered aromatic ring, such as benzene and pyridine
derivatives. The cardinal chemical features of roxatidine for
the activation of mucin biosynthesis are the appropriate
length of the flexible chain between the amide structure and
the aromatic ring system bearing the methylpiperidinyl group
at the meta position. Although the exact mechanism underly-
ing the gastroprotective action associated with these agents is
unknown, capsaicin-sensitive nerves and CGRP/NO pathway
are considered responsible for their anti-ulcer effects in ex-
perimental animal models of various gastric mucosal inju-
ries. These mechanisms are also involved in the cytoprotec-
tive properties of gastrin, which is a physiologically impor-
tant bioactive peptide [70, 83]. Taken together, these find-
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ings suggest the gastroprotective effects of second-generation
histamine H,-receptor antagonists may be of physiological
relevance.

Second-generation histamine H,-receptor antagonists
offer the possibility of more effective prevention of gastroin-
testinal mucositis through the activation of mucosal defense
mechanisms. Recently, lafutidine has been demonstrated to
be an impressively effective therapeutic agent for acid-
unrelated bowel diseases [35, 79, 84-86]. Its mechanism of
action has been suggested to be related to capsaicin-sensitive
sensory afferent neurons in the intestine. These afferent neu-
rons are widely distributed throughout the entire body in
mammals [63]. Furthermore, certain components of the im-
mune system have been shown to be closely associated with
CGRP-containing nerve fibers in the skin [87, 88], suggest-
ing that some functions of the immune system are regulated
by sensory neurons. It will be worth examining whether
these functional aspects of sensory neurons are relevant to
the restitution and healing of damaged gastrointestinal mu-
cosa. Second-generation Hj-receptor antagonists will be
useful tools for investigating this hypothesis.
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