
Chapter 6

Ghrelin and Gut Hormone

Yoon Jin Choi and Nayoung Kim

Abstract One of the important gastric physiologies is the endocrine function.

Among peptide hormones produced in the stomach, gastrin and somatostatin

which are produced from G and D cell, respectively, are closely related with acid

secretion, while ghrelin and leptin are known to be involved in gut motility as well

as the regulation of appetite and body weight. Since Helicobacter pylori (H. pylori)
is the major etiologic agent of chronic active gastritis, H. pylori infection can alter

gastric hormone production. While the effect of H. pylori infection and its eradi-

cation on G and D cells and subsequent acid secretion has been relatively well

investigated, its effect on ghrelin and leptin levels has been inconclusive. This

discrepancy originates from different measurement methodology or existence of

several types in one hormone. In addition, the different stage of H. pylori infection
or site of the infection may cause a different result on ghrelin levels in the stomach

and blood similar to the case of acid secretion. H. pylori infection seems to raise

gastric leptin production, but its effect on circulating level is not much. Under-

standing the effect of H. pylori infection and eradication on gastric hormonal

changes might provide a critical clinical implication for the management of gas-

trointestinal diseases as well as obesity or eating disorder.
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6.1 Introduction

Although gut is not the classical endocrine tissues such as the pituitary, thyroid, and

adrenal glands, it produces an array of peptide hormones which are important for

both enteric and non-enteric physiology [1]. That is, enteroendocrine cells are

distributed throughout the gastrointestinal tract, but a significant proportion of

endocrine hormones which are involved in appetite regulation or intestinal motility

are produced and secreted by the gastric mucosa.

Traditionally, gastrin and somatostatin have been well investigated related with

gastric acid secretion. Both endocrine and paracrine mediators also exert control

over the maintenance of gastric secretory functions. Gastrin is released from the G

cells of the antral mucosa and travels through the bloodstream to the corpus where

gastrin stimulates enterochromaffin-like (ECL) cells to secrete histamine which, in

turn, stimulates the parietal cells to secrete acid. In contrast, somatostatin (SST) and

prostaglandins inhibit acid secretion [2].

Other two hormones, ghrelin and leptin which are secreted from the stomach,

play critical roles in controlling appetite and satiety. Ghrelin is a 28-amino acid

peptide hormone, primarily produced in, and secreted from, the gastric mucosa

[3]. Meanwhile, leptin is a hormone mainly produced by adipose tissues with

modulatory effects on feeding behavior and weight control [4]. However, recently

stomach has been also identified as an important source of leptin. Both ghrelin and

leptin act in an autocrine/paracrine manner and can travel through blood and act in

the central nerve system (CNS).

Helicobacter pylori (H. pylori) is a predominant etiologic factor of gastric

inflammation leading to atrophy of gastric glands. Its infection of the human gastric

mucosa alters the normal gastric physiology. Especially, cytokines deregulate

secretion of gastric hormones including gastrin, SST, ghrelin, and leptin during

the inflammation. Finally, altered gut–brain interactions by this deregulation of

these hormones underlie gastrointestinal (GI) symptom generation. Furthermore,

the change of these hormones can induce GI disorder. This chapter aims to review

the data on hormones which are produced in stomach, focusing on ghrelin and the

effect of H. pylori infection and its eradication on local and circulating levels of

these hormones.

6.2 Ghrelin

6.2.1 Production of Ghrelin

6.2.1.1 Source of Ghrelin

The stomach is considered as the major source of circulating ghrelin, since severe

reduction in blood ghrelin levels is observed in patients that undergone gastrectomy
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[5]. Ghrelin is produced in oxyntic cells that are prominent in the corpus of

stomach. The ghrelin-producing cells are located from the base to the neck of the

glands. It is also secreted from the small intestine and the colon [6]. In addition,

ghrelin is also expressed in the hypothalamus [7], the pituitary [8], and several

tissues in the periphery [9].

6.2.1.2 Process of Ghrelin Production

Although the major active product of the ghrelin gene is the 28-amino acid peptide

acylated at Ser3 with C8:0, recent studies have revealed that the ghrelin gene can

generate various molecules besides ghrelin, which include des-acyl ghrelin [10].

The human ghrelin gene, located on the short arm of chromosome 3 (3p25–26),

is composed of five exons and four introns [11]. There are two different transcrip-

tional initiation sites in the ghrelin gene, resulting in two distinct mRNA transcripts:

transcript-A and transcript-B (Fig. 6.1). The main ghrelin mRNA transcript in

human codes for a 117-amino acid long peptide: preproghrelin (1–117). The signal

peptide sequence, preproghrelin (1–23) of preproghrelin (1–117), is cleaved to form

proghrelin (1–94). A series of posttranslational steps, including the process of

protease cleavage and acyl modification of the ghrelin precursor peptide, results

in the production of mature ghrelin peptides (acyl and des-acyl ghrelin) or other

ghrelin gene-associated peptides (C-ghrelin and obestatin).

The ghrelin peptide is acylated by the enzyme ghrelin O-acyltransferase

(GOAT) [12], which is expressed predominantly in the stomach, gut, and pancreas

but also at other sites [13]. This acyl modification of ghrelin is easily cleaved

during sample extraction. Thus, acyl ghrelin should be isolated from blood speci-

mens by adding ethylenediaminetetraacetic acid (EDTA) with aprotinin or

p-hydroxymercuribenzoic acid, separating the plasma by centrifugation and imme-

diate acidification before freezing at �80 �C to ensure the stability of acyl ghrelin

during storage. The nonacylated form of ghrelin, without octanoic acid modifica-

tion at Ser3 residue, des-acyl ghrelin is also present at significant level in both the

stomach and blood [10, 14]. Des-acyl ghrelin is the most abundant ghrelin-related

molecule in the body, comprising 80–90 % of the total circulating ghrelin, and has a

longer half-life.

Besides these peptides, several other ghrelin gene-derived peptides with or

without acyl modification (des-Gln 14-ghrelin, ΔEx3-C-ghrelin, etc.) are predicted
to be produced from the splicing variants of the ghrelin gene transcripts [11].

6.2.2 Regulation of Ghrelin

Many factors which affect serum ghrelin levels were listed in Table 6.1 [15].
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Fig. 6.1 Structure of the human ghrelin gene and processing steps from the ghrelin gene to acyl

ghrelin, des-acyl ghrelin, or other ghrelin-associated peptides (Adapted from Nishi et al. [11]). The

human ghrelin gene is composed of four exons. The major mRNA transcript (transcript-A) of the

ghrelin gene is translated into a 117-amino acid ghrelin precursor: preproghrelin (1–117). The

signal peptide sequence, preproghrelin (1–23) of preproghrelin (1–117), is cleaved to form

proghrelin (1–94). A series of posttranslational steps, including the process of protease cleavage

and acyl modification of the ghrelin precursor peptide, results in the production of mature ghrelin

peptides (acyl and des-acyl ghrelin) or other ghrelin gene-associated peptides (C-ghrelin and

obestatin). Besides these peptides, several other ghrelin gene-derived peptides with or without

acyl modification (des-Gln14-ghrelin, ΔEx3-C-ghrelin, etc.) are predicted to be produced from the

splicing variants of the ghrelin gene transcripts. GOAT ghrelin-O-acyltransferase

Table 6.1 Variable situations which affect blood ghrelin level (Adapted from Yin et al. [15])

Group Elevated ghrelin level Decreased ghrelin level

Nutrients Fatty acidsa, amino acidsa Glucose, fatty acidsa

Hormones Glucagona, IGF, estrogena Insulin, growth hormone, somato-

statin, leptina, estrogena

Autonomic ner-

vous system

Vagus nerve activation Sympathetic nerve activation

Physiological

status

Fasting, lean, youth Feedinga, obesity, aginga

Pathological

status

Prader–Willi syndrome, anorexia

nervosa, cachexia

Metabolic syndrome, diabetes

mellitus
aData is controversial
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6.2.2.1 Posttranslational Modification of Ghrelin Precursor Protein

As above mentioned, GOAT is a member of the family membrane-bound

O-acyltransferases which shows highly specific expression in the gastric mucosa.

This discovery manifests its significance in the regulation of ghrelin secretion,

because the amount and activity of GOAT likely affect the level of acyl ghrelin.

An in vitro study has demonstrated that GOAT activity could be inhibited potently

by an octanoylated ghrelin pentapeptide and other end products [16], suggesting the

existence of a negative feedback regulation on the production of acyl ghrelin.

Plasma esterases have been reported to des-acylate acyl ghrelin, whereas plasma

proteases account for the degradation of circulating ghrelin [17]. The circulating

level of ghrelin is determined by the balance among its secretion rate, degradation

rate, and clearance rate.

6.2.2.2 Nutrients Regulating Ghrelin Expression and Secretion

Glucose markedly inhibits ghrelin secretion (Table 6.1). That is, oral infusion of

glucose can decrease the plasma concentration of total ghrelin 30 min after inges-

tion in humans [18] and in rats [19]. Ingestion of crude fiber has the similar effect

with glucose [19]. Insulin-induced hypoglycemia upregulates ghrelin mRNA

expression [20] and serum acyl ghrelin level [21] in the stomach. With regard to

fatty acid, it appears that the effects of fatty acids and triglycerides on ghrelin

secretion are dependent on the length of their chain. Generally, lipid ingestion leads

to a smaller decline in ghrelin relative to the administration of glucose or amino

acids [22]. This observation may explain the weight gain effect of high-fat diet.

Oral ingestion of a physiological dose of essential amino acids leads to a continuous

rise in serum ghrelin level in humans [23].

6.2.2.3 Hormones Regulating Ghrelin Expression and Secretion

Insulin

In rats, gastric artery perfusion of insulin inhibits ghrelin release from isolated

stomach tissue significantly (Table 6.1) [24]. In humans, infusion of insulin signif-

icantly decreases plasma ghrelin level [25]. Fasting plasma acyl ghrelin level is

negatively related to insulin concentration [21]. This inhibitory effect of insulin

may underlie the suppression of glucose on ghrelin and the inverse relationship

between body weight and ghrelin level.
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Glucagon

Glucagon may contribute to the preprandial surge of ghrelin. Plasma acyl ghrelin

concentration rises transiently, while des-acyl ghrelin increases persistently after

administration of glucagon in rats [26].

Growth Hormone/Insulin-Like Growth Factor-1 (IGF-1)

Growth hormone exerts a negative feedback action on ghrelin production and

secretion. Administration of growth hormone in cultured rat gastric tissue time

dependently inhibits total ghrelin secretion [27]. Contrary to the growth hormone,

administration of recombinant human IGF-1 in severely undernutritioned patients

elevates plasma total ghrelin concentration [28].

Somatostatin

Somatostatin (SST) probably inhibits ghrelin synthesis directly (Table 6.1). Plasma

acyl and total ghrelin levels fall after the infusion of somatostatin or octreotide,

somatostatin analog [29]. Since ghrelin increases the level of somatostatin in

plasma [30], the inhibitory effect of somatostatin on ghrelin may be considered as

a negative feedback modulation.

Leptin

It is generally agreed that leptin inhibits ghrelin synthesis (Table 6.1). Leptin is

mainly synthesized and secreted by adipose tissue. Leptin concentration in obese is

significantly higher than normal, whereas ghrelin is lower [31]. Leptin correlates

with ghrelin in a complex pattern, which depends on the body weight (normal or

obesity) and insulin sensitivity or insulin concentration. As shown by recent studies,

ghrelin mRNA increases in the stomach during fasting, whereas leptin and leptin

mRNA decrease [32]. Leptin dose-dependently inhibits ghrelin transcription

in vitro [32] and decreases ghrelin release from isolated rat stomach [24]. Central

leptin gene therapy decreases plasma leptin level and increases ghrelin level

significantly in the mouse fed with high-fat diet [33], indicating that leptin exerts

its inhibition on ghrelin secretion only in peripheral tissues. Thus, peripheral,

especially gastric, leptin probably represses ghrelin expression through its receptor

in gastric mucosa cells.
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Estrogen

Many studies report that estrogen upregulates ghrelin level. Administration of

estrogen elevates plasma total ghrelin concentration in female patients with

anorexia nervosa [28]. Ghrelin mRNA level rises significantly after estrogen

administration in cultured stomach cells [34]. However, there also exist discrepant

results. Estrogen replacement therapy in postmenopausal women induces serum

total and acyl ghrelin secretion only to an insignificant extent or even decreases

serum total ghrelin level [15]. Variable methods (i.e., per oral or transdermal),

duration for estrogen administration, and physiological status could attribute to

these contradictable results.

6.2.2.4 Autonomic Nervous System Regulating Ghrelin Expression

and Secretion

Autonomic nervous system, especially the parasympathetic nerve, plays an impor-

tant role in the regulation of ghrelin (Table 6.1). Excitation of the vagus nerve can

stimulate ghrelin secretion. In rats and humans, ghrelin level rises after adminis-

tration of muscarinic agonists and falls after administration of muscarinic

antagonists [35].

6.2.2.5 Physiological Status

Ghrelin level is negatively correlated with body mass index (BMI) in humans.

Fasting acyl ghrelin [36] and total ghrelin [37] are significantly lower in the aged

population than in the youth (Table 6.1). However, this age-dependent decline of

ghrelin is not observed in the obese population [38]. Many studies report an

elevated serum ghrelin level in female subjects relative to male ones. Serum total

ghrelin level is about threefold higher in women during the late follicular stage of

the cycle than in men [39].

6.2.2.6 H. pylori Infection

H. pylori-induced chronic gastritis is characterized by chronic inflammatory

changes in the gastric mucosa leading to extensive mucosal atrophy and eventual

epithelial metaplasia. It is speculated that destruction of oxyntic mucosa could

result in a negative correlation with local or circulating ghrelin level. This will be

further discussed in Sect. 6.2.4.
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6.2.3 Role of Ghrelin

6.2.3.1 The Mechanisms of Action of Acyl Ghrelin

Acyl ghrelin has been identified as the endogenous ligand of the growth hormone

secretagogue receptor (GHS-R) [3]. It crosses the blood–brain barrier in both

directions using a saturable transport system that requires the presence of the unique

octanoyl residue of the ghrelin molecule [40]. GHS-Rs are also widely expressed in

the central nervous system. They are found in the pituitary, brainstem, and hypo-

thalamus, whereas peripheral receptor expression has been described in the myo-

cardium, GI tract, adipose tissue, liver, kidney, placenta, and the T cells [41]. Acyl

ghrelin acts in GHS-R on vagal afferent nerve fibers in the stomach [42], which

transmit this signal to the nucleus of the solitary tract (NTS) (Fig. 6.2). From the

NTS, the information is projected to the arcuate nucleus (ARC) of the hypothala-

mus, where neuropeptide Y (NPY) neurons are activated (Fig. 6.2). The NPYY2

and/or Y4 receptor in the CNS may be involved in upper GI motility because Y2

and Y4 receptor agonists can induce phase III-like contractions in the duodenum

when given to animals in the fed state [43]. From the ARC, the signal is finally

transmitted to the dorsal motor nucleus of the vagus nerve (DVC, dorsal vagal

complex) and via vagal efferent fibers, and fasted motor activity is induced in the

gut (Fig. 6.2) [44].

6.2.3.2 The Representable Roles of Acyl Ghrelin

Acyl Ghrelin Is a Signal for Hunger

Acyl ghrelin is considered as a short regulator of food intake in both animals and

humans [45, 46]. In rats, acute and chronic administration of ghrelin enhances food

intake and weight gain [47, 48]. Peripheral administration of ghrelin produced a

28 % increase of food intake in normal-weight healthy volunteers [45]. The subjects

who received exogenous ghrelin reported an increase in appetite and showed a

higher caloric intake than after placebo [49].

Acyl Ghrelin Influences Gut Motility

As previously mentioned, in humans, ghrelin stimulates gastric motility [50] and

acid secretion [51]. This fasted motor activity of the GI tract has been considered to

play a role of a mechanical cleansing of the stomach and the intestine in preparation

for the next meal. In healthy volunteers, the peripheral administration of ghrelin

induces the occurrence of phase III of the migrating motor complex after about

20 min. Moreover, it induces a premature phase III originating in the stomach about

14 min after its injection [52]. A positive correlation was reported between pre-

prandial ghrelin concentration and gastric emptying time. The duration of gastric

emptying is considered as an important factor for the duration of satiety [53, 54].
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Ghrelin and GI Disease

Preprandial ghrelin levels have significantly decreased in patients with functional

dyspepsia (FD) with delayed gastric emptying in Lee’s report [55]. Moreover, low

preprandial ghrelin levels were observed in patients with dysmotility-like FD

[55]. Shindo et al. [56] also reported that the maximum gastric emptying time,

Tmax, was significantly prolonged with significant lower acyl ghrelin levels in

postprandial distress syndrome (PDS) patients not in epigastric pain syndrome

(EPS) patients. Lower acyl ghrelin levels were also found in nonerosive reflux

disease patients [56]. This correlation between acyl ghrelin levels and Tmax in the

PDS patients indicates acyl ghrelin’s role in gastric emptying of PDS patients

Fig. 6.2 The effects of acyl

ghrelin via the brain–gut

axis (Adapted from

Fujimiya et al. [44]). ARC
arcuate nucleus,DVC dorsal

vagal complex, GHS-R
growth hormone

secretagogue receptors,

NPY neuropeptide Y
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[56]. Interestingly, El-Salhy et al. [57] demonstrated that ghrelin-producing cells

were suppressed in constipation-predominant IBS patients, while diarrhea-

predominant IBS patients have significantly higher ghrelin-positive cells in the

oxyntic mucosa compared with normal controls. Since there was no difference

either in the plasma levels or gastric contents between IBS groups and control

subjects, it could be speculated that some compensatory mechanism may exist and

disruption of this regulation could result in IBS symptoms.

Furthermore, ghrelin was suggested to be an important biomarker for activity in

IBD patients. Serum ghrelin levels were found to be higher in patients with

ulcerative colitis and also higher in patients with ileal Crohn’s disease compared

with colonic disease patients [58]. Ghrelin is also significantly elevated in active

IBD patients and positively correlated with serum inflammatory markers such as

tumor necrosis factor-α (TNF-α), C-reactive protein (CRP), erythrocyte sedimen-

tation rate (ESR), and sedimentation fibrinogen [59].

Acyl Ghrelin Is Associated with GI Malignancy

Significant reduction of ghrelin mRNA and peptide expression was found in

esophagogastric adenocarcinomas compared to adjacent nonneoplastic gastric

mucosa. This finding suggests that ghrelin production was suppressed due to

damage to normal ghrelin-secreting mucosa from adenocarcinoma [60]. An

et al. [61] also reported that lower ghrelin levels were present in differentiated

tumor tissue than in undifferentiated tissue. These findings suggested that the

development of cancer may lead to an inability to produce ghrelin, which is also

influenced by the state of differentiation. In colorectal cancer studies, Waseem

et al. [62] showed that colorectal cancer cells excessively secrete ghrelin in vitro to

promote proliferation. Malignant colorectal tissue samples also showed enhanced

stage-dependent expression of ghrelin. However, expression of ghrelin and its

functional receptor (GHS-R1a) were suppressed in advanced state, poorly differ-

entiated tumors. GHS-R1a expression was lost in malignant colorectal cells, while

GHS-R1b expression was enhanced [62].

Glucose Control

The ghrelin system, using both the acylated and des-acylated molecules, is actively

involved in the acute and the long-term control of glucose metabolism and insulin

concentrations [63]. It has been demonstrated that glucose output by primary

hepatocytes is time- and dose-dependently stimulated by acyl ghrelin and inhibited

by des-acyl ghrelin. Apparently, the two forms of peptides must be considered as

separate hormones able to modify each other’s actions on glucose handling [41].
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6.2.3.3 The Function of Des-acyl Ghrelin

Des-acyl ghrelin was first identified as the inactive form of ghrelin unable to bind to

GHS-R. Some authors suggested that des-acyl ghrelin might have an anorexigenic

activity that is contrary to the orexigenic activity of acylated ghrelin [64]. Con-

versely, a recent study showed that both ghrelin and des-acyl ghrelin function as

orexigenic peptides in the hypothalamus [65]. Des-acyl ghrelin was later proposed

to have nonendocrine functions including cardioprotective, antiproliferative, and

adipogenic activities and antagonizing octanoyl-ghrelin-induced effects on insulin

secretion and blood glucose levels in humans. Furthermore, it has been reported that

des-acyl ghrelin is able to antagonize acyl ghrelin-induced glucose output. These

actions might be mediated by a different receptor than GHS-R1a, which is not

expressed in the hepatocytes. In humans, the acute administration of acyl ghrelin

induced a rapid rise of glucose and insulin levels [66]. In contrast, des-acyl ghrelin

prevented the acyl ghrelin-induced rise of insulin and glucose when coadministered

[66]. Further studies examining the physiological interaction of des-acyl ghrelin

and its targets will help to highlight the roles of ghrelin-related peptides in the

regulation of feeding and energy homeostasis.

6.2.4 The Effect of H. pylori Infection on Ghrelin

Since ghrelin is predominantly produced in the stomach, many researchers evalu-

ated the effect ofH. pylori infection on ghrelin expression in the gastric mucosa and

blood. Theoretically,H. pylori-related gastritis may progress to atrophy with loss of

oxyntic glands leading to a negative effect on ghrelin production in the stomach.

Among the studies of this theme, Isomoto et al. [67] most well demonstrated the

stepwise changes of ghrelin mRNA, peptide, and its blood level according to

H. pylori infection status. The gastric ghrelin mRNA expression level of

H. pylori-positive patients (1.64� 1.27 in arbitrary units) was significantly lower

than in H. pylori-negative subjects (4.87� 4.1, P< 0.0001). A similar trend was

noted for ghrelin peptide contents (31.2� 27.5 vs 81.2� 64.1 ng/mg protein,

respectively, P< 0.0001). Although there was no significant difference in the

number of ghrelin-immunoreactive cells/mm2 in terms of H. pylori status, plasma

ghrelin concentrations in H. pylori-infected patients (144.6� 7.8.8 fmol/ml) were

significantly lower than in uninfected subjects (196.1� 97.2, P< 0.05) and

increased following the cure of the infection. In the study, plasma ghrelin levels

correlated positively with the expression levels of ghrelin mRNA and peptide

products. There was a significant stepwise decrease in gastric ghrelin mRNA

expression, peptide contents, and density of ghrelin-immunoreactive cells with

progression of histological severity of glandular atrophy in the corpus. However,

there have been other different results and they will be discussed in the following

Sects. (6.2.4.1, 6.2.4.2 and 6.2.5).
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6.2.4.1 Ghrelin in Gastric Mucosa in Regard to H. pylori Infection

Comparisons of ghrelin levels in specimens from the stomach between H. pylori-
infected and H. pylori-noninfected subjects have showed rather variable results

(Table 6.2) [67–79]. First of all, the reports were heterogeneous in terms of

diseases, specimen, and assay methods. Direct assays of ghrelin levels in gastric

fluid samples [67, 69, 70, 73] and radioimmunoassay in gastric mucosa [67, 73]

from infected and noninfected subjects were highly variable (Table 6.2). However,

ghrelin mRNA expression looks like a more reliable method for assessment of

gastric ghrelin. In most studies, mRNA expression was lower in H. pylori-positive
subjects compared with H. pylori-negative subjects (Table 6.2) [67, 72, 74,

76]. Quantitative assessment of ghrelin-immunoreactive cells also showed rela-

tively consistent results, fewer ghrelin-producing cells inH. pylori-positive subjects
[67, 76, 78, 80, 81], indicating that the number of ghrelin-producing cells might

decrease proportionally to the severity of H. pylori gastritis [67, 80, 81].

6.2.4.2 Ghrelin in Blood in Regard to H. pylori Infection

The circulating level of ghrelin is determined by the balance among its secretion

rate, degradation rate, and clearance rate. While plasma esterases des-acylate acyl

ghrelin, plasma proteases degrade circulating ghrelin. Therefore, the effect of

H. pylori on circulating level of ghrelin seems like not simple. Consequently,

studies which have compared blood ghrelin levels between H. pylori-infected and

H. pylori-noninfected subjects showed inconsistent results (Table 6.3). Recently,

Nweneka and Prentice [98] concluded that circulating ghrelin was significantly

lower in H. pylori-positive subjects in a meta-analysis. Nevertheless, H. pylori-
associated gastric ulcer was reported to be associated with high plasma ghrelin, but

atrophic gastritis in H. pylori-positive subjects [99], or even in H. pylori-negative
subjects [100], showed the lowest plasma ghrelin levels. These results suggest that

H. pylori infection may have different effects on circulating levels of ghrelin

according to different stage or disease of the infection.

Most researchers presume that total ghrelin levels were considered as a good

surrogate marker not only for des-acyl but also acylated ghrelin. Majority of these

studies in which only total ghrelin levels (not acylated ghrelin) were measured

determined that H. pylori infection decreases plasma ghrelin levels. Few studies

have evaluated acyl ghrelin for this theme, and the findings are again contradictory.

In a Japanese data [96], the acylated ghrelin/total ghrelin ratio as well as plasma

acyl ghrelin levels were reduced. However, Italian study [97] showed a significant

increase in acyl ghrelin and the ratio of acylated ghrelin/total ghrelin for which the

authors speculated a compensatory increase in the acylation process in response to a

loss of total ghrelin secretion.

These controversial results might be also related with the uncertain optimum

method of plasma ghrelin measurement. Several methods with different sensitivity
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such as radioimmunoassay or enzyme immunoassay/enzyme-linked immunosor-

bent assay have been used (Table 6.4) [101]. However, more basically, there are

numerous factors in addition to atrophy that could affect plasma ghrelin concen-

tration, including gastrin, IGF-1, obesity, insulin resistance, hyperinsulinemia,

cholesterol, and urine excretion (Table 6.1), and H. pylori infection may not be

the only major determinant that affects plasma ghrelin concentration.

Taken together, to conclude the issue of the formation of different types of

ghrelin as well as the true effect of H. pylori infection on blood ghrelin levels,

further well-designed research is needed.

6.2.5 The Effect of Eradication of H. pylori on Ghrelin
Regarding FD Symptom

6.2.5.1 The Effect of Eradication of H. pylori on Ghrelin in the Gastric

mRNA or Blood Samples

Comparisons on the gastric ghrelin parameters before and after eradication have not

been much performed (Table 6.2). Three studies demonstrated that H. pylori
eradication increases ghrelin mRNA (including one randomized controlled study

in which a control group did not receive eradication) [68, 71, 75]. Osawa et al. [75]

demonstrated median preproghrelin mRNA expression was increased nearly four-

fold, 12 weeks after H. pylori eradication in the study with 134 subjects with

successful eradication. Two Korean studies showed an increased ghrelin mRNA

after cure of the H. pylori infection [68, 71]. The number of ghrelin-

immunoreactive cells also increased in 50 H. pylori-eradicated patients although

atrophy and intestinal metaplasia were not significantly changed [78]. However,

Choe et al. [73] failed to demonstrate a change in ghrelin expression 4weeks after

the eradication (Table 6.2).

The effect of H. pylori eradication on circulating level of ghrelin was more

evaluated than on the gastric levels, since the systemic level of ghrelin is an

Table 6.4 Current methods for measuring ghrelin degradation and levels in vitro (Adapted from

Satou M et al. [101])

Method Principle Merit/demerit Sensitivity Efficiency Cost

HPLC Chromatography Simple/time consumption + + ++

RIA Immunoreaction High sensitivity/hazardous +++ ++ +++

ELISA Immunoreaction Easy handling/high costs ++ ++ +++

Western

blot

Immunoreaction Easy handling/not accurately

quantitative

++ ++ +

MS Ionization Fast/not accurately

quantitative

++ +++ +++

HPLC high-performance liquid chromatography, RIA radioimmunoassay, ELISA enzyme-linked

immunosorbent assay, MS mass spectrometry
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attractive issue to other fields than gastroenterology. Unfortunately, the results were

found to be still inconsistent (Table 6.5). At first, Nwokolo et al. [102] reported a

rise in circulating plasma ghrelin levels following eradication of H. pylori in their

study of 12 healthy subjects. Further studies reported elevated levels of blood

ghrelin after the cure of H. pylori [71, 96, 103]. However, subsequent studies
found no change [67, 68, 73, 82, 83, 89] or even decrease [75, 92] in circulating

ghrelin levels. Nweneka and Prentice [98] performed a meta-analysis that showed

that H. pylori eradication does not have an effect on circulating ghrelin levels.

Nevertheless, pre-eradication elevation of ghrelin may be a predictor of a fall in

plasma levels post-eradication [76, 98].

6.2.5.2 The Effect of Eradication of H. pylori on Ghrelin Regarding

Functional Dyspepsia Symptom

Possible mechanisms by which H. pylori may elicit dyspeptic symptoms include

alterations of gastric motility and endocrine and acid secretory abnormalities. Since

ghrelin regulates acid secretion, appetite, and gastrointestinal motility, whether

H. pylori infection or eradication could affect ghrelin levels might be closely related

with the role of H. pylori in developing FD. Even though there have been some

studies which evaluated the association between plasma ghrelin level and FD, there

was no study which analyzed the effect of H. pylori infection status or its eradica-

tion on the change of both ghrelin levels and dyspeptic symptoms, so far

(Table 6.6).

Two studies reported that fasting total ghrelin levels were significantly lower in

patients with dysmotility-like FD than healthy volunteers [55, 104]. In addition,

Shindo et al. [56] also showed significantly lower plasma acyl ghrelin levels in

patients with PDS compared with healthy volunteers. On the contrary, Nishizawa

et al. [105] reported that plasma acyl ghrelin levels were significantly higher in each

dysmotility or ulcer-like dyspepsia group not in the nonspecific type compared with

the control group, but H. pylori infection status was not considered in his study

[105]. Two other studies with only women showed no difference between control

and FD groups [106, 107]. It suggests the importance of classification of exact

subgroup in the research regarding the relationship between ghrelin and FD. Acyl

ghrelin may be closely associated with PDS than EPS.

In our study, plasma acyl ghrelin was lower in PDS than in control but not in EPS

type [108]. However, plasma des-acyl ghrelin and gastric mRNA expression of

preproghrelin did not show any significant difference [108]. Decreased expression

of gastric preproghrelin mRNA in the subjects with atrophy was also shown.

Importantly, plasma acyl ghrelin level and preproghrelin mRNA expression in the

corpus were elevated 1 year after the eradication of H. pylori [108]. Moreover, the

symptom improvement correlated with the upregulation of plasma acyl ghrelin but

not with gastric ghrelin mRNA [108]. These results suggest that plasma acyl ghrelin

could be one of the causal factors of dyspepsia, especially PDS, and anti-H. pylori
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therapy may be considered with a priority as a H. pylori-associated functional

dyspepsia.

In spite of strong positive correlations among total, acyl, and des-acyl ghrelin,

only a weak positive correlation between ghrelin mRNA and plasma acyl ghrelin

was demonstrated in our study. As a result, some subjects with lower expression

levels of ghrelin mRNA or reduced plasma total ghrelin did not show dyspeptic

symptom. Moreover, at 1-year follow-up after H. pylori eradication, some subjects

with increased ghrelin mRNA did not show upregulation of plasma acyl ghrelin in

our study. This strongly suggests that there might not be a certain correlation

between gastric mRNA and blood ghrelin (total or acyl) levels. Previously,

Osawa et al. [75] also reported no correlation among the changes of plasma ghrelin

or gastric preproghrelin mRNA or the number of ghrelin-positive cells after the

H. pylori cure. Furthermore, after H. pylori cure plasma ghrelin concentration was

more strongly influenced by body weight change than by the increase in gastric

preproghrelin mRNA or the number of ghrelin-producing cells [75]. According to

our study, the upregulation of plasma acyl ghrelin does not seem to be only

epiphenomenon following the resolution of H. pylori infection, since there were

some correlations between symptom improvement and the increase in plasma acyl

ghrelin even in H. pylori-negative patients. Even though there was no significant

difference in prevalence of H. pylori positivity between the control group and FD

group, reduced plasma acyl ghrelin levels may attribute to dyspeptic symptoms in

some subset of H. pylori-infected FD patients. Taken together, further studies are

necessary regarding the dynamics of gastric ghrelin production and regulation of its

circulating levels. In addition, it is very important to identify the true effect of

H. pylori eradication on the gastric and circulating ghrelin levels as well as on the

symptom changes in patients with FD.

6.3 Leptin

6.3.1 Production of Leptin

Leptin was discovered in 1994 as a hormone produced by adipose tissue with a

modulatory effect on feeding behavior and weight control [4]. Leptin is a product of

the obese (Ob) gene, which is located on chromosome 7 in humans and acts through

its receptor Ob-R. Interestingly, the stomach has been identified as an important

source of leptin [4], and leptin-producing cells were found to be localized in the

lower half of the fundic glands, a site similar to that of the pepsinogen-secreting

chief cells. The soluble isoform of its receptor (Ob-R) is secreted by chief cells in

the gastric mucosa [109]. Moreover, intestines do express membrane-bound leptin

receptors on their brush border [4, 109, 110] (Fig. 6.3). Collectively, gastric

exocrine and endocrine secretions of leptin constitute a gastroenteric axis to

coordinate its roles in the GI tract [110].
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Fig. 6.3 Schematic drawing that illustrates the secretion of leptin by the adipocyte and the gastric

chief cell (Adapted from Cammisotto et al. [110]). Both types of cell secrete the leptin receptor.

Both the leptin and the leptin receptor are synthesized in the rough endoplasmic reticulum,

transferred to the Golgi apparatus, and packaged into either small vesicles (adipocytes) or

secretory granules (gastric cells). At the level of the trans-cisternae of the Golgi and in the

secretory granules, leptin binds its soluble receptor to form the leptin–leptin receptor complex.

This complex is discharged by both cell types through an exocytotic event. The adipose tissue

secretes toward the blood circulation, while the gastric cells secrete in an exocrine fashion into the
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6.3.2 Regulation and Role of Gastric Leptin

6.3.2.1 Regulation of Gastric Leptin

Gastric leptin is sensitive to the nutritional status of the body. Fasting for 48 h

induced a decrease in gastric leptin expression and content in rats [32]. Food intake

quickly depletes gastric leptin, while sustained feeding stimulates the leptin gene

expression and leptin synthesis [32, 111]. These observations are similar in rodents

and humans [111].

Leptin mRNA expression in rat gastric mucosa is upregulated by sucrose-rich

but not by fat-rich diets [112]. Fasted rats refed with a carbohydrate-rich diet have

their gastric leptin synthesis increased [46]. Intravenous infusions of cholecystoki-

nin (CCK), pentagastrin, or secretin trigger leptin release into the gastric juice

[109]. Insulin also stimulates gastric leptin secretion, but this effect is dependent on

the integrity of the vagal nerve [113]. Finally, leptin secretion seems to

downregulate its own production in the stomach, as Zucker fa/fa rats with no

functional leptin receptor are characterized by an upregulation of gastric leptin

mRNA and gastric leptin content [114]. Interestingly, leptin infusion in rats leads to

an increase in histamine gastric tissue content, which may suggest a counter-

regulatory process [115].

6.3.2.2 Role of Gastric Leptin

Leptin derived from the stomach can be distinguished from adipocyte leptin

through its rapid increased secretion following a meal and through its exocrine

secretion (i.e., mainly in the gastric lumen). While the gastric mucosa secretes

leptin within minutes after the beginning of food intake, it takes several hours for

adipocytes to release significant amounts of leptin. Differences in time frame of

secretion between adipose tissue and gastric mucosa may reflect different roles.

Gastric leptin remains stable in gastric juice even at pH 2. Moss and Calam [116]

also suggests that it could act locally in the stomach to affect gastric functions.

It has been considered that gastric leptin may exert paracrine effects within the

gastric mucosa or stimulating vagal afferents to signal the central nervous system

[109]. Gastric leptin controls food intake and satiety sensations by acting on the

stomach itself. It potentiates the effect of CCK by slowing gastric emptying and

promoting gastric distension [117], not directly affecting the CNS [118]. It also

⁄�

Fig. 6.3 (continued) gastric juice. Leptin in the gastric juice is vehiculated to the duodenal lumen.

In the duodenum leptin–leptin receptor complex is internalized and separated. The leptin is

channeled toward the trans-Golgi cisternae where it binds a newly synthesized soluble leptin

receptor. The complex reaches the blood circulation. RER rough endoplasmic reticulum, CNS
central nervous system, N nucleus
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stimulates the production of glucagon-like peptides 1 and 2 (GLP1 and GLP2) that

inhibit gastric emptying [119, 120].

Leptin receptor isoforms have been found in the rat nodose ganglion, which

contains the cell bodies of vagal afferent neurons, and in the vagus nerve proper

[121, 122]. Signals arising from the upper gastrointestinal tract are conveyed by the

viscero-sensitive vagal afferent neurons to the nucleus of the solitary tract (NTS),

then to the hypothalamus where they participate in the process of meal-induced

termination of food intake [123] (Fig. 6.4). CCK secreted from duodenal endocrine

I cells typically functions as one of these short-term satiety signals via activation of

the CCK-1 receptor [124].

On the other hand, exocrine luminal leptin has been shown to act directly on

intestinal cells through their specific receptors present on enterocyte microvilli. It

Fig. 6.4 Model of the action of gastric leptin (Adapted from Guilmeau et al. [111]). Leptin

(secreted by the stomach) and CCK can be considered as short-term gastrointestinal signals in the

control of feeding. These signals locally activate their receptors on vagal terminals to generate

signals that are processed in the NTS and the paraventricular nucleus (PVN) of the hypothalamus.

The stomach-derived leptin secreted in the lumen enters the intestine in an active form. CCK-R
cholecystokinin receptor, DMNX dorsomotor nucleus of the vagus nerve, Ob leptin, Ob-R leptin

receptors
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regulates the transport of nutrients and enhances di- and tripeptide uptake by

increasing the number of PepT1 transporters on microvilli [110].

In short, while adipose leptin acts on the long term mainly through its interac-

tions with the central nervous system, gastric leptin acts locally directly on the

gastric mucosa for regulating food intake. Gastric leptin influences both the intes-

tinal track and the central nervous system (Fig. 6.4).

6.3.3 Leptin and H. pylori

Changes in gastric and serum leptin levels in H. pylori-infected patients have been

the matter of several investigations. H. pylori infection significantly increased

gastric leptin expression, and the cure of the infection significantly reduced this

expression with a concomitant increase in BMI [125]. H. pylori-infected gastric

mucosa was found to be capable of releasing larger amounts of leptin mRNA than

that without H. pylori infection [4, 72]. Although the majority of studies have

shown an increase of gastric leptin mRNA inH. pylori-infected subjects (Table 6.7),
still there is a discrepancy [70, 74].

Leptin-secreting endocrine cells are present in the gastric mucosa, but they are

few in number and scattered in the gastric mucosa close to blood capillaries

[111]. These cells do not reach gastric lumen but secrete leptin to blood circulation.

Since adipocytes are predominant source of leptin, whether H. pylori infection
could affect circulating levels of leptin could be more complex (Table 6.8). It has

been reported that rapid increase in the concentration of plasma leptin in response to

CCK was involved in the mobilization of a gastric leptin store [126]. Similar to

gastric leptin mRNA, higher serum leptin levels were reported in the subjects with

H. pylori infection compared with H. pylori-negative subjects [70, 85, 127]. How-
ever, many studies reported no significant difference in plasma leptin according to

H. pylori infection status [4, 72, 74, 84, 94]. Similarly, serum leptin level did not

change significantly after curing H. pylori infection [102, 125].

6.3.4 Leptin in Comparison with Ghrelin in the GI Tract

Effects of ghrelin on appetite and observed changes in ghrelin levels in response to

fasting or eating are opposite to those of leptin [128]. Ghrelin induces adiposity in

adipose tissues, increases appetite, and initiates eating behavior [129]. Circadian

changes in the level of circulating ghrelin and leptin are reciprocal [130]. Leptin

and ghrelin also have contradictory effects on intestinal inflammation. For example,

ghrelin has ameliorated inflammation in the GI tract in a mouse model of colitis

[131]. Ghrelin’s effect on GI tract motility is also generally opposite to that of

leptin. Ghrelin stimulates gastric acid secretion and motility and accelerates gastric

emptying and small intestinal transit [132]. In contrast, leptin has decreased the

expression and secretion of ghrelin from gastric mucosa [24]. Interestingly, leptin
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cells are adjacent to ghrelin cells in the gastric mucosa, surrounding ghrelin cells in

the lower half of the stomach, possibly providing a paracrine regulation of ghrelin

secretion [128]. Interestingly, ghrelin shows some effects on the gut that are similar

to those of leptin. For example, ghrelin decreases the rate of apoptosis in the

intestinal cells [133], ameliorates ischemic–reperfusion injury, and decreases the

permeability of the intestine in case of shock [129]. Further studies are required to

elucidate the nature of the interaction between ghrelin and leptin in health and

disease, clearly.

Table 6.7 Summary of studies that compared gastric levels of leptin between H. pylori-positive
and H. pylori-negative subjects (including H. pylori eradication)a

Authors Subjects Sex Age No Specimen Method

Results in HP

(+) subjects

Breidert M

et al. 1999,

USA [4]

Dyspepsia B A 39 Antrum

and body

Commercial

ELISA

"Leptin mRNA

in HP (+) in

only body

Azuma T

et al. 2001,

Japan [125]

CG B A 201

HP (+)

Fundus RT-PCR "Leptin mRNA

in HP (+)

/#Leptin mRNA

after cure

(12 weeks)

Salles N

et al. 2006,

France [74]

Hospitalized

in geriatric

B A

(>75

years)

62 Body RT-PCR #Leptin mRNA

more so as atro-

phy increases

Jun DW

et al. 2007,

Korea [72]

CG B A 63 Body RT-PCR "Leptin mRNA

in HP (+)

Roper J

et al. 2008,

USA [70]

Healthy M A 256 Antrum

and

fundus

Commercial

ELISA

! Leptin in

mucosa

aArticles written in English and assay method was stated

A adults, B both, C child, W women, M men, Ghrl ghrelin, H healthy subjects, HP H. pylori, No
sample size, CG chronic gastritis, PU peptic ulcer, Sick patients who visited clinics, but the

specific condition is not stated, EIA enzyme immunoassay, ELISA enzyme-linked immunosorbent

assay, ICH immunohistochemistry, RIA radioimmunoassay, RT-PCR real-time polymerase chain

reaction

" increased (or higher), # decreased (or lower), ! no significant change (or difference)
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Table 6.8 Summary of studies that compared circulating levels of leptin between H. pylori-
positive and H. pylori-negative subjects (including H. pylori eradication)

Authors Subjects Sex Age No Specimen Method

Results

after

eradication

Breidert M

et al. 1999,

USA [4]

Dyspepsia B A 39 Plasma Commercial

ELISA

!

Azuma T

et al. 2001,

Japan [125]

CG B A 201

HP

(+)

Serum Commercial

ELISA

!after

cure

(12 weeks)

Nwokolo

et al. 2003,

UK [102]

Healthy B A 10 Plasma Commercial

RIA

!after

cure

(6 weeks)

LanKarani

KB

et al. 2004,

Iran [127]

Dyspepsia

+ healthy

B A 66 Serum Commercial

ELISA

"

Shiotani

et al. 2005,

Japan [84]

Healthy B A 132 Serum Commercial

ELISA

!

Konturek

et al. 2006,

Poland [85]

Healthy B B 180 Serum Human RIA "

Plonka

et al. 2006,

Poland [87]

Healthy B C 287 Serum Commercial

RIA

#

Salles N

et al. 2006,

France [74]

Hospitalized

in geriatric

B A

(>75

years)

62 Plasma Commercial

RIA

!

Jun DW

et al. 2007,

Korea [72]

CG B A 63 Plasma Commercial

RIA

!

Roper J

et al. 2008,

USA [70]

Healthy M A 256 Serum Commercial

ELISA

"

Pacifico

et al. 2008,

Italy [92]

Healthy + sick

(GI symptom)

B C 85 Serum Commercial

RIA

#in HP (+)/

" after

cure

Chuang et al.a

2009, Taiwan

[94]

PU+FD M A 145 Plasma Commercial

RIA

!

Chuang et ala

2009, Taiwan

[94]

PU+FD W A 196 Plasma Commercial

RIA

!

A adults, B both, C child, W women, M men, Ghrl ghrelin, H healthy subjects HP H. pylori; No
sample size, CG chronic gastritis, FD functional dyspepsia, GI gastrointestinal, PU peptic ulcer,

Sick patients who visited clinics, but the specific condition is not stated, EIA enzyme immunoas-

say, ELISA enzyme-linked immunosorbent assay, ICH immunohistochemistry, RIA radioimmu-

noassay, RT-PCR real-time polymerase chain reaction

" increased (or higher), # decreased (or lower), ! no significant change (or difference)
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6.4 Gastrin and Somatostatin Related with Acid Secretion

One of the important functions in gastric physiology is to regulate and sustain acid

secretion to sterilize ingested nutrients in which several hormones are involved.

There are three regulatory molecules that stimulate acid secretion (acetylcholine,

histamine, and gastrin) and one regulatory molecule that inhibits acid secretion

(somatostatin). Acetylcholine is a neurotransmitter that is released by enteric

neurons, while histamine is a paracrine that is released from enterochromaffin-

like (ECL) cells. Gastrin is a hormone that is released by G cells, and somatostatin

(SST) is produced from D cells in the stomach (Fig. 6.5) [134]. Acetylcholine and

histamine directly stimulate parietal cells to increase acid secretion. Gastrin stim-

ulates acid secretion by stimulating histamine release from ECL cells. Gastrin also

has a direct effect on parietal cells, which stimulates parietal cells’ proliferation. In
oxyntic glands of the gastric body and fundus, SST-releasing cells are anatomically

and functionally coupled to parietal and ECL cells. When the pH of the stomach

Fig. 6.5 Gastrin release is stimulated by extramural cholinergic and intramural cholinergic and

non-cholinergic factors and inhibited by somatostatin (Adapted from Kaneko et al. [134]).

Somatostatin release is stimulated by luminal (acid), paracrine, and hormonal factors (gastrin),

and by intramural non-cholinergic factors, and is inhibited by extramural cholinergic factors. CCK
cholecystokinin, PYY peptide YY, CGRP calcitonin gene-related peptide, VIP vasoactive intesti-

nal peptide, GRP gastrin-releasing peptide, Ach acetylcholine
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gets too low, somatostatin secretion is stimulated. Somatostatin inhibits acid secre-

tion by direct effects on parietal cells and also by inhibiting release of the positive

regulators, histamine and gastrin. Inversely, endogenous gastrin release ceased

when the pH of the perfusate dropped below 2.5. Gastrin release is suppressed

primarily by direct contact of acid with the antrum [135]. Taken together, acid

secretion and physiology of G and D cells are closely related to each other, and the

effect of H. pylori on these cells needs to be understood in association with the acid
secretory system. This part focuses on the two major acid regulatory hormones,

gastrin and somatostatin, and acid secretion related with H. pylori infection.

6.4.1 Gastrin and H. pylori Infection

Levi et al. [136] reported that both basal/stimulated acid secretion and basal/meal-

stimulated plasma gastrin levels were significantly higher in H. pylori-positive
duodenal ulcer (DU) patients (n¼ 25) compared with H. pylori-negative DU

patients (n¼ 6), in which the phenomenon has been named as “the gastrin link.”

Their data clearly demonstrated that H. pylori infection-induced hypergastrinemia

was followed by an increase in acid secretion in DU patients. Eradication of

H. pylori reduced the output of gastrin in the stomach [137].

6.4.2 Somatostatin and H. pylori Infection

SST is an originally discovered in sheep hypothalamus, which showed an inhibitory

effect on growth hormone release. In mammals, the GI tract and pancreas contain

the largest amounts of somatostatin. Most of the gastrointestinal SST immunore-

activity is confined to the mucosal layer [138], where epithelial endocrine cells, D

cells, are localized.

In the antrum, the D cells have apical membranes that are exposed to the lumen

(“open cells”). In the corpus, the D cells are of the “closed” type; they are not

exposed to the luminal surface of the mucosa [139]. SST plays an important role in

the regulation of gastric acid secretion by inhibiting gastrin release. In the antral

mucosa, the open D cell releases SST in response to increased acidity in the gastric

lumen. Because the apical surface of D cells opens onto the gastric lumen, changes

in pH may be sensed directly through chemoreceptors on the apical membranes.

The effect of H. pylori infection on gastric levels of SST has been relatively well

investigated compared with ghrelin and leptin. SST release cannot be exactly

assessed by measuring plasma levels, because SST is released from many organs

and destroyed locally [139]. Instead, SST levels in both gastric mucosa and juice

reflect the local SST regulation [140]. Antral SST concentrations were decreased in

H. pylori-infected patients, but not the corpus [141] which has been demonstrated

by measuring the SST concentration in the biopsy specimens from both sites
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[142, 143]. Moss et al. [144] demonstrated that eradication of H. pylori from
patients with duodenal ulcer caused an approximately twofold increase in SST

mRNA in antral, but not in corpus biopsies. They also showed an increase in D cell

numbers after H. pylori eradication in subjects with active duodenal ulcer [144].

6.4.3 Acid Secretion and H. pylori Infection

The effect of H. pylori on acid secretion depends on the stage of infection or

predominant location where the infection occurs. That is, once H. pylori infection
is established, transient hypochlorhydria occurs. Chronic infection in the antrum

causes upregulation of gastrin and subsequent elevated acid secretion, while

chronic infection in the corpus leads to impaired acid secretion by direct suppres-

sion of Hþ-Kþ-ATPase or involvement of cytokines such as IL-1β or TNF-α.
Therefore, the direct inhibition of Hþ-Kþ-ATPase, indirect inhibition through

cytokines, and loss of parietal cells by ongoing inflammation were three mecha-

nisms for the low acid secretion.

The recent progress of H. pylori-dependent molecular mechanism of acid secre-

tion is stated in the next sections.

6.4.3.1 Mechanism for Hypochlorhydria by Acute H. pylori Infection

In the acute phase of H. pylori infection, transient hypochlorhydria occurs [145],

while low acidic status continues from several weeks to months. Low acid secretion

by acute H. pylori infection was demonstrated in the absence of loss of parietal cells

[146], impaired permeability of gastric mucosa [146], and glandular atrophy

[147]. Moreover, IL-1βwhich is produced by neutrophils and inhibits acid secretion
was not involved in this stage. Instead, this low acid secretion in the acute stage is

likely to result from direct contact with parietal cells by H. pylori or its product
[148, 149]. Studies about ultrastructure of stomach reported that H. pylori was
observed adjacent to parietal cells and even detected in secretory canaliculi of these

cells [150, 151]. In human, H. pylori infection also suppressed acid secretion via

histamine, acetylcholine, and cAMP [152, 153], and this inhibition was resolved

soon after the eradication of H. pylori [154]. This transient inhibition of acid

secretion in the acute phase facilitates the successful settlement of H. pylori in
the stomach.

6.4.3.2 The Effect of H. pylori Infection on Hþ-Kþ-ATPase

Hþ-Kþ-ATPase has α-subunit (HKα) and β-subunit. H. pylori-infected gastric

mucosa or gastric epithelial cell lines showed the inhibition of HKα promoter

activity in the endogenous or transfected Hþ-Kþ-ATPase [145]. Specifically,
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H. pylori inserts its protein to gastric cells through the type IV secretion system

(T4SS), which look like cylindrical channel, and this inserted protein upregulated

NF-κB. Interestingly, the site which NF-κB combined in the promoter of Hþ-Kþ-
ATPase was identified, and this fusion of NF-κB p50 homodimer resulted in

repression of the transcription of HKα [145].

CagA protein encoded by cag pathogenicity island (cag PAI); CagL, CagE, and

Cag M, which consist of the T4SS; and lytic transglycosylase are mechanistically

involved in NF-κB activation and repression of HKα transcription (Fig. 6.6). CagL,

a T4SS pilus component, binds to the integrin α5 β 1 to mediate translocation of

virulence factors into the host cell and initiate signaling. During acute H. pylori
infection, CagL dissociates ADAM 17 (a disintegrin and a metalloprotease 17)

from the integrin α5 β 1 complex and stimulates ADAM17-dependent release of

heparin-binding epidermal growth factor (HB-EGF), EGF receptor (EGFR) stimu-

lation, ERK1/2 kinase activation, and NF-κB-mediated repression of HKα [145].

Fig. 6.6 Schematic illustration of a corporal gland in the human stomach focusing on the acid-

secreting region (Adapted from Smolka et al. [145]). The location of various cell types in a gland

of the human corpus was indicated in different colors. A gastric parietal cell is enlarged to the

right, showing Helicobacter pylori interacting with integrins through CagL, injecting CagA and

possibly the bacterial peptidoglycan-derived glycosylated tripeptide GM-3, leading to the activa-

tion of diverse host signaling pathways. The consequent mobilization of nuclear factor-κB
(NF-κB) p50 homodimers to the nucleus results in the repression of gastric H, K-adenosine

triphosphatase (H, K-ATPase) α subunit transcription and the inhibition of acid secretion as

indicated ADAM 17, a disintegrin and a metalloprotease 17, EGFR EGF receptor, HB-EGF
heparin-binding epidermal growth factor, T4SS type IV secretion system
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6.4.3.3 The Effect of Acid Secretion of IL-1β and TNF-α

As noted above, the inflammation via multiple cytokines seems to be a key

mechanism for the changes in the endocrine system by H. pylori infection. It has
been explained that the destroyed acid homeostasis influences the distribution of

H. pylori in the stomach itself and finally the degree of gastritis. That is, H. pylori
infection could diminish the number or function of D cells in the antrum, while it

elevates the gastrin secretion of G cells via IL-8, IL-1β, or TNF-α [155, 156]. This

disorganized endocrine system dumps excessive amount of acid into duodenum

leading to duodenal ulcer. On the other hand, upregulation of IL-1β and TNF-α by

H. pylori infection strongly suppresses acid secretion [157], and at the same time,

IL-1β reduces secretion of histamine from ECL cells [158]. This makes H. pylori
thrive in the corpus and destroy parietal cells and finally aggravating impaired acid

secretion. H. pylori infection, simultaneously, enhances the gastrin release. Conse-

quently, the gastrin level in blood was further accelerated due to reduced SST

secretion, since IL-1β and TNF-α inhibit SST release during the Th1 immune

response [159]. This chronic low acidic milieu accompanying atrophy and elevated

gastrin has been considered to be a good condition for developing gastric cancer.

6.4.3.4 The Changes of Acid Secretion After H. pylori Eradication

Progression to certain disease by H .pylori infection is known to be determined by

the degree of acid secretion when the organism invades the stomach. In the case of

subjects with high acid secretion, H. pylori escapes the corpus and settles in the

antrum leading to antrum-dominant gastritis with excessive gastrin release. By

contrast, when the organism comes into the subjects with low acid secretion, it

migrates into the corpus with adequate acidity. This subsequently causes atrophy of

parietal cells and aggravates hypochlorhydria. These diverse situations when the

H. pylori infection occurs inevitably draw different effects on acid secretion after

H. pylori eradication. Basically, the changes of acid secretion after H. pylori
eradication depend on the degree of inflammation in the corpus. More specifically,

in the setting of antrum-dominant gastritis with intact corporal glands in spite of the

infection, the eradication reduces gastrin and subsequently acid secretion, as well.

On the contrary, in the setting of severe corporal inflammation, the inhibition of

parietal cells by H. pylori disappears, leading to the elevated acid secretion [159].

Several studies reported immediate increase in acid secretion after administra-

tion of anti-H. pylori agents [154, 159]. These results came from the termination of

direct contact of parietal cells withH. pylori or its products [148, 149] and reduction
of IL-1β or TNF-α which represses the acid secretion. Osawa et al. [160] reported

that mRNA of Hþ-Kþ-ATPase increased 3 months after H. pylori eradication even

in severe atrophy without changes in the number of parietal cells. The changes of

genes encoding H2 receptors, muscarinic M3 receptor, and anion exchanger

2, which are involved in acid secretion export in the basal and apical sides of
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parietal cells, were not observed [160], while the increase in Hþ-Kþ-ATPase and

reduction in the concentration of IL-1β were demonstrated. This result suggests that

upregulation of Hþ-Kþ-ATPase and reduction in the concentration of IL-1β are

attributable to the short-term increase in acid secretion after H. pylori eradication.
This increase of acid secretion has continued until 5 years after H. pylori

eradication [161]. Nine of 23 subjects showed the restoration of normal acid

secretion at 7-month follow-up after the eradication, and its steady and significant

increase has been observed until 2 years after the cure [161]. However, more than

2 years after the eradication, an additional increase of acid secretory function was

not found, and most subjects showed lower optimal levels of acid secretion com-

pared with healthy control subjects [161]. This suggests numeric restoration of the

parietal cells might have only minor effect on increasing acid secretion.

6.5 Mechanisms Underlying H. pylori-Induced Hormone

Change in the Stomach

H. pylori may control the production of gastric hormones directly or indirectly. In

this section, possible mechanisms of H. pylori-induced hormonal change will be

discussed.

6.5.1 Urease and Ammonia

Levi et al. [136] originally proposed that the alkaline condition generated locally by

H. pylori urease increased gastrin release. Measurements of the pH in the gastric

mucus layer have shown that H. pylori infection causes a more alkaline milieu,

although the difference is only 0.3–0.8 of a pH point [162]. Long-term exposure of

the antral mucosa to elevated levels of ammonia in the gastric juice induced G-cell

hyperfunction in rats [163]. An inverse correlation between gastric juice ammonia

levels and antral SST concentrations was also observed in humans [141]. In addi-

tion, 4-week-long oral treatment with 0.01 % ammonia, which was clinically

estimated as the concentration in the gastric juice in patients with H. pylori infec-
tion, decreased the release of SST and the number of D cells in the rat stomach

[164]. However, acute infection of H. pylori can lead to different results in D-cell

secretion. Previously, increasing intragastric urea did not elevate gastrin in infected

persons [165]. Inhibition of urease by acetohydroxamic acid or bismuth plus

antibiotics did not decrease gastrin release in a short-term experiment [166].
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6.5.2 Lipopolysaccharide

After a 24-h incubation with H. pylori-derived culture broth, reduced ghrelin

expression in gastric biopsies from H. pylori-negative subjects has been reported

[167]. Piotrowski et al. [168] demonstrated that the binding of SST to its receptor on

gastric mucosal cell membranes was inhibited by LPS from H. pylori, suggesting
that H. pylori, through its LPS, is capable of interfering with SST regulatory effects

on gastric mucosal G-cell function. It has been demonstrated that LPS suppressed

fasted plasma ghrelin through production of IL-1 and prostaglandin and that

exogenous ghrelin can normalize LPS-induced-altered digestive functions

[169]. The expression and activity of GOAT under H. pylori infection, chronic
gastritis, and gastric atrophy is an important issue. Two hours after LPS adminis-

tration, significantly greater decrease of acyl ghrelin than des-acyl ghrelin has been

reported [170]. The rapid decrease in plasma GOAT levels and slightly increased

gastric GOAT protein levels at 2 h after the injection suggest that the inhibition of

gastric GOAT release and an important role of circulating GOAT in the formation

of acyl ghrelin during H. pylori infection are still to be investigated.

6.5.3 Somatostatin Receptors

SST acts through a family of homologous receptors, SST receptors (SSTRs). SSTR-

2, which is the most extensively investigated of the five SSTRs, has been thought to

be involved in gastric secretion. SSTR-2-positive cells were co-localized in 85 % of

G cells and one-third of D cells [171]. The percentage of SSTR-2-labeling cells

among D cells was significantly increased in rat antrum after 2–4-week treatments

with 0.01 % ammonia solution. Ammonia may cause a decrease in the inhibitory

potency of SST on G-cell function not only through a decrease in D-cell number but

also through the additional inhibition of SST release, via an SSTR-2 in the residual

D cells, in a paracrine manner, resulting in an increase in serum gastrin levels in rats

[171]. Retallack et al. [172] speculated that a decrease in SSTR-2 mRNA on G cells

may be responsible for the H. pylori infection-induced increase in gastrin secretion

from the G-cell-rich fraction of H. pylori-infected human antral cell preparations.

6.5.4 Inflammatory Mediators

After the successful establishment of H. pylori infection, inflammatory responses

were followed in the host mucosa. Since most of gastric hormone-producing cells

are localized from base to neck of glands, where H. pylori rarely approaches,

H. pylori may not directly affect release of these hormones, but it could influence

the production of the peptide via inflammatory mediators.
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It has been reported that a series of the cytokines are increased in H. pylori
gastritis: interleukin (IL)-1, IL-6, and IL-8, TNF-α, interferon-γ, macrophage

inflammatory protein-1α, and platelet-activating factor [173, 174]. Cytokines

have a key role in the disruption of acid homeostasis through affecting G or D

cells (Fig. 6.7a) [159]. T helper (Th)1 cytokines such as interferon (IFN)-γ
[175, 176] and the pro-inflammatory cytokines IL-1β, TNF-α, and IL-8

Fig. 6.7 Cytokine-mediated alterations in gastrin and somatostatin secretion (a) and

enterochromaffin-like (ECL) and parietal (P) cell function (b) in H. pylori infection (Adapted

from Peek et al. [159]). (a) IFN-γ from Th1 helper cells, IL-8, and TNF-α stimulate gastrin

secretion from G cells. In contrast, IFN-γ inhibits somatostatin release from D cells, decreasing its

inhibitory effect on gastrin. IL-4 stimulates somatostatin secretion, which may be a potential

mechanism by which helminth coinfection, and stimulation of Th2 responses, can protect against

the development of corpus atrophy. (b) IL-1β suppresses ECL cell histamine release, and IL-1β
and TNF-α inhibit acid secretion from parietal cells PMN, polymorphonuclear cell
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[177, 178] stimulate gastrin secretion from cultured G cells. IL-8 increases gastrin

secretion from isolated canine G cells [176, 177]. TNF-α directly affects G cells in

dogs and humans to increase gastric secretion [179]. The secretion of somatostatin

from D cells, which negatively regulates gastrin, is inhibited by the

pro-inflammatory cytokines TNF-α [180] and IFN-γ [175] but stimulated by the

Th2 cytokine IL-4 (Fig. 6.7a) [175]. The polarization of T-cell responses in the

gastric mucosa thus impacts on physiological changes induced by H. pylori infec-
tion. In addition, the pro-inflammatory cytokines IL-1β and TNF-α are potent

inhibitors of acid secretion by parietal cells [157], and IL-1β also decreases

histamine release from ECL cells (Fig. 6.7b) [181].

By contrast, eradication of H. pylori has been reported to induce a decrease in

antral IL-8 levels and an improvement in histological inflammatory findings

[182]. Antral SST concentrations were significantly increased after eradication

therapy [183]. A negative correlation has been demonstrated between antral SST

concentrations and IL-8 secretion in organ cultures of mucosal biopsies

[184]. These findings suggest that certain mutual interactions between IL-8 and

SST might be present in H. pylori infection in humans. In addition, a close

correlation between an increase in gastric SST levels and the normalization of

neutrophil infiltration indicated peptide inflammation interactions in H. pylori-
induced gastritis [183].

Even though the relationship between these cytokines and gastric production of

ghrelin or leptin has been far less evaluated, it is assumed that cytokines have been

involved in the reduced production of gastric ghrelin and enhanced leptin synthesis.

H. pylori-induced gastritis is thought to be associated with a strong activation of

both Th1 and Th17 cells [167]. It is possible that factors released by H. pylori
stimulate macrophages and dendritic cells which, in turn, produce factors driving

Th1 and Th17 responses. The possible mechanism of H. pylori-related impairment

of ghrelin synthesis in the stomach was illustrated in Fig. 6.8 [167].

It has also been reported that multiple cytokines and inflammation raise circu-

lating leptin levels. In experimental animals, blood leptin levels are acutely

increased by inflammatory stimuli, such as endotoxin, LPS, and turpentine, and

by the administration of pro-inflammatory cytokines such as TNF-α and IL-1

[185, 186]. In rats, elevated leptin levels in blood are present during infection

with the nematode Nippostrongylus brasiliensis and in the course of intestinal

inflammation [187, 188]. Leptin itself can induce a shift of T cells in ob/ob mice

to a predominantly Th1 response by increasing interferon-γ and IL-2 and decreas-

ing IL-4 cytokine production in vivo [189]. In colonic mucosa of patients with

ulcerative colitis, elevated levels of leptin and leptin receptors were reported

[190]. Against this background, it is likely that H. pylori infection could raise

gastric leptin production. Since most of the present evidences reported relationships

between inflammation and only systemic circulating leptin levels, whether gastric

leptin has a similar pro-inflammatory effect as circulating leptin or this condition is

involved in other GI disorder needs further evaluation.
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6.5.5 Mucosal Atrophy and Bacterial Factors of H. pylori

H. pylori is a predominant etiologic factor of gastric inflammation and atrophy of

gastric glands. It is assumed that atrophic gastritis may cause the loss of ghrelin-

producing cells. This hypothesis has been supported by studies showing lower

levels of gastric [75, 76] and circulating ghrelin [96] in patients with atrophic

gastritis. It has been also reported that serum ghrelin level represents the most

sensitive and specific noninvasive marker for selecting patients at high risk for

atrophic body gastritis [191]. Probably, the extent of gastric atrophy and the

duration of the infection may play a key role in modulation of ghrelin levels by

H. pylori [80]. The atrophic changes especially in oxyntic glands were thought to be
a resulting state from an array of inflammatory processes, and this leads to a

negative effect of gastric hormone production. Inversely, it seems that recovery

of ghrelin-producing capacity after H. pylori eradication might depend on the

recovery from numeric or functional damage of the oxyntic glands.

Moreover, it is not surprising that certain strains may produce greater changes in

endocrine function as these strains are more likely to cause clinical diseases. A

major factor in highly virulent H. pylori isolates is the cag pathogenicity island

Fig. 6.8 Downregulation of ghrelin expression in the stomach during Helicobacter pylori infec-
tion (Adapted from Paoluzi et al. [167]). Epithelial damage and gastritis induced by Helicobacter
pylori determine a diminished expression of ghrelin which, in turn, sustains the ongoing T helper

(Th) 1 cells’ response. Downregulation of ghrelin is also followed by a reduced release of

prostaglandin E2 (PGE2) and interleukin (IL)-10 which, together with pro-inflammatory factors

as IL-1b, contribute to the detrimental immune response and damage in the stomach APC antigen-

presenting cell
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(PAI), a 40-kb DNA segment that encodes about 32 proteins. Some of them

including accessory Cag proteins are forming components of a type IV secretion

system (T4SS) [145]. For example, CagL, a structural component of the T4SS pilus

in pathogenic H. pylori, is essential to pathogenesis because its deletion abolishes

almost completely H. pylori’s ability to induce host cell secretion of the

pro-inflammatory cytokine IL-8 [192].

Among patients who were infected with cytotoxin-associated gene A (cagA)-
positive strain have higher plasma gastrin concentrations than those who with

cagA-negative strain [193]. Those with the s1/m1 variant of the vacuolating cyto-

toxin (vacA) gene, which is more likely to cause ulcers, have less antral SST peptide

than those with the less virulent type s2/m2 [194]. Kim et al. [195] demonstrated

that hypergastrinemia, with a decrease in the number of antral D cells in H. pylori-
associated gastritis, is relevant to the presence of CagA. These findings seem to

support the concept that D-cell deficiency may be relevant in toxigenic H. pylori-
associated chronic active gastritis [196].

Similarly, the effect of H. pylori on ghrelin production was different according

to H. pylori virulence. Patients with type I strain H. pylori, expressing CagA and

VacA, have lower circulating ghrelin levels than those with the less virulent type II

strain [77].

6.5.6 Neuron

It has been recently reported that acute administration of H. pylori is capable of

inhibiting acid secretion directly as well as indirectly by activating intramural

CGRP sensory neurons coupled to stimulation of SST and inhibition of histamine

secretion [197]. The reciprocal changes in SST and histamine secretion were due to

release of CGRP from sensory neurons.

Since H. pylori is present in the upper regions of gastric mucosa, whereas SST

and ECL cells are located from base to the neck of glands, it is speculated that

activation of CGRP sensory neurons may be one of the explanations to how initial

patchy superficial colonization of the stomach can induce acute hypochlorhydria.

6.5.7 Secondary Endocrine Changes to Gastric Acid

H. pylori-infected patients with hyposecretion of acid tend to have corpus gastritis

that is believed to be related to reduction in acid secretion brought about by a

specific H. pylori product or by inflammatory cytokines, including IL-1β and

TNF-α, which inhibit parietal cells [157]. IL-1β also inhibits ECL cells

[181]. Finally, H. pylori infection accelerates the development of corpus atrophy,

which further diminishes acid secretion through the loss of parietal cells [198]. A

recent study clearly demonstrated that H. pylori (cagA-positive) infection induced a
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decrease in acid secretion and an increase in serum gastrin, with these phenomena

returning to control levels after treatment with an IL-1 receptor antagonist in

Mongolian gerbils [147]. Because gastrin is a physiological stimulant of acid

secretion, a decrease in intragastric acidity induced by H. pylori-related corpus

gastritis with atrophy might precede the gastrin release.

Interestingly, the acid-stimulating effect of ghrelin has been postulated by

gastrin release [199] or vagal stimulation [200]. Indeed, Lee et al. [199] reported

that gastrin was released in response to ghrelin. Whether a negative feedback to

ghrelin production by elevated acid secretion might exist has not been evaluated.

The ghrelin-producing cells, ECL cells, and D cells interspersed with each other in

the oxyntic mucosa [201] suggests that there may be a functional link

between them.

Finally, the possible mechanisms discussed in Sect. 6.4 as an underling

H. pylori-induced gastric gastrin and somatostatin change are summarized in

Fig. 6.9 [134].

Fig. 6.9 Mechanisms speculated that are to underlie Helicobacter pylori-induced gut peptide

change (Adapted from Kaneko et al. [134]). PMN polymorphonuclear leukocyte, IL interleukin,

LPS lipopolysaccharide, TNF-α tumor necrosis factor-α, SSTR-2 somatostatin receptor subtype 2
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6.6 Possible Reasons for Discrepancy in the Effect

of H. pylori on the Levels of Gut Hormones

The change of physiology of G and D cells during H. pylori infection and after its

eradication has been relatively well evaluated, while those of ghrelin and leptin are

still under debate.

With regard to circulating ghrelin, the most often raised hypothesis for the

inconsistent results is the compensatory release from other organs. However,

since ghrelin is predominantly secreted from the stomach, its products derived

from other tissues are unlikely to be sufficient to compensate for the altered plasma

ghrelin dynamics. Another explanation may be due to differences in populations

(age, race, geography, gender, BMI, diet, and overall health), extent of disease (e.g.,

whether atrophy is present or not), and H. pylori strain. This could partially result

from the use of different immunoassay methods to measure ghrelin. The fact that

ghrelin degrades to different kinds of ghrelin could be the fundamental cause on this

discrepant results [101]. In the case of gastric ghrelin, different sites of gastritis or

atrophy might make H. pylori infection draw different effects. As the same story, a

different degree of recovery from damage or diverse duration after the completion

of H. pylori eradication, probably, have different influences on ghrelin levels after

cure of the infection. It has been reported that H. pylori infection alters gastric and

blood level of ghrelin separately at different time points in the Mongolian gerbil

model [202]. To confirm these hypotheses, serial measurements of blood ghrelin for

long time after the eradication are needed.

On the other hand, gastric leptin levels according to H. pylori infection have

been far less investigated compared with ghrelin. Although the exact mechanism is

not clear, most studies have reported an increase in gastric leptin levels when

subjects were infected by H. pylori. Nonetheless, as the primary contributor of

circulating leptin is exclusively the adipose tissue, plasma leptin levels had strongly

positive correlations with BMI, irrespective of H. pylori status.

6.7 Conclusion

Gut hormones such as ghrelin, leptin, gastrin, and SST could be regulated by

neuronal, hormonal, and immune process under H. pylori infection. Understanding
the changes of acid secretion related with H. pylori infection could give basic

insights into identifying why the same H. pylori causes different outcomes among

gastric ulcer, duodenal ulcer, gastric cancer, or asymptomatic histologic gastritis. In

particular, ghrelin and leptin are involved not only in gastrointestinal physiology

but in systemic energy regulation including adiposity, appetite, or circulation.

Investigating these hormonal dynamics altered by H. pylori infection could provide
an important clinical implication in the prevention and treatment of illnesses
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including obesity, functional dyspepsia, and GI cancer and give proper evidences of

eradicating this microorganism.
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