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Abstract

Spasmolytic polypeptide-expressing metaplasia (SPEM) and intestinal metaplasia are considered 

neoplastic precursors of gastric adenocarcinoma in humans. Loss of parietal cells causes the 

development of SPEM in the gastric corpus and then chronic inflammation drives SPEM toward a 

more proliferative lineage. Mongolian gerbils infected with Helicobacter pylori (H. pylori) develop 

chronic gastritis and metaplasia, mimicking aspects of human gastritis with H. pylori infection. We 

therefore examined metaplastic lineages in the gastric corpus mucosa of gerbils infected by H. 
pylori strain 7.13, which produces rapid onset of severe inflammation. Six weeks following H. 
pylori infection, Griffonia simplicifolia lectin II (GSII)-positive SPEM developed in the base of 
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oxyntic glands in association with parietal cell loss and inflammation. In association with severe 

inflammation, SPEM glands evolved into aberrant phenotypes, including branched lesions, dilated 

lesions and penetrating invasive glands. Mucin 4 (MUC4) was upregulated in SPEM and 

progressive SPEM. Clusterin was expressed in the tips of branched and dilated lesions and 

throughout regions of invasive glands. Intriguingly, clusterin-positive regions in these lesions 

expressed Ki67 and matrix metalloproteinase 7 (MMP-7). These same regions were also positive 

for expression of phospho-IκBα, suggestive of activated NFκB signalling. These findings suggest 

that clusterin-positive regions in progressive phenotypes of SPEM have invasive characteristics. 

Thus, H. pylori infection in gerbils induces SPEM, which then can progress to further aberrant and 

invasive metaplastic phenotypes.
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 Introduction

Gastric cancer is the third leading cause of cancer-related death worldwide [1]. Helicobacter 
pylori (H. pylori) infection is the most common predisposing factor of gastric cancer [2,3]. 

Intestinal types of gastric cancers typically generate from H. pylori-infected gastric mucosa 

with chronic gastritis, atrophy and metaplastic changes [4]. Metaplastic lesions in H. pylori-
infected gastric mucosa have two phenotypes: intestinal metaplasia and spasmolytic 

polypeptide-expressing metaplasia (SPEM). Intestinal metaplasia displays the characteristics 

of intestinal mucosa with the expression of TFF3 and MUC2. On the other hand, SPEM is a 

metaplastic mucous cell lineage in the corpus with characteristics of deep antral gland cells, 

including the expression of TFF2 (spasmolytic polypeptide) and MUC6 [5,6]. Numerous 

studies have shown that these metaplastic lesions exist adjacent to dysplastic or cancerous 

lesions, suggesting that these metaplastic lesions can be pre-neoplastic [7–9].

Recently we have determined that SPEM develops through the transdifferentiation of chief 

cells following parietal cell loss in mice [10]. The administration of the drugs DMP-777 or 

L635 induces acute parietal cell loss, resulting in the emergence of SPEM in the corpus. In 

the mouse model with Helicobacter felis (H. felis) infection, SPEM evolves into “SPEM 

with intestinal characteristics” (SPEM-IC), which expresses some markers for intestinal 

metaplasia observed in humans following parietal cell loss and chronic inflammation [11]. 

The H. pylori-infected Mongolian gerbil is a powerful model for human gastritis and gastric 

cancer development. After H. pylori infection, gerbils gradually develop chronic gastritis, 

parietal cell loss and metaplasia, as observed in humans [12–14]. At longer times following 

infection, SPEM is observed and then, after at least a year of infection, mixed glands 

expressing both SPEM and intestinal metaplasia can be observed, suggesting that SPEM 

gives rise to intestinal metaplasia [15]. Recently, we have established an in vivo-adapted H. 
pylori 7.13 strain that can induce more rapidly severe gastritis and pre-neoplastic lesions in 

the gerbil gastric mucosa [16,17]. Development of invasive lesions in this gerbil model is 

dependent on the bacterial effector CagA as well as severe inflammation [17,18]. 

Additionally, in gerbils fed an iron-depleted diet, mucosal changes develop even faster after 
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H. pylori 7.13 strain infection. Therefore, the H. pylori 7.13-infected gerbil is a good model 

to investigate the process of metaplasia caused by H. pylori infection. In the current study, to 

evaluate how metaplastic lesions evolve, we have utilized immunostaining to examine 

metaplastic lineages and characterize the progressive phenotypes of metaplasia in gerbils 

following H. pylori infection.

 Materials and Methods

 Animals and H. pylori challenge

All procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) of Vanderbilt University. All gastric samples from Mongolian gerbils in this study 

were obtained from archival paraffin-embedded material from previous studies [16,18]. In 

those studies, all male Mongolian gerbils were housed in the Animal Care Facility of 

Vanderbilt University in a room with a 12-hour light:dark cycle. The gerbil-passaged H. 
pylori strain 7.13 isolate used for these experiments was originally isolated from a gastric 

ulcer patient. H. pylori infection was performed as described previously [16,18]. We 

examined corpus stomach sections from archival samples of gerbils fed either an iron-

depleted diet [18] or a standard commercial rodent chow [16]. Stomachs from all gerbils 

were fixed in neutral-buffered 10% formalin. Tissues were paraffin-embedded and stained 

with haematoxylin and eosin. The severity of gastric inflammation was evaluated on a 6-

point scale, which graded acute and chronic inflammation in the corpus based on a score of 

0 to 3 for each of these parameters, as described previously [16,18]. Colonization density of 

H. pylori was determined by quantitative culture and all animals were successfully colonized 

[18]. Since the iron-depleted diet leads to more rapid progression of mucosal changes in H. 
pylori 7.13 infected animals, these gerbils were examined at 6 or 8 wk following inoculation. 

To evaluate changes in more advanced invasive lesions, we also examined specimens from 

H. pylori 7.13-infected gerbils fed a standard diet and euthanized at 12 or 16 wk after 

infection (Table 1).

 Immunohistochemistry

For all immunohistochemistry studies, 5 µm thick sections of paraffin-embedded material 

were used. For serial section analyses, 30 sections per sample were cut consecutively. For 

evaluation of MUC4 staining in humans, sections of an archival tissue array constructed as 

previously described were evaluated [19]. Sections were deparaffinised, rehydrated and 

submitted to antigen retrieval using Target Retrieval solution (Dako North America, Inc., 

Carpinteria, CA) in a pressure cooker. Blocking was performed using Protein Block Serum-

Free (Dako North America, Inc.) during 90 min at room temperature. The primary antibody 

incubation was performed in Antibody Diluent with Background Reducing Components 

(Dako North America, Inc.) overnight at 4oC. Primary antibodies used were as follows: 

rabbit anti-MUC2 (1:500, cat. sc-15334; Santa Cruz, Dallas, TX), mouse anti-MUC4 (1:100, 

cat. sc-33654; Santa Cruz), goat anti-clusterin α (1:2000, cat. sc-6420; Santa Cruz), rabbit 

anti-Ki67 (1:1000, cat. 12202; Cell Signaling, Danvers, MA), mouse anti-phospho-IκBα 

(1:150, cat. 9246; Cell Signaling) and rat anti-MMP-7 (1:500, Vanderbilt Antibody and 

Protein Resource, Nashville, TN). Detection for immunohistochemistry was performed with 

3,3’-diaminobenzidine using DAKO Envision + System-HRP DAB (Dako North America, 
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Inc.). Samples were counterstained with hematoxylin. For immunofluorescence, secondary 

antibodies (1:500) conjugated with Cy2, Cy3 and Cy5 (Jackson ImmunoResearch 

Laboratories, West Grove, PA) and Alexa-488, Alexa-594, and Alexa-647 (Invitrogen, 

Carlsbad, CA), and Alexa-488 or 647-conjugated Griffonia simplicifolia lectin II (GSII 

lectin) (1:2000, Molecular Probes, Eugene, OR) were incubated for 1 h at room temperature. 

After incubation with DAPI for 5 min, slides were mounted with ProLong Gold Antifade 

Reagent (Invitrogen). Fluorescence imaging was analysed using an Axio Imager 2 

microscope (Carl Zeiss AG, Oberkochen, Germany) or an Ariol SL-50 automated slide 

scanner (Leica Biosystems, Buffalo Grove, IL) in the Vanderbilt Digital Histology Shared 

Resource.

 Quantitation

To perform the quantitation of the percentage of MUC4 or clusterin-positive glands in 

SPEM, all corpus glands were analysed in each section of all samples used in this study. To 

perform the quantitation of the percentage of Ki67 or MMP-7 positive cells in SPEM and 

clusterin-positive regions of SPEM, 10 corpus glands randomly chosen each from 3 sections 

in the normal stomach and gastritis without architectural aberration, and 21 dilated/branched 

lesions and 12 invasive glands from representative gastritis sections with architectural 

aberration were analysed. Counting was performed in slides digitally imaged by the Ariol 

SL-50 scanner or in fluorescence images overlaid using Adobe Photoshop. For all cells 

counted, nuclei were present as detected by DAPI. The Mann Whitney U test was used to 

calculate statistical significance.

 Results

 Morphological changes in gerbil gastric corpus mucosa with H. pylori 7.13 infection

We and others previously demonstrated that inflammatory cell infiltrates, foveolar 

hyperplasia and parietal cell loss were observed in the intermediate zone and the corpus of 

gerbil gastric mucosa during H. pylori infection [15]. We have now sought to re-examine the 

classification of metaplastic changes in the corpus of the stomach within the Helicobacter-
infected gerbil stomach. In these investigations, we focused on metaplastic changes in the 

corpus, because identification of SPEM is not possible in the antrum, due to the similarities 

of the metaplastic lineages to deep antral mucosal cells. First, we investigated morphological 

changes within the gastric corpus mucosa of gerbils with the infection of H. pylori strain 

7.13, a strain that can rapidly induce severe inflammation and pre-neoplastic lineage 

changes. Inflammatory cell infiltrates were observed in the corpus early after the infection, 

and then atrophic gastritis (oxyntic atrophy) progressed with development of metaplastic 

mucous gland phenotypes (Figure 1). To analyse the process of the alteration of glands, we 

identified glands as “gastritis without architectural aberration” (Figure 1C) when they 

maintained a single linear lumen, while “gastritis with architectural aberration” was 

associated with glands with branched or cystic glands (Figure 1D). All 13 gerbils at 6 or 8 

wk post infection had prominent inflammation in the corpus or the intermediate zone 

(Supplementary Figure 1). Among them, 6 gerbils had gastritis with architectural aberration 

in the gastric corpus mucosa, and 7 had only gastritis without architectural aberration. In this 

study, we investigated gastric tissues of the latter 7 gerbils as typical of gastritis without 
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architectural aberration. In addition to the former 6 gerbils, we examined corpus tissues with 

gastritis with more severe architectural aberrations in 4 gerbils sacrificed at 12 or 16 wk post 

infection (see Table 1). Gastritis with architectural aberration demonstrated specific 

phenotypes, including branched lesions, dilated lesions and penetrating invasive glands 

(Figure 1F, G, H). At 16 wk after H. pylori infection, extensive lesions with invasive glands 

were seen (Figure 1E). To further characterize the spectrum of metaplastic phenotypes, we 

performed immunostaining analyses on sections of corpus mucosa from gerbils with the 

range of metaplastic changes.

 Metaplastic lesions in gerbil gastric corpus mucosa with H. pylori 7.13 infection

To detect metaplastic lesions in gastric mucosa after H. pylori 7.13 infection, we stained for 

GSII and MUC2, typical markers for SPEM and intestinal metaplasia, respectively (Figure 

2). In the normal corpus, GSII was expressed in mucous neck regions. In gastritis without 

architectural aberration, GSII expression was localized in the cytoplasm of cells of the base 

regions of the corpus glands (Figure 2A), with morphologies characteristic of SPEM. 

Gastritis with architectural aberration, such as branched lesions, dilated lesions and invasive 

glands also showed GSII expression (Figure 2A), consistent with the concept that these 

gastritis lesions were progressive phenotypes of SPEM. GSII expression was seen in the 

sub-apical regions and cytoplasm of cells in dilated lesions and invasive glands. On the other 

hand, MUC2 was absent in the normal corpus and in gastritis without architectural 

aberration (Figure 2A).

While gerbils infected with H. pylori 7.13 show a rapid onset of mucosal changes, they do 

not tend to develop significant amounts of goblet cell intestinal metaplasia. Indeed, we 

identified only one gerbil sample displaying a focal lesion of MUC2-expressing goblet cells 

indicative of intestinal metaplasia. In this gerbil (with gastritis with architectural aberration), 

MUC2-positive goblet cells were observed in the bottom of glands with SPEM 

(Supplementary Figure 2A). In these glands, some cells showed the co-expression of GSII 

and MUC2. Overall, these results suggest that the pathological mucosal changes in the H. 
pylori 7.13 strain infection model are dominated by SPEM rather than intestinal metaplasia.

 MUC4 is strongly expressed in progressive SPEM in gerbil stomach corpus

We have previously examined markers related with the emergence and progression of SPEM 

by comparing microarray data from SPEM regions in three different mouse models of 

parietal cell loss [11]. In the current study, to investigate possible markers related with the 

progression of SPEM following chronic inflammation, we focused on transcripts that were 

specifically upregulated in the mouse model of SPEM with chronic inflammation from this 

previous microarray analysis. Among these transcripts, we examined the expression of 

MUC4 in the gastric mucosa based on antibody availability for gerbils. MUC4 is a 

membrane mucin that is abundantly expressed in many epithelia, and acts through anti-

adhesive or signalling mechanisms, including as a ligand/modulator of the receptor tyrosine 

kinase ErbB2 [20]. First, we examined the expression of MUC4 in human gastric tissues. In 

normal human gastric mucosa, MUC4 was detected only in the cytoplasm of some scattering 

cells in the antrum and not in the corpus (Supplementary Figure 3). In human duodenum, 

MUC4 was expressed in the sub-apical membrane of intestinal epithelial cells and goblet 
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cells. In metaplasias of the human stomach, MUC4 was expressed in the sub-apical regions 

and goblet cells of intestinal metaplasia, but not in SPEM. These results suggest that MUC4 

is a marker of intestinal metaplasia in humans. Next, we examined the expression of MUC4 

in the gerbil gastric mucosa. In normal gerbil gastric mucosa, MUC4 expression was 

observed only in the cytoplasm of some scattering cells in the antrum (Supplementary 

Figure 4) and not in the corpus (Figure 2B), as observed in humans (Supplementary Figure 

3). However, in gastritis without architectural aberration, MUC4 was weakly expressed in 

the sub-apical membrane of cells at the base of SPEM glands (Figure 2B,C). Interestingly, 

MUC4 was strongly upregulated in progressive phenotypes of SPEM, including branched 

lesions, dilated lesions and invasive glands (Figure 2B,C). In addition, in the one gerbil 

exhibiting intestinal metaplasia, MUC4 expression was observed in MUC2-positive goblet 

cells as well as adjacent SPEM (Supplementary Figure 2A). These data suggest that MUC4 

is expressed in both SPEM and intestinal metaplasia in gerbils.

 Clusterin is strongly expressed in specific regions of metaplasia in gerbil stomach 
corpus

Clusterin is a stress-induced, multifunctional secreted and cytoplasmic molecular chaperone. 

Levels of cytoplasmic clusterin increase with retrotranslocation against various ER stressors 

[21]. We demonstrated previously that clusterin was upregulated throughout regions of 

SPEM in humans and three different mouse models of parietal cell loss [11]. In addition, 

clusterin expression was correlated with poor prognosis in human gastric cancers [11,22]. To 

investigate protein expression profiles in the progression of metaplasia, we examined 

clusterin expression in gerbil gastric mucosa. In the normal gastric corpus of gerbils, 

clusterin was expressed only in scattered cells (Figure 3A). In gastritis without architectural 

aberration, clusterin expression was detected at high levels in the cytoplasm of cells in the 

deep regions of SPEM glands (Figure 3A,B). Interestingly, progressive phenotypes of 

SPEM, including branched and dilated lesions, showed strong expression of clusterin, in 

particular in the tips of branched glands (Figure 3A,B). In addition, invasive glands also 

strongly expressed clusterin throughout (Figure 3A,B). In these progressive lesions, clusterin 

was localized in the sub-apical regions strongly as well as weakly in the cytoplasm. In the 

one animal with intestinal metaplasia, clusterin expression was also observed in some 

MUC2-positive goblet cells (Supplementary Figure 2B). These findings suggest that 

clusterin is a possible marker of progressive regions of metaplasia in the gerbil gastric 

corpus mucosa.

To evaluate this hypothesis, we examined the expression of phospho-IκBα as a marker of 

activation of NFκB [23,24]. NFκB activation has been associated with progressive 

phenotypes in a number of malignancies [23]. In the normal mucosa, expression of phospho-

IkBα was not observed (Figure 3C). In gastritis without architectural aberration, phospho-

IκBα was detected in the cytoplasm of cells in the base regions of glands in a similar 

distribution as clusterin-expressing regions (Figure 3C). In gastritis with architectural 

aberration, phospho-IκBα was strongly expressed in progressive phenotypes of SPEM, 

particularly in invasive glands. These results suggest that activation of the NFκB pathway is 

associated with the progression of metaplasia.
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 Clusterin-positive regions of progressive SPEM in gerbil stomach show increased 
proliferation and invasive characteristics

To characterize progressive phenotypes of SPEM with clusterin expression, we performed 

Ki67 staining in H. pylori-infected gastric corpus mucosa. In normal corpus, Ki67 

expression was limited to the region close to the progenitor zone in the neck, but was not 

seen in the base regions of the glands (Figure 4A). In gastritis without architectural 

aberration, Ki67-positive cell number increased not only in the progenitor zone of the neck 

regions of glands, but also in the base regions of glands (Figure 4A). These findings suggest 

that some SPEM cells have proliferative function, whereas chief cells are not proliferative 

[10]. In addition to progenitor zones in the neck regions of glands, Ki67 expression was 

observed in the tips and bifurcations of branched and dilated lesions. Clusterin and Ki67 

double-positive cells were frequently seen in the tips of these lesions (Figure 4B,D,E). In 

invasive glands, Ki67-positive cells were present in submucosal regions with strong clusterin 

expression as well as in invasive portions through the muscularis mucosa (Figure 4C,F, 

Supplementary Figure 5). These findings suggest that clusterin-positive regions in 

progressive phenotypes of SPEM have proliferative behaviour.

Next, to investigate invasive characteristics in progressive phenotypes of SPEM, we 

examined the expression of matrix metalloproteinase 7 (MMP-7), a member of a family of 

enzymes associated with tumour-initiating properties, in H. pylori-infected gerbil gastric 

corpus mucosa. We and others previously demonstrated that MMP-7 was overexpressed in 

human gastric cancer tissues and that H. pylori CagA-positive strains selectively increased 

MMP-7 levels in gastric epithelial cells [25–27]. In gerbil gastric mucosa, MMP-7 

expression was not observed in the normal corpus. However, MMP-7 was present in the base 

of glands of gastritis without architectural aberration, particularly in clusterin-positive cells 

(Figure 5A). Furthermore, MMP-7 was strongly expressed in branched lesions, dilated 

lesions and invasive glands; in particular, in the tips, bifurcations and submucosal regions of 

these lesions (Figure 5A). Clusterin-positive cells showed MMP-7 expression increasingly 

with the severity of inflammation (Figure 5B). These findings suggest that clusterin and 

MMP-7 expressing regions in progressive phenotypes of SPEM have invasive properties.

 Discussion

Gastric cancer develops ion humans after decades of chronic H. pylori infection. Chronic 

inflammation as well as virulence factors of H. pylori, are required for gastric cancer 

development [28]. Metaplastic changes, such as SPEM and intestinal metaplasia, are 

considered neoplastic precursors, but it is difficult to examine the progression from 

metaplastic lesions to dysplasia in humans, because inflammation persists for decades. In the 

current study, we investigated how metaplasia progresses into advanced phenotypes using a 

gerbil model infected with H. pylori strain 7.13. The characteristics of this model, including 

persistent and chronic H. pylori-induced inflammation and the ability of H. pylori strains to 

maintain CagA translocation, allow examination of the process of metaplastic progression 

[16,17]. In this model, SPEM developed after H. pylori infection, and then dynamically 

evolved into aberrant gland phenotypes, including branched lesions, dilated lesions and 

invasive glands. These findings suggest that the disturbance of gland morphology emerges in 
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SPEM during chronic gastritis with H. pylori infection. These changes resemble pre-

neoplastic progression in human lesions. In humans, SPEM frequently forms at the bases of 

corpus glands after chronic H. pylori infection (Supplementary Figure 3). These findings are 

consistent with our previous studies demonstrating the evolution of SPEM through 

transdifferentiation of chief cells following parietal cell loss [10].

There are differing viewpoints as to whether invasive lesions observed in association with H. 
pylori infection in gerbils truly represents gastric adenocarcinoma [16,29]. Unlike humans, 

invasive lesions frequently emerge in gerbils several months after H. pylori infection and 

expand in the submucosa as well as subserosa. These lesions have been classified as 

adenocarcinoma based upon previously published criteria defining morphological 

characteristics of neoplasia arising in the setting of inflammation in mouse models [30]. 

However, some reports have suggested that these lesions are not adenocarcinoma, because 

they dramatically diminish with the eradication of H. pylori [29,31]. Regression of invasive 

glands may relate to the duration of H. pylori infection, indicating a point of no return after 

longer infection [32]. Since the gerbil model does not develop metastatic disease, definition 

of dysplasia or adenocarcinoma has relied on haematoxylin and eosin morphological 

criteria. In the current study, detailed characterization of metaplastic biomarkers indicates a 

process of lineage expression patterns associated with increased architectural aberrations 

that are consistent with neoplastic or dysplastic transitions. Interestingly, we showed that 

branched and cystic glands as well as invasive glands detected in this study had the 

characteristics of SPEM. Invasive glands may represent a pre-neoplastic lesion derived from 

progressive evolution of SPEM into more invasive phenotypes. These findings are consistent 

with a view that SPEM represents a key precursor to development of gastric neoplasia.

It is well recognized that intestinal metaplasia develops in the setting of chronic gastritis 

caused by H. pylori infection in humans [2]. Inflammatory signals are essential to the 

emergence of intestinal metaplasia [33], and SPEM is considered a possible origin of 

intestinal metaplasia [15,34], but detailed mechanisms are still unknown. In the current 

study, MUC4, an intestinal metaplasia marker in humans, was expressed in SPEM and a 

focal intestinal metaplasia lesion found in a single gerbil. Interestingly, MUC4 expression 

increased as SPEM progressed. Previous studies demonstrated that the inflammatory signal 

cytokine IL-6 can modulate MUC4 expression in gastric cancer cell lines via the STAT3 

signalling pathway [35,36]. These findings suggest that MUC4 is a marker of progressive 

metaplasia with intestinal characteristics following chronic inflammation. In addition, a 

number of reports demonstrated that MUC4 expression in various malignant lesions, 

including gastric cancer, is correlated with poor outcome [37–41]. A recent report showed 

that MUC4-deficient mice are resistant to DSS-induced colitis and AOM/DSS-induced 

colorectal cancers [42]. These data suggest that MUC4 is not only a marker for intestinal 

characteristics in metaplasia, but also may participate in the development of inflammation-

associated cancers.

The question of whether metaplastic lesions are direct origins of gastric neoplasia remains 

unclear. The expression pattern of clusterin in gerbil stomach shown in this study may 

indicate a link between metaplasia and neoplasia. In gastritis without architectural 

aberration, clusterin is expressed only in the bottom of SPEM glands. However, clusterin-
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positive regions already show the expression of MMP-7, which has been associated with the 

acquisition of invasive properties [43]. Clusterin-positive metaplastic cells show further 

elevations in MMP-7 expression as well as increased proliferation in association with more-

severe inflammation. The increased expression of MMP-7 may contribute to the formation 

of more branched or invasive gland phenotypes. Previous studies showed that clusterin 

increases with retrotranslocation following many ER stressors and has specific roles in stress 

responses, including anti-apoptotic and cytoprotective functions [21]. These findings suggest 

that SPEM with clusterin expression may be more susceptible to transformation. 

Furthermore, these findings are supported by our previous results that clusterin is 

upregulated in the majority of intestinal-type and diffuse-type human gastric cancers and 

high levels of clusterin expression in late stage gastric cancers correlated with a poor 

outcome [11,22]. In humans, unlike in gerbils, clusterin is expressed in the isthmus of 

normal corpus and is upregulated throughout regions of SPEM and transitional zones 

between SPEM and intestinal metaplasia [11]. These transitional zones within metaplastic 

glands are also proliferative [44]. Considering our findings in gerbils, SPEM and transitional 

zone cells with clusterin expression might be a source of neoplasia in humans.

In summary, we have established that SPEM is generated after H. pylori infection and then 

progresses to more invasive phenotypes in Mongolian gerbils (Figure 6). Interestingly, our 

detailed characterization of biomarkers in metaplastic lesions using immunostaining 

methods demonstrates a clear progression of metaplasia from development of SPEM to 

progression to intramucosal cystic and branched phenotypes, which then progress to invasive 

glands. Intramucosal lesions showed similar proliferation levels compared with invasive 

glands. These advanced metaplastic phenotypes therefore define a progression of 

increasingly aberrant pre-neoplastic lesions derived from SPEM, which may define a 

paradigm for pre-cancerous evolution.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Morphological changes in gerbil gastric corpus mucosa following H. pylori 7.13 
infection
(A) Uninfected antrum. (B) Uninfected corpus. (C) Gastritis without architectural aberration 

in the corpus mucosa of a representative animal at 6 wk post. Inflammatory cell infiltrates 

were observed, but gastric glands still showed normal morphologies. (D) Gastritis with 

architectural aberration in the corpus mucosa of a representative animal at 8 wk post 

infection. Aberrant tortuous and cystic glands were observed. (E) Gastritis with architectural 

aberration in the corpus mucosa of a representative animal at 16 wk post infection. 

Prominent invasive gland lesions were observed. (F) Branched lesions (arrow), (G) dilated 

lesions (arrow), and (H) invasive glands (arrow) were observed in the corpus mucosa of a 

representative animal at 12 wk post infection. Bar=100 µm.
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Figure 2. Progression of metaplastic lesions in gerbil gastric corpus mucosa following H. pylori 
7.13 infection
(A) Immunofluorescence staining of metaplastic glands with GSII lectin (green) and 

antibodies against MUC2 (red). All sections were from the corpus or intermediate zone of 

gerbils. Gastritis sections shown, containing glands without architectural aberration, were 

from representative gerbils at 6 wk post infection. Gastritis sections showing glands with 

architectural aberration, including branched lesions, dilated lesions and invasive glands were 

from representative gerbils in the corpus mucosa of a representative animal at 8 wk post 

infection. In uninfected gerbils, GSII expression was seen in mucous neck cells. GSII was 
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expressed not only in cells at the base of gastritis glands without architectural aberration, but 

also in branched lesions, dilated lesions and invasive glands of gastritis glands with 

architectural aberration. MUC2 was not expressed in the normal corpus or in the corpus of 

animals with gastritis. Bar=100 µm.

(B) Immunofluorescence staining of SPEM with antibodies against MUC4 (red) and GSII 

lectin (green). All sections were from the corpus or intermediate zone of gerbils. 

Representative gastritis sections without architectural aberration are shown from gerbils in 

the corpus mucosa of a representative animal at 6 wk post infection. Branched lesions and 

dilated lesions were analysed from in the corpus mucosa of a representative gerbil at 12 wk 

post infection. Invasive glands were examined in the gastric corpus mucosa of a 

representative gerbil at 16 wk post infection. In uninfected gerbils, MUC4 expression was 

not observed. In gastritis without architectural aberration, MUC4 was weakly expressed in 

the sub-apical region of cells at the base of SPEM glands. In gastritis with architectural 

aberration, MUC4 was strongly expressed in progressive phenotypes of SPEM, including 

dilated lesions, branched lesions and invasive glands. Bar=50 µm.

(C) Quantitation of the percentage of MUC4-positive glands in SPEM. All gastric corpus 

glands were analysed in each section of all samples used in this study. SPEM was detected 

by GSII staining. In the presence of more severe inflammation, the percentage of MUC4-

positive glands increased significantly. All glands with architectural aberration expressed 

MUC4 expression. All values are shown as mean±SEM (*p<0.05 vs gastritis without 

architectural aberration.).
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Figure 3. Expression of clusterin and phospho-IκBα in gerbil gastric corpus mucosa following H. 
pylori 7.13 infection
(A) Immunofluorescence staining of SPEM with antibodies against clusterin (Clu) (red) and 

GSII (green). All sections were from the corpus or intermediate zone of gerbil stomach. 

Representative gastritis sections without architectural aberration shown were from gerbils at 

6 wk post infection. Representative branched lesions and dilated lesions shown were from 

gerbils at 12 wk post infection. Invasive glands were examined from gerbils at 16 wk post 

infection. In uninfected gerbils, Clu was detected only in some scattered cells. In gastritis 

without architectural aberration, Clu was expressed strongly in the cytoplasm of cells at the 
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base regions of SPEM glands. In gastritis with architectural aberration, Clu was strongly 

expressed in the sub-apical regions as well as in the cytoplasm of progressive phenotypes of 

SPEM, in particular in the cells at the tips of branched and dilated lesions and throughout 

regions of invasive glands. Bar=50 µm.

(B) Quantitation of the percentage of Clu-positive glands in SPEM. All corpus glands were 

analysed in each section of all samples used in this study. SPEM was detected by GSII 

staining. In the presence of more severe inflammation, the percentage of Clu-positive glands 

increased significantly. All glands with architectural aberration showed Clu expression. All 

values are shown as mean±SEM (*p<0.05 vs gastritis without architectural aberration.).

(C) Immunohistochemistry of SPEM with antibodies against phospho-IκBα. All sections 

were from the gastric corpus or intermediate zone of gerbil stomachs. Branched lesions and 

dilated lesions were obtained from gerbils at 8 wk post infection. Invasive glands were 

examined from gerbils at 16 wk post infection. a. the base regions of gastritis without 

architectural aberration. b. a dilated lesion. c. a branched lesion. d. an invasive gland. No 

phospho-IκBα expression was observed in uninfected gerbils. In gastritis without 

architectural aberration, phospho-IκBα was expressed in the cytoplasm of cells in the base 

regions of glands. In gastritis with architectural aberration, phospho-IκBα was strongly 

expressed in the cytoplasm of progressive phenotypes of SPEM, in particular throughout 

regions of invasive glands. Bar=100 µm or 50 µm (high magnification).
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Figure 4. Ki67 expression in metaplastic lesions of gerbil gastric corpus mucosa following H. 
pylori 7.13 infection
(A) Immunofluorescence staining of SPEM with antibodies against Ki67 (green) and 

clusterin (Clu) (red) with GSII lectin (white). All sections were from the gastric corpus or 

intermediate zone of gerbil stomachs. Representative gastritis sections without architectural 

aberration were from gerbils at 6 wk post infection. Representative specimens with branched 

lesions and dilated lesions were from gerbils at 12 wk post infection. Invasive glands were 

examined in sections from gerbils at wk post infection. In uninfected gerbils, Ki67 

expression was limited to the progenitor zone in the neck region. In gastritis without 

architectural aberration, Ki67 was expressed in the neck regions of glands as well as in some 

Clu-positive cells at the bases of glands. In gastritis with architectural aberration, Ki67 

expression was observed in the tips and bifurcations of branched and dilated lesions and in 
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submucosal regions of invasive glands, in addition to the neck regions of mucosal glands. 

Bar=50 µm.

(B) Serial section analyses of branched lesions. Serial sections were obtained from a 

representative gerbil corpus at 12 wk post infection. Immunofluorescence staining of SPEM 

with antibodies against Ki67 (green), Clu (red) and GSII (white) was performed. Ki67 

expression was observed in the tips (arrows) and bifurcations (arrowheads) of branched 

lesions. Bar=50 µm.

(C) Serial section analyses of invasive glands. Serial sections were obtained from a 

representative gerbil corpus at 16 wk post infection. Immunofluorescence staining of SPEM 

with antibodies against Ki67 (green) and Clu (red) with GSII lectin (white) was performed. 

Ki67 expression was detected in the submucosal region (arrows) and invasive portions 

(arrowheads). Bar=50 µm.

(D) Quantitation of the percentage of Ki67-positive cells in SPEM and Clu-positive regions 

of SPEM. In the normal stomach and gastritis without architectural aberration, 10 corpus 

glands were analysed each from 3 sections from 3 different gerbils. In gastritis with 

architectural aberration, 21 dilated/branched lesions and 12 invasive glands were analysed. 

SPEM was detected by GSII staining. In uninfected gerbils, GSII-positive cells represent 

mucous neck cells. In the presence of more-severe inflammation, the percentage of Ki67-

positive cells increased in both SPEM in general and in Clu-positive SPEM. All values are 

shown as means±SE of the mean (*p<0.05 vs gastritis without architectural aberration.).

(E) Distribution of Ki67-positive cells in branched or dilated lesions. The percentage of 

Ki67-positive cells in the upper (neck) regions, bifurcations and tips are shown (grey bar). In 

addition, the percentage of Clu-positive cells in these Ki67-positive cells are also shown 

(black bar).

(F) Distribution of Ki67-positive cells in invasive glands. The percentage of Ki67-positive 

cells in the upper (neck) regions, invasive portions and submucosal portions are shown (grey 

bar). The percentage of Clu-positive cells in these Ki67-positive cells are also shown (black 

bar).
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Figure 5. MMP-7 expression in metaplastic lesions of gerbil gastric corpus mucosa following H. 
pylori 7.13 infection
(A) Immunofluorescence staining of SPEM with antibodies against MMP-7 (green), 

clusterin (Clu) (red) and GSII (white). All sections were from the corpus or intermediate 

zone of gerbil stomachs. Representative gastritis sections without architectural aberration 

were from gerbils at 6 wk post infection. Representative branched lesions and dilated lesions 

were from gerbils at 12 wk post infection. Invasive glands were examined in gerbils at 16 wk 

post infection. In uninfected gerbils, MMP-7 expression was not detected. In gastritis 

without architectural aberration, MMP-7 was expressed in Clu-positive cells at the base of 
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glands. In gastritis with architectural aberration, MMP-7 was strongly expressed in branched 

lesions, dilated lesions and invasive glands, in particular in the tips (arrows), bifurcations 

(arrowheads) and submucosal regions of these lesions. Bar=50 µm.

(B) The percentage of MMP-7-positive cells in SPEM and Clu-positive regions of SPEM. In 

the normal stomach and gastritis without architectural aberration, 10 corpus glands were 

analysed from 3 sections from 3 different gerbils. In gastritis with architectural aberration, 

21 dilated/branched lesions and 12 penetrating heterotopic glands were analyzed. SPEM was 

detected by GSII staining. In gastritis without architectural aberration, less than half of Clu-

positive cells in SPEM had MMP-7 expression. In gastritis with architectural aberration, the 

percentage of MMP-7-positive cells in SPEM increased, in particular, in Clu-positive 

regions. All values are shown as mean±SEM (*p<0.05 vs gastritis without architectural 

aberration. **p<0.05 vs branched/dilated lesions. #p<0.05 vs GSII(+) lesions.).
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Figure 6. Schematic summary for progression of SPEM in gerbil gastric corpus following H. 
pylori 7.13 infection
After H. pylori infection, SPEM is generated via transdifferentiation of chief cells following 

parietal cell loss, and then evolves into more progressive phenotypes with intestinal and 

invasive characteristics. MUC4 expression is upregulated in SPEM and then increases as 

SPEM progresses toward intestinal metaplasia. Clusterin is expressed in the bottom of 

SPEM glands, and the clusterin-positive regions give rise to aberrant gland phenotypes and 

invade into the submucosa.
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Table 1

Histological findings in gerbil gastric corpus following H. pylori 7.13 infection.

Duration of H. pylori infection 6 weeks 8 weeks 12 weeks 16 weeks

Number of gerbils
(Iron-depleted diet/Standard diet)

7 (7/0) 6 (6/0) 2 (0/2) 2 (0/2)

SPEM 7/7 6/6 2/2 2/2

Branched lesion 3/7 3/6 2/2 2/2

Dilated lesion 3/7 3/6 2/2 2/2

Invasive gland 2/7 3/6 2/2 2/2

Intestinal metaplasia 0/7 0/6 1/2 0/2
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