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Abstract: Junctional epithelia are common sites for pathological transformations. In mice, the
stratified epithelium of the forestomach joins the simple glandular epithelium of the cardia at the
limiting ridge. We previously demonstrated the expression of vitamin A receptors in the gastric
stem/progenitor cells and their progeny and found that excess retinoic acid enhances cellular dy-
namics of gastric epithelium. This study examines how deficiency of vitamin A would alter gastric
epithelial stem cell lineages. Three-week-old mice of both genders were weaned and fed with a
vitamin A deficient (VAD) diet for 4 or 8 months. Sex- and weight-matched littermate mice received
a standard (control) diet. To label S-phase cells, all mice received a single intraperitoneal injection of
5-bromo-2-deoxyuridine before being euthanized. Stomach tissues were processed for microscopic
examination and protein analysis to investigate stem cell lineages using different stains, lectins, or
antibodies. The Student’s t-test was used to compare quantified data showing differences between
control and VAD groups. Eight-month-vitamin-A deficiency caused enlarged forestomach and over-
growth of the squamocolumnar junction with metaplastic and dysplastic cardiac glands, formation of
intramucosal cysts, loss of surface mucosal integrity, increased amount of luminal surface mucus, and
upregulation of trefoil factor 1 and H+,K+-ATPase. These changes were associated with decreased
cell proliferation and upregulation of p63. In conclusion, vitamin A is necessary for maintaining
gastric epithelial integrity and its deficiency predisposes the mouse stomach to precancerous lesions.

Keywords: micronutrients; vitamin A; gastric epithelium; epithelial integrity; squamocolumnar
junction; gastric stem cell lineages

1. Introduction

Vitamin A is a multifunctional micronutrient involved in several essential physiologi-
cal processes such as cell proliferation and differentiation. It is, therefore, required for the
integrity of epithelial tissues in many organs including the skin, testes, lungs, eyes, mam-
mary glands, and the intestine [1–6]. According to a recent report, vitamin A deficiency is a
major health problem in more than half of the world’s countries and it is the most common
type of vitamin deficiency worldwide [7].

Very little is known about the role of vitamin A in the stomach. In mice, the stomach
is divided into non-glandular forestomach and three glandular regions: cardia, corpus,
and pylorus (Figure 1). The forestomach is connected distally with the esophagus and
proximally with the cardia at the limiting ridge [8]. While the forestomach is lined by
stratified squamous keratinized epithelium, the three glandular regions are lined by a single
layer of epithelial cells which invaginates to form innumerable tubular glands responsible
for the production of the gastric secretions [8,9]. Each gland is made of a pit, isthmus,
neck, and base populated by different types of cells (Figure 1). In the cardia and pylorus,
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surface mucous (or pit) cells populate the pit and the gland mucous cells dominate in the
neck and base. Enteroendocrine cells are scattered throughout the gland. In the corpus,
pit, mucous neck, and zymogenic (or chief) cells dominate in the glandular pit, neck, and
base, respectively. Parietal and enteroendocrine cells are scattered throughout the gland. In
between the pit and neck, the narrow isthmus includes small dividing stem/progenitor
cells which give rise to all epithelial cell lineages populating the gastric glands [9,10].
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ders, such as gastritis, ulcers, and tumorigenic transformations. These disorders are also 
associated with alteration of gastric epithelial cell proliferation and differentiation [11]. 
Several transcription factors and signaling pathways have been found to control the dy-
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play essential roles in body functions. For example, the active form of vitamin A, retinoic 
acid, is needed for normal growth and epithelial differentiation of respiratory, epidermal, 
intestinal, and mammary epithelia [15–17]. It has been reported that vitamin A deficiency 
disrupts epithelial integrity of the conjunctiva, as well as the intestinal and respiratory 
tracts [18]. In the stomachs of mice and humans, the retinoid receptors have been identi-
fied in the gastric epithelium and intensified in the area of stem/progenitor cells. It has 
been also shown that excess retinoic acid stimulates the dynamics of cellular production 
and differentiation in the mouse gastric glands [19,20]. In humans, while vitamin A (reti-
nol or retinoic acid) is found to inhibit the proliferation of several gastric cancer cell lines 

Figure 1. Diagram representing the mouse stomach regions (forestomach, cardia, corpus, and pylorus)
with the stratified epithelium of the forestomach and the glandular epithelia of the cardia and the
corpus. The progenitor/stem cells in the basal layer of the forestomach and near the middle (isthmus)
of the cardiac and corpus glands give rise to squamous cells, mucus-secreting pit, and gland/neck
cells, acid-secreting parietal cells, and pepsinogen-secreting zymogenic cells. The red arrows indicate
the bi-directional migration pathways of the stem cell progenies.

Abnormalities in gastric glands occur during the pathogenesis of some gastric disor-
ders, such as gastritis, ulcers, and tumorigenic transformations. These disorders are also
associated with alteration of gastric epithelial cell proliferation and differentiation [11]. Sev-
eral transcription factors and signaling pathways have been found to control the dynamics
of the gastric epithelium, such as Barx1, Sox2, Mist1, trefoil factors (TFF1 and TFF2), Wnt,
Notch, hedgehog, and bone morphogenetic proteins [12–14].

Little is known about nutritional factors such as vitamins that regulate cell proliferation
and differentiation program in the gastric glands. Vitamins are micronutrients that play
essential roles in body functions. For example, the active form of vitamin A, retinoic acid, is
needed for normal growth and epithelial differentiation of respiratory, epidermal, intestinal,
and mammary epithelia [15–17]. It has been reported that vitamin A deficiency disrupts
epithelial integrity of the conjunctiva, as well as the intestinal and respiratory tracts [18]. In
the stomachs of mice and humans, the retinoid receptors have been identified in the gastric
epithelium and intensified in the area of stem/progenitor cells. It has been also shown that
excess retinoic acid stimulates the dynamics of cellular production and differentiation in the
mouse gastric glands [19,20]. In humans, while vitamin A (retinol or retinoic acid) is found
to inhibit the proliferation of several gastric cancer cell lines via antioxidant properties, a
meta-analysis based on several case reports and cohort studies have confirmed the inverse
relationship between dietary intake of vitamin A and gastric cancer development [21]. This
association between dietary vitamin A, retinol intake, and blood retinol level, and the risk
of gastric cancer implied a possible use for vitamin A in cancer prevention. However,
detailed molecular and cellular effects of vitamin A on the human stomach are not well
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studied. It is also not known yet how deficiency of vitamin A would affect cell lineages in
the gastric glands and the proliferation of epithelial stem/progenitor cells. Therefore, the
aim of this study was to systematically analyze the proliferation and progeny of gastric
epithelial stem/progenitor cells in mice fed with a vitamin A deficient (VAD) diet from the
time of weaning up to 4 and 8 months.

2. Materials and Methods
2.1. Animals

C57BL/6J mice were used in this study and maintained in the animal facility of the
UAE University. All mice were kept at room temperature of 22 ◦C and 55% humidity, on a
12/12 h light/dark cycle and given food and water ad libitum throughout the study. The an-
imal procedures were approved by the Animal Ethics Committee of the authors’ institution
and are in line with the federal government law and the guidelines of animal welfare.

2.2. Experimental Design

Twenty-one-day-old mice were weaned, weighed, and individually separated in cages.
Each pair of weight- and sex-matched littermate mice was kept next to each other and
labeled as a control and a VAD. The control mice received a standard diet containing
vitamin A (Research Diets, New Brunswick, NJ, USA; catalogue number D10012G). The
VAD mice received a diet similar to that of control mice but without vitamin A (catalogue
number D13111). Mice were maintained for two timepoints of 4 and 8 months. Each
timepoint included male and female pairs of control or VAD groups. Each control and VAD
group included 6 to 12 mice per timepoint. Therefore, the 4-month mice included 4 pairs
of control-VAD males and 5 pairs of control-VAD females. The 8-month mice included
3 pairs of control-VAD males and 6 pairs of control-VAD females. The bodyweight and the
intake of food were recorded twice a week. On the last day of each timepoint, all control
and VAD mice received a single intraperitoneal injection of 120 mg/kg body weight of
5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich, St Louis, MO, USA) to label cells in the
S-phase of the cell cycle. Two hours later, mice were anesthetized in pairs (control and
VAD) and their stomachs were removed, cut along the greater curvature, and processed for
microscopic examinations and western blot analysis.

2.3. Tissue Processing for Histological, Immunohistochemical, and Lectin Binding Analyses

A longitudinally cut rectangular piece of each stomach that includes part of the
forestomach and the glandular region was fixed in Bouin’s solution overnight. Following
dehydration, clearing, and impregnation, each pair of control and VAD stomach tissues
(obtained from weight- and sex-matched littermate mice) were embedded together in the
same paraffin block to minimize individual variations when comparing labeling intensities.
Serial 5-µm-thick tissue sections were processed for conventional hematoxylin and eosin
staining as well as periodic acid Schiff (PAS) and Alcian blue staining methods. Tissue
sections were also processed for different immunoprobing and lectin bindings.

The following were the primary antibodies used for immunohistochemistry: mouse
monoclonal anti-BrdU antibody (Medical and Biological Laboratories Co., Nagoya, Japan),
anti-pepsinogen C (Abcam, Cambridge, UK), anti-H+,K+-ATPase β-subunit (Medical and
Biological Laboratories Co., Woburn, MA, USA), and anti-p63 antibodies (Dako, Carpinteria,
CA, USA). Rabbit polyclonal anti-ghrelin, anti-TFF1, and anti-TFF2 antibodies were kindly
provided by Dr. Catherine Tomasetto [13]. Lectins used for this study were fucose-specific
Ulex europaeus agglutinin 1 (UEA) conjugated to rhodamine (Vector Laboratories Inc.,
Burlingame, CA, USA) and N-acetyl-D-glucosamine-specific Griffonia simplicifolia II (GS)
conjugated to fluorescein isothiocyanate (FITC; Thermo-Fisher Scientific, Molecular probes
by Life Technologies, Eugene, OR, USA).

The tissue sections labeled with different biomarkers were examined with the Olympus
fluorescence microscope connected to digital camera DP70. The JPEG images were taken
from three different adjacent areas of the glandular region starting from and including
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the limiting ridge. The number of labeled cells and/or the percentages of labeled pixels
reflecting the labeling intensities were quantified using the Fiji ImageJ software.

2.4. Western Blotting

The stomach tissues were homogenized in RIPA buffer (Sigma-Aldrich, St. Louis, MO,
USA) to collect the whole cell lysate and proteins were quantified using the Bradford assay.
Twenty micrograms of protein were loaded per lane in SDS-PAGE. Separated proteins were
then transferred to a nitrocellulose membrane and blocked with 5% skimmed milk at room
temperature for 1 h. Primary antibodies specific for p63 and H+,K+-ATPase β-subunit
in blocking solution were added and incubated overnight at 4 ◦C with gentle agitation.
Probed membranes were incubated with the appropriate secondary antibodies conjugated
with horseradish peroxidase for 1 h at room temperature. Finally, the protein bands
were detected using SuperSignal West chemiluminescence substrate (Thermo Scientific,
Rockford, IL, USA) and the documentation system Typhoon FLA 9500 (GE Healthcare
Bio-sciences AB, Uppsala, Sweden).

2.5. Statistical Analysis

To compare the differences between control groups and VAD groups, statistics were
performed using the unpaired Student’s t-test. The results were presented as mean ± standard
errors (SE). P values less than 0.05 were considered statistically significant.

3. Results
3.1. Differential Decrease in Body Weight and Food Consumption in VAD Mice

During the course of this study, mice were put on standard (control) or VAD diets
for 4 or 8 months. In the control mice, males gained more body weight than females
(Figure 2A,B). In VAD mice, males showed a significant decrease in body weight gain when
compared with their control littermates from 2 months (p = 0.018) onwards (Figure 2A).
However, female VAD mice, did not show any significant change in their body weight gain
as compared to their control littermates (Figure 2B).
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Figure 2. Weight gain (A,B) and food consumption (C,D) in control and VAD 8-month mice. Monthly
changes are recorded separately in male (n = 6) and female (n = 12) mice. Each timepoint represents
the mean ± SE. The asterisks indicate the significance of the difference between control and VAD,
* p < 0.05, *** p < 0.001.
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Changes in food consumption in control mice showed a trend similar to that of their
body weight gain. Males consumed more food than females (Figure 2C,D). In VAD mice,
food consumption was reduced in males when compared to their control littermates and
the difference was statistically significant only at 4 and 7 months, p = 0.0006 and 0.025,
respectively (Figure 2C). In female VAD mice, the reduction in food consumption was only
significant at 5 months, p = 0.045 (Figure 2D).

3.2. Anatomical and Histological Alterations of VAD Stomachs

Gross morphological examination of the stomachs of 4-month-VAD mice showed no
difference when compared with their control littermates. However, microscopic exami-
nation of the stomach tissue sections of the 4-month VAD mice stained with H&E or PAS
showed a few mild glandular dilatations in the cardiac region near the limiting ridge when
compared to their control littermates (Figure S1A).

By 8 months, the VAD mice developed a strikingly enlarged forestomach at the ex-
pense of the glandular region (Figure 3A). In addition, the limiting ridge between the
forestomach and the cardia was more prominent in VAD mice than in their control litter-
mates. These observations were more evident in male than female VAD mice (Figure S1A).
Microscopically, the 8-month VAD mice were characterized by overgrowth and folding of
the limiting ridge over the glandular cardia and corpus (Figure 3B,C). This overgrowth
was associated with the enlargement of dilated glandular structures at the limiting ridge
between the forestomach and the cardia (Figure 3C) where the stratified squamocolumnar
epithelium formed the junction. This dilatation developed a sac-like appearance with an
accumulation of luminal secretory material and occasional cellular debris. Therefore, these
dilatations appeared similar to intramucosal glandular cysts. At a 4-month diet duration,
about 75% and 43% of the male and female VAD mice, respectively, developed mild dilated
cardiac glands (Figure S1A–D). By 8 months, all VAD male mice developed cysts whereas
only 50% of the females showed this abnormality (Figure S1A,B).

To characterize the cells lining the cystic dilatations, the histochemical Alcian blue
and PAS staining methods were initially used. In VAD mice, in addition to the few cells at
the base of the cardiac glands, there was an intense Alcian blue staining in some luminal
cells lining the cysts compared to fewer stained cells in controls (Figure 3D,E). The Alcian
blue-positive cells lining the cysts of the VAD stomach were also stained positive for PAS
(Figure 3F,G). Microscopic examination at high magnification, showed that the wall of
the cysts was not only lined by columnar mucous cells, but also included an additional
basal layer. These small basal cells were immunolabeled with antibodies specific for p63,
a transcription factor known to be expressed in the basal cells of stratified epithelia. In
the control stomach, the expression of p63 was only observed in some basal cells of the
stratified epithelia of the forestomach, but not in the glandular stomach (Figure 3F,G).
Figures 3F and S1E,F demonstrate the p63 positive basal cells in the wall of the mucosal
cysts of VAD mice. Therefore, the mucosal cysts are lined by stratified epithelium made of
two layers, p63-positive basal layer and an Alcian blue-positive and PAS-positive luminal
mucous cell layer (Figures 3F,G and S1E,F). Some of the luminal cells lining the mucosal
cysts appeared to have less mucus or even no visible mucus, which might indicate partially
differentiated mucous cells or progenitor cells.

To confirm and quantify p63 expression, western blot analysis was performed for
tissues obtained from the area of the squamocolumnar junction that includes the limiting
ridge. As shown in Figure 4A,B, protein analysis using anti-p63 antibodies shows weak
expression in control mice and upregulation in VAD mice.
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(A) Enlarged forestomach of VAD mouse with prominent limiting ridge (white vs. red arrows) at
the border with glandular region. (B,C) Tissue sections of control (B) and VAD (C) stomachs stained
with H&E showing the protruding limiting ridge (blue arrow) folding over the luminal surface of
the glandular region (arrow). Note the cystic structure in the VAD tissue (asterisk). (D,E) Alcian
blue staining in control (D) and VAD (E) tissue shows a few bluish mucous cells in the bottom of the
cardiac glands. The mucosal cyst of VAD (E) tissue shows Alcian blue positive mucus-rich luminal
cells. (F,G) Immunolocalization of p63 showing positive staining in the basal layer of the stratified
squamous epithelium of forestomach in control (F, multiple black arrows) and in VAD (G) tissue,
demarcating the epithelial basal layer of both forestomach and the mucosal cyst (multiple small
red arrows). Counterstaining with PAS labels the luminal mucous cells of the cyst (big arrows).
Scale bar = 200 µm (B,C) and 100 µm (D–G).
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Figure 4. (A) Western blot analysis showing p63 protein bands in gastric tissues obtained from three
pairs of male 8-month-VAD mice and their control littermates. Beta actin was used as an internal
standard. (B) Quantification using ImageJ densitometry and β-actin as internal control reveals p63
upregulation in three VAD stomachs.

3.3. Loss of Mucosal Integrity of VAD Stomach

Control and VAD gastric tissues of the 4-month mice showed intact, PAS-stained
surface epithelium continuous with the gastric glands. However, by 8 months, VAD mice
developed multiple areas of discontinuity in the surface epithelium covered with a thick
PAS-stained layer of mucus (Figure 5A,B). This layer was frequently seen undergoing
sloughing and separation from the luminal surface (Figure 5C). Therefore, in the glandular
region of the VAD stomach, the epithelial integrity was lost in several areas with glandular
disorganization (Figure 5D). These areas were more frequent in male than female mice. The
loss of mucosal integrity was occasionally associated with the infiltration of lymphoid cells
(Figure 5D).Nutrients 2022, 14, x FOR PEER REVIEW 9 of 19 
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Figure 5. Gastric mucosal tissue sections obtained from 8-month control (A) and VAD (B–D) mice
stained with PAS and hematoxylin. (A) Control tissue with PAS-positive mucous cells which appear
purple at the luminal surface and along the short pits. (B) VAD mucosal tissue with massive amount
of PAS-stained mucus seen at the luminal surface and along the pits. (C) VAD gastric mucosa with
sloughing of the PAS-stained mucus and cells (arrows) at the luminal surface. (D) VAD gastric mucosa
showing loss of surface integrity with sloughing cells (asterisk) and mucinous clumps (arrows) with
leucocytic infiltration in the mucosa. Scale bars = 100 µm (A–D).
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3.4. Inhibition of Cell Proliferation in VAD Gastric Epithelium

BrdU-labelling was used to identify proliferating cells in the gastric epithelium of
control and VAD mice (Figures 6A–D and S2A,B). In the corpus region, the 4-month male
mice showed a decrease in cell proliferation from 2.08 BrdU-labelled cells per gland in
control to 0.78 in VAD mice, p = 0.037 (Figure 6C). However, in female mice, the difference
between control and VAD (2.26 vs. 1.73 BrdU positive cells per gland, respectively) was
not significant (Figure 6D). By 8 months, cell proliferation was significantly reduced in
both males and females (Figure 6A,B). In male mice, the control had 2.22 BrdU cells/gland
which was reduced to 0.38 cells/gland in VAD mice, p = 0.026. In female mice, the control
and VAD groups had 1.51 and 0.38 BrdU-labelled cells per gland, respectively (p = 0.016).
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Figure 6. Cell proliferation studies. Gastric mucosal tissue sections from 8-month control (A) and
VAD (B) mice injected with BrdU and probed with anti-BrdU antibodies and counterstained with
PAS and hematoxylin. In the control tissue, brownish nuclei of BrdU-labeled cells (white arrows)
are seen in the isthmus near the luminal surface. In VAD tissue, only a few BrdU-labeled cells
are seen scattered in the mucosa (red arrows). Counts of BrdU-labeled cells in control (C) and
VAD (D) glandular mucosae of male and female mice expressed as average cells per gland ± SE.
Scale bars = 100 µm; * p < 0.05.

3.5. Dysregulation of Mucus- and TFF-Secreting Pit and Neck Cells in VAD Stomachs

The mucus-secreting pit and neck cells were examined by lectin histochemistry. The
fucose-specific UEA lectin was used for the detection of pit cells and the N-acetylglucosamine-
specific GS lectin, for neck cells. The 4- and 8-month VAD male mice showed a significant
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increase (p = 0.0014 and 0.042, respectively) in the UEA staining intensity of mucus in pit cells
(Figures 7A–C and S2C,D), with no significant change in GS labeling (Figure 7A,B,E). In the
female group, 4- and 8-month VAD mice showed an increased amount of UEA labeling of
mucus in pit cells, p = 0.003 and 0.0003, respectively (Figure 7D). This was associated with a
significant reduction in the GS-labeled mucus of VAD neck cells at 4 and 8 months, p = 0.008
and 0.000001, respectively (Figure 7F).
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Figure 7. Lectin labeling of mucus-secreting pit and neck cells in the gastric glands of control (A) and
VAD (B) male mice. Rhodamine-conjugated UEA (red) and FITC-conjugated GS (green) lectins bind
to pit and neck cells, respectively. The labeling intensities of UEA (C,D) and GS (E,F) in control and
VAD glandular mucosae of male and female 4- and 8-month mice are presented as mean ± SE. Scale
bars in A and B = 50 µm. * p < 0.05, ** p < 0.01, and *** p < 0.001.

Since pit and neck mucous cells also produce TFFs which are associated with mucus
and involved in mucosal protection, tissue sections of control and VAD stomachs were
probed with antibodies specific for TFF1 and TFF2. The 4- and 8-month VAD male mice
showed an increase in TFF1 labeling intensity (Figures 8A–D and S3A,B). However, the
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differences were only significant in the 4-month group, p = 0.00005, not in the 8-month,
p = 0.060. In female mice, no significant change was detected in the TFF1 labeling of control
and VAD mice at both 4 and 8 months (Figure 8D).
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Figure 8. Immunolocalization and quantification of TFF1 (A–D) and TFF2 (E–H) in the gastric glands
of control and VAD mice. Images are taken from 8-month control (A,E) and VAD (B,F) male mice.
TFFs immunolabeled cells appear brownish. Cells expressing TFF1 are seen at the luminal surface
and the gastric pits (A) and are more abundant in VAD tissues than in control (B). TFF2 is located in
the cells of the neck segment of the gastric glands (E) and quantification demonstrates a decreased
labeling intensity in VAD tissues (F,H). Data were presented as mean ± SE. Scale bars = 100 µm.
** p < 0.01, and *** p < 0.001.
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Regarding TFF2, gastric mucosal tissue sections of the 4- and 8-month control and VAD
mice showed its localization in the neck segments of the glands (Figures 8E,F and S3C,D).
Quantification of the percentage of immunolabeled pixels in images of TFF2 probed sections
revealed its significant increase (p = 0.00008) in the 4-month VAD male tissues (Figure 8G).
However, at eight months, there was a significant reduction (p = 0.0061) in the immunolabeling
of TFF2 by more than 3-fold (Figure 8G). A similar trend was observed in female VAD mice;
TFF2 labelling insignificantly increased at 4-month (p = 0.10) and then, significantly reduced
at 8-month (p = 0.0002) when compared to control littermate mice (Figure 8H).

3.6. Increased Proton Pump in Parietal Cells of VAD Stomachs

Immunolabeling using antibodies specific for the H+,K+-ATPase or the proton pump
was used to evaluate the effect of vitamin A deficiency on the acid-secreting parietal cells.
While the 4-month male mice showed no significant difference between control and VAD
mice, the staining intensity of parietal cells in VAD mice at 8 months was significantly
increased, p = 0.000008 (Figure 9A–C). In female VAD mice at both 4 and 8 months, there was
a significant increase in H+,K+-ATPase labelling intensity, p = 0.017 and 0.016, respectively
(Figures 9D and S4A,B). These results were confirmed by western blot analysis (Figure 9E,F).
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Figure 9. Immuno-analysis of H+, K+-ATPase in the gastric mucosae of control and VAD mice.
Probing of 8-month control (A) and VAD (B) male stomach tissues shows brownish parietal cells
expressing H+,K+-ATPase and scattered along the gastric glands (A,B). Quantification demonstrates
increased parietal cell labeling intensity in VAD tissues (C,D). Western blotting using gastric mucosal
homogenates from two pairs of control and VAD 4- and 8-month mice shows upregulation of H+,K+-
ATPase (E,F). Representative individual ImageJ data are normalized using β-actin and presented as
fold change relative to the control. Scale bars = 100 µm. * p < 0.05, and *** p < 0.001.
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3.7. Ghrelin-Secreting Enteroendocrine Cells Are Reduced in Female VAD Gastric Glands

Immunolocalization of pepsinogen in control and VAD mice did not reveal a signifi-
cant difference in zymogenic cells of 4- and 8-month mice of either male or female mice
(Figures 10A–D and S4C,D). However, quantification of the number of ghrelin-secreting
enteroendocrine cells in 4-month VAD female mice revealed a 1.5-fold increase when
compared to control, p = 0.03 (Figures 10E–H and S4E,F). By 8 months, the situation was
reversed and the numbers of ghrelin-positive cells were significantly reduced in VAD
female mice (Figure 10H), p = 0.012.
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Figure 10. Immunolocalization and analysis of pepsinogen (A–D) and ghrelin (E–H) secreting cells in
the gastric mucosae of control and VAD mice. Images are taken from 8-month control and VAD male
mice. Zymogenic cells expressing pepsinogen appear brownish in the base segment of the gastric
glands (A,B). Quantification demonstrates no significant difference in the labeling intensity of control
(C) versus VAD (D) tissues. Ghrelin-secreting cells are scattered in the gastric mucosae of control
(E) and VAD (F) mice and their numbers are increased in female 4-month VAD mice (H) and reduced
by 8 months. Scale bars = 100 (A,B) and 200 (E,F) µm. * p < 0.05.
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4. Discussion

The present study demonstrates the importance of vitamin A in maintaining normal
structural and biological features of the mouse stomach. In addition to the reported
consequences known to occur in several organs due to deficiency of vitamin A [1–6], the
stomach and gastric epithelial stem cell lineages are seriously affected. It was previously
reported that VAD mice and rats develop a reduction in food consumption and body
weight [22,23]. The VAD mice of the current study developed a gradual decrease in
both body weight gain and food intake which are more evident in males than in females.
Surprisingly, these findings are not associated with a change in ghrelin-secreting cell
number per gland. But this does not exclude the possible reduction in the total number of
ghrelin secreting cells per stomach and the level of circulating ghrelin which likely occurred
due to a reduction in the size of the glandular region of the stomach.

A striking feature observed in the 8-month-VAD mice is the overgrowth of the
forestomach at the expense of the glandular region. The squamocolumnar junction or
the transition zone is a common area for the development of metaplastic and malignant
changes [24,25]. In this zone, most of our 4-month-VAD mice have acquired cardiac glands
with a dilated lumen which, by 8 months, formed large mucosal cysts which accumulated
secretory material and cellular debris in the lumen. Histochemical analysis has demon-
strated that these cysts are lined by a mix of small, poorly differentiated cells adjacent to
highly differentiated mucous cells stained with both PAS and Alcian blue.

The positive Alcian blue staining in the lining of cystic dilatations indicates the ac-
cumulation of sulphated mucopolysaccharides and might represent an early metaplastic
change. A faint Alcian blue positive staining was previously observed in the cardiac glands
adjacent to the junctional epithelium of control mice [26]. In the normal mouse stomach,
these gland mucous cells initially secrete a small amount of sulphated mucin and as they mi-
grate to the gland bottom, they gradually lose this ability and secrete predominantly neutral
mucopolysaccharides. Alcian blue staining in the cystic dilatation indicates a block in the
differentiation of gland mucous cells and accumulation of increasing amounts of sulphated
mucins [27]. This deviation in the normal process of cardiac gland cell differentiation
represents an early metaplasia that might precede intestinal metaplasia with the eventual
formation of goblet cells. This fascinating cell biological process of transdifferentiation
requires further studies.

In addition to the superficial mucous cell layer, the lining epithelium of the mucosal
cysts includes a flattened basal cell layer. It was immunolabeled for p63 which is known to
be expressed in basal cells of stratified epithelia in different organs including the forestom-
ach. Therefore, the cystic dilatations might have been generated by stem cells with dual
features combining those of stem cells that give rise to stratified squamous epithelium of
the forestomach and those that give rise to mucus-secreting columnar epithelium of cardiac
glands. Previous studies suggested that such a dual feature of an epithelium is considered
as a precursor for the development of intestinal metaplasia or Barrett’s esophagus [28]. In
another mouse model, the multi-layered epithelium at the squamocolumnar junction of the
stomach was also positive for p63 immunolabeling. It was, therefore, classified as columnar
metaplasia but not sufficient to develop the intestinal metaplasia [29]. It will be challenging
and interesting to investigate the molecular mechanisms and signaling molecules involved
and to pinpoint the cellular origin of these VAD-derived mucosal cysts.

This study demonstrates the loss of mucosal integrity in the 8-month VAD stomachs.
Intact epithelial lining of the stomach is necessary for protection as the first line of defense
against pathogenic organisms and luminal insults [30]. Loss of epithelial integrity was
evident in 8-month VAD mice, especially in males and was associated with some inflamma-
tory reaction as demonstrated by mucosal infiltration with leukocytes. VAD was previously
shown to enhance the damage of the intestinal mucosa in rats [31]. Hamsters were more
sensitive than other rodents and within 7-month VAD developed gastric ulcers which in
some cases were associated with bleeding due to perforation of the stomach wall [32]. In
our study, mice did not develop ulcers, but the loss of superficial mucosal integrity was
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associated with streaks of blood on the luminal surface of the stomach. Loss of integrity
was also associated with a decrease in epithelial cell proliferation. These findings correlate
with our previous study when excess retinoic acid in mice was found to enhance the pro-
liferation of the gastric epithelial stem/progenitor cells [20]. Therefore, the finding that
gastric epithelial cell proliferation is inhibited in VAD mice is not unexpected.

In this study, UEA and GS lectins were used as markers for mucinous glycoproteins
rich in fucose and N-acetylglucosamine of pit cells and neck cells, respectively. In VAD
mice, the amount of mucus at the luminal surface was significantly increased in both male
and female mice at 4- and 8-month VAD. A possible interpretation for an increased amount
of mucus in VAD mice is that reduction of cell proliferation might be associated with
decreased dynamics of surface mucous cells to make them migrate slower and survive
longer as a defense against loss of mucosal integrity. This process might lead to the
accumulation of mucous granules in cells along the pit and at the luminal surface. When
the cells are no longer able to maintain such large amounts of mucous granules, suddenly
the cell membranes rupture with a massive release of mucus at the luminal surface. The
increased amount of mucus in pit/surface cells was associated with a reduction in the
amount of mucus in neck cells of 8-month VAD mice as indicated by GS lectin binding. It
will be interesting to investigate the dynamics of mucus secretion and to determine the
mechanisms of its dysregulation in VAD mice.

TFFs are mucin-associated peptides that play a major role in the stability of the mucosal
barrier and the repair of damaged mucosa [33]. During an acute gastrointestinal mucosal
injury, TFF peptides contribute to the stimulation of cell migration for healing of the
damaged area. Chronic inflammation also leads to the induction of TFF expression for
preventing the further progression of the disease [34]. TFF1 is predominantly expressed in
the pit cells. Immunolabeling of TFF1 revealed its upregulation in both 4- and 8-month VAD
male mice. This is not surprising since TFF1 is co-secreted and directly packed with mucus
in the secretory granules of surface/pit cells [13]. In female VAD mice, the expression of
TFF1 was not significantly different from the control at 4 and 8 months. This might be
explained by the fact that TFF1 is an estrogen-regulated gene [34,35].

TFF2 is a product of mucous neck cells in the middle of the gastric glands and is
colocalized with mucin in the same secretory granules leading to non-covalent interaction
with mucin-6 [33,36]. The decrease in GS lectin binding and TFF2 expression in VAD male
and female mice at 8 months might correlate with the reduction in cell proliferation and
increased proton pump in the gastric mucosa. Therefore, the inhibition of cell proliferation
and stimulation of proton pump production is not only due to a lack of TFF2 as previously
demonstrated [37], but also due to its downregulation as shown here in VAD mice.

This study demonstrates that VAD mice develop parietal cells with an increased
amount of H+,K+-ATPase. This observation could be due to upregulation of synthesis
and/or increased lifespan of H+,K+-ATPase in parietal cells. In a previous study on isolated
canine parietal cells, bone morphogenetic protein-4 was found to upregulate of H+,K+-
ATPase expression and was linked to phosphorylation of Smad1 transcription factor [38].
It will be interesting to determine whether upregulation of H+,K+-ATPase in VAD mice
follows a similar BMP4-Smad1 pathway or is just due to downregulation of TFF2 or due to
another mechanism involving estrogen receptors which are expressed in parietal cells [39].

It is known that estrogen receptors are regulated by vitamin A [40]. However, still
there is a dispute in the literature regarding the relationship between ghrelin-secreting
cells and estrogen. While it has been indicated that ghrelin-secreting cells may be estrogen-
dependent [41], some other reports showed that neither estrogen nor testosterone affects
ghrelin-secreting cells [42]. In the current study, ghrelin-secreting enteroendocrine cells
were significantly affected in female VAD mice. Their number was initially increased in
4-month-VAD mice and then significantly reduced by 8 months. With these conflicting data
in the literature and the ghrelin findings of the present study, there is a need for further
investigations to clarify this issue.
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5. Conclusions

This study demonstrates that VAD mice develop metaplastic and dysplastic transfor-
mations at the squamocolumnar junctional epithelium of the limiting ridge with inhibition
of stem/progenitor cell proliferation and loss of epithelial integrity with dysregulations of
various markers of cell lineages involved in the production of protective and aggressive
factors in the gastric glands (Figure 11). These findings highlight the importance of vitamin
A in maintaining the integrity of the gastric epithelium with balanced cellular proliferation,
differentiation, and death. Therefore, if these findings are found applicable to humans,
measurements of vitamin A levels in the clinical setting and its administration might be
useful as a preventive measure against some gastric carcinogenesis.
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Figure 11. Schematic diagram of control and VAD squamocolumnar junctional epithelium. In the
control stomach, the stratified squamous epithelium forms a small limiting ridge that merges with
the glandular epithelium of the cardia. The cardiac gland includes a few stem cells (yellow) that give
rise to two mucous cell lineages (pink and green granules). The control oxyntic gland also includes
dividing stem cells (yellow) that give rise not only to mucous cell lineages (with pink and green
granules), but also to parietal cells (nongranular pink cytoplasm). Mucous neck cells contribute
mostly to form zymogenic cells (with blue granules) at the bottom. The 8-month VAD tissue develops
protrusion with overgrowth of limiting ridge (asterisk), mucosal cysts lined by 2 layers of cells and
express P63 at the transition zone, loss of integrity of surface epithelium, reduction in cell proliferation,
and increased H+,K+-ATPase expression in the scattered parietal cells (dark red).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu14163334/s1, Figure S1: Percentages and histological
features of cyctic dilatations in 4- and 8-month mice; Figure S2: BrdU and lectin labeling of 4-month
control and VAD mice; Figure S3: TFF1 and TFF2 labeling in 4-month control and VAD mice; Figure S4:
Parietal, zymogenic and enteroendocrine cell labeling in 4-month control and VAD mice.

Author Contributions: Conceptualization, S.M.K. and A.A.M.; methodology, N.V. and S.S.; software,
S.S. and N.V.; validation, S.M.K., S.S. and N.V.; formal analysis, N.V.; investigation, N.V.; resources, S.M.K.
and A.A.M.; data curation, N.V. and S.S.; writing—original draft preparation, N.V.; writing—review
and editing, S.M.K., A.A.M. and S.S.; visualization, N.V., S.M.K. and S.S.; supervision, S.M.K.; project
administration, S.M.K.; funding acquisition, S.M.K. and A.A.M. All authors have read and agreed to the
published version of the manuscript.

https://www.mdpi.com/article/10.3390/nu14163334/s1


Nutrients 2022, 14, 3334 16 of 17

Funding: This research was supported by funding to S.M.K. and A.A. from the College of Medicine
and Health Sciences, United Arab Emirates University grant number 31M456 and 12M129, and
the Zayed Bin Sultan Centre for Health Sciences, United Arab Emirates University grant number
035108/15. N.V. was supported by fellowships from the College of Graduate Studies, United Arab
Emirates University and from the Assistant Dean for Research and Graduate Studies Office, College
of Medicine & Health Sciences, United Arab Emirates University.

Institutional Review Board Statement: The animal study protocol was approved by the institutional
Animal Ethics Committee of United Arab Emirates University (protocol code ERA_2016_5487).

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data generated during the study are available upon
reasonable request.

Acknowledgments: The authors appreciate the kind supply of primary antibodies specific for TFF1,
TFF2 and ghrelin provided by Catherine Tomasetto, IGBMC, Strasbourg, France.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Underwood, B.A. Vitamin A deficiency disorders: International efforts to control a preventable "pox". J. Nutr. 2004, 134, 231S–236S.

[CrossRef]
2. Hogarth, C.A.; Griswold, M.D. The key role of vitamin A in spermatogenesis. J. Clin. Investig. 2010, 120, 956–962. [CrossRef]

[PubMed]
3. Timoneda, J.; Rodríguez-Fernández, L.; Zaragozá, R.; Marín, M.P.; Cabezuelo, M.T.; Torres, L.; Viña, J.R.; Barber, T. Vitamin A

deficiency and the lung. Nutrients 2018, 10, 1132. [CrossRef] [PubMed]
4. Polcz, M.E.; Barbul, A. The Role of Vitamin A in Wound Healing. Nutr. Clin. Pract. 2019, 34, 695–700. [CrossRef]
5. Cabezuelo, M.T.; Zaragozá, R.; Barber, T.; Viña, J.R. Role of Vitamin A in Mammary Gland Development and Lactation. Nutrients

2019, 12, 80. [CrossRef] [PubMed]
6. Cantorna, M.T.; Snyder, L.; Arora, J. Vitamin A and vitamin D regulate the microbial complexity, barrier function, and the mucosal

immune responses to ensure intestinal homeostasis. Crit. Rev. Biochem. Mol. Biol. 2019, 54, 184–192. [CrossRef] [PubMed]
7. Hodge, C.; Taylor, C. Vitamin A Deficiency; StatPearls Publishing: Tampa, FL, USA, 2022; ISBN NBK567744.
8. Lee, E.R.; Trasler, J.; Dwivedi, S.; Leblond, C.P. Division of the mouse gastric mucosa into zymogenic and mucous regions on the

basis of gland features. Am. J. Anat. 1982, 164, 187–207. [CrossRef]
9. Karam, S.M. Lineage commitment and maturation of epithelial cells in the gut. Front. Biosci. 1999, 4, D286–D298. [CrossRef]
10. Karam, S.M.; Leblond, C.P. Dynamics of epithelial cells in the corpus of the mouse stomach. I. Identification of proliferative cell

types and pinpointing of the stem cell. Anat. Rec. 1993, 236, 259–279. [CrossRef]
11. Al-Awadhi, H.; John, R.; Al-Marzooqi, F.; Vincze, A.; Branicki, F.; Karam, S.M. Sequential alterations in gastric biopsies and tumor

tissues support the multistep process of carcinogenesis. Histol. Histopathol. 2011, 26, 1153–1164.
12. Van den Brink, G.R.; Hardwick, J.C.; Tytgat, G.N.; Brink, M.A.; Ten Kate, F.J.; Van Deventer, S.J.; Tytgat, G.N.J.; Brink, M.A.;

Ten Kate, F.J. Sonic hedgehog regulates gastric gland morphogenesis in man and mouse. Gastroenterology 2001, 121, 317–328.
[CrossRef] [PubMed]

13. Karam, S.M.; Tomasetto, C.; Rio, M.C. Trefoil factor 1 is required for the commitment programme of mouse oxyntic epithelial
progenitors. Gut 2004, 53, 1408–1415. [CrossRef]

14. Kim, T.H.; Shivdasani, R.A. Stomach development, stem cells and disease. Development 2016, 143, 554–565. [CrossRef] [PubMed]
15. Chopra, D.P.; Flaxman, B.A. The effect of vitamin A on growth and differentiation of human keratinocytes in vitro. J. Investig.

Dermatol. 1975, 64, 19–22. [CrossRef]
16. Chew, B.P.; Zamora, C.S.; Luedecke, L.O. Effect of vitamin A deficiency on mammary gland development and susceptibility to

mastitis through intramammary infusion with Staphylococcus aureus in mice. Am. J. Vet. Res. 1985, 46, 287–293.
17. An, M.; Yang, T.; Liu, H.; Xiao, L.; Li, C.; Zhu, J.; Chen, J.; Li, T. Maternal vitamin A deficiency impairs cholinergic and nitrergic

neurons, leading to gastrointestinal dysfunction in rat offspring via RARβ. Life Sci. 2020, 264, 118688.
18. McCullough, F.S.; Northrop-Clewes, C.A.; Thurnham, D.I. The effect of vitamin A on epithelial integrity. Proc. Nutr. Soc. 1999,

58, 289–293. [CrossRef]
19. Karam, S.M.; Hassan, W.M.; John, R. Expression of retinoid receptors in multiple cell lineages in the gastric mucosae of mice and

humans. J. Gastroenterol. Hepatol. 2005, 20, 1892–1899. [CrossRef]
20. Karam, S.M.; John, R.; Alpers, D.H.; Ponery, A.S. Retinoic acid stimulates the dynamics of mouse gastric epithelial progenitors.

Stem Cells 2005, 23, 433–441. [CrossRef]
21. Wu, Y.; Ye, Y.; Shi, Y.; Li, P.; Xu, J.; Chen, K.; Xu, E.; Yang, J. Association between vitamin A, retinol intake and blood retinol level

and gastric cancer risk: A meta-analysis. Clin. Nutr. 2015, 34, 620–626. [CrossRef]

http://doi.org/10.1093/jn/134.1.231S
http://doi.org/10.1172/JCI41303
http://www.ncbi.nlm.nih.gov/pubmed/20364093
http://doi.org/10.3390/nu10091132
http://www.ncbi.nlm.nih.gov/pubmed/30134568
http://doi.org/10.1002/ncp.10376
http://doi.org/10.3390/nu12010080
http://www.ncbi.nlm.nih.gov/pubmed/31892157
http://doi.org/10.1080/10409238.2019.1611734
http://www.ncbi.nlm.nih.gov/pubmed/31084433
http://doi.org/10.1002/aja.1001640302
http://doi.org/10.2741/Karam
http://doi.org/10.1002/ar.1092360202
http://doi.org/10.1053/gast.2001.26261
http://www.ncbi.nlm.nih.gov/pubmed/11487541
http://doi.org/10.1136/gut.2003.031963
http://doi.org/10.1242/dev.124891
http://www.ncbi.nlm.nih.gov/pubmed/26884394
http://doi.org/10.1111/1523-1747.ep12540883
http://doi.org/10.1017/S0029665199000403
http://doi.org/10.1111/j.1440-1746.2005.04064.x
http://doi.org/10.1634/stemcells.2004-0178
http://doi.org/10.1016/j.clnu.2014.06.007


Nutrients 2022, 14, 3334 17 of 17

22. Ghenimi, N.; Beauvieux, M.C.; Biran, M.; Pallet, V.; Higueret, P.; Gallis, J.L. Vitamin A deficiency in rats induces anatomic and
metabolic changes comparable with those of neurodegenerative disorders. J. Nutr. 2009, 139, 696–702. [CrossRef]

23. Zhang, M.; Ji, B.; Zou, H.; Shi, J.; Zhang, Z.; Li, X.; Zhu, H.; Feng, G.; Jin, M.; Yu, L.; et al. Vitamin A depletion alters sensitivity of
motor behavior to MK-801 in C57BL/6J mice. Behav. Brain Funct. 2010, 6, 7. [CrossRef]

24. Spechler, S.J.; Souza, R.F. Barrett’s esophagus. N. Engl. J. Med. 2014, 371, 836–845. [CrossRef]
25. Yang, E.J.; Quick, M.C.; Hanamornroongruang, S.; Lai, K.; Doyle, L.A.; McKeon, F.D.; Xian, W.; Crum, C.P.; Herfs, M. Mi-

croanatomy of the cervical and anorectal squamocolumnar junctions: A proposed model for anatomical differences in HPV-related
cancer risk. Mod. Pathol. 2015, 28, 994–1000. [CrossRef]

26. Jain, R.N.; Al-Menhali, A.A.; Keeley, T.M.; Ren, J.; El-Zaatari, M.; Chen, X.; Merchant, J.L.; Ross, T.S.; Chew, C.S.; Samuelson, L.C.
Hip1r is expressed in gastric parietal cells and is required for tubulovesicle formation and cell survival in mice. J. Clin. Investig.
2008, 118, 2459–2470. [CrossRef]

27. Greaves, P.; Boiziau, J.L. Altered Patterns of Mucin Secretion in Gastric Hyperplasia in Mice. Vet. Pathol. 1984, 21, 224–228.
[CrossRef]

28. Glickman, J.N.; Yang, A.; Shahsafaei, A.; McKeon, F.; Odze, R.D. Expression of p53related protein p63 in the gastrointestinal tract
and in esophageal metaplastic and neoplastic disorders. Hum. Pathol. 2001, 32, 1157–1165. [CrossRef]

29. Mari, L.; Milano, F.; Parikh, K.; Straub, D.; Everts, V.; Hoeben, K.K.; Fockens, P.; Buttar, N.S.; Krishnadath, K.K. A pSMAD/CDX2
Complex Is Essential for the Intestinalization of Epithelial Metaplasia. Cell Rep. 2014, 7, 1197–1210. [CrossRef]

30. Günther, J.; Seyfert, H.-M. The first line of defence: Insights into mechanisms and relevance of phagocytosis in epithelial cells.
Semin. Immunopathol. 2018, 40, 555–565. [CrossRef]

31. Yang, Y.; Yuan, Y.; Tao, Y.; Wang, W. Effects of vitamin A deficiency on mucosal immunity and response to intestinal infection in
rats. Nutrition 2011, 27, 227–232. [CrossRef]

32. Harada, T.; Yamashiro, S.; Meade, P.D.; Basrur, P.K.; Maita, K.; Shirasu, Y. Stomach ulcers in vitamin A-deficient Syrian golden
hamsters. Jpn. J. Vet. Sci. 1982, 44, 267–274. [CrossRef]

33. Hoffmann, W. Trefoil Factor Family (TFF) Peptides and Their Diverse Molecular Functions in Mucus Barrier Protection and More:
Changing the Paradigm. Int. J. Mol. Sci. 2020, 21, 4535. [CrossRef]

34. Aihara, E.; Engevik, K.A.; Montrose, M.H. Trefoil Factor Peptides and Gastrointestinal Function. Annu. Rev. Physiol. 2017,
79, 357–380. [CrossRef]

35. Kim, H.; Jeong, H.; Cho, Y.; Lee, J.; Nam, K.T.; Lee, H.W. Disruption of the Tff1 gene in mice using CRISPR/Cas9 promotes body
weight reduction and gastric tumorigenesis. Lab. Anim. Res. 2018, 34, 257–263. [CrossRef]

36. Sturmer, R.; Muller, S.; Hanisch, F.G.; Hoffmann, W. Porcine gastric TFF2 is a mucus constituent and differs from pancreatic TFF2.
Cell. Physiol. Biochem. 2014, 33, 895–904. [CrossRef]

37. Farrell, J.J.; Taupin, D.; Koh, T.J.; Chen, D.; Zhao, C.M.; Podolsky, D.K.; Wang, T.C. TFF2/SP-deficient mice show decreased
gastric proliferation, increased acid secretion, and increased susceptibility to NSAID injury. J. Clin. Investig. 2002, 109, 193–204.
[CrossRef]

38. Nitsche, H.; Ramamoorthy, S.; Sareban, M.; Pausawasdi, N.; Todisco, A. Functional role of bone morphogenetic protein-4 in
isolated canine parietal cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2007, 293, G607–G614. [CrossRef]

39. Campbell-Thompson, M.; Reyher, K.K.; Wilkinson, L.B. Immunolocalization of oestrogen receptor alpha and beta in gastric
epithelium and enteric neurons. J. Endocrinol. 2001, 171, 65–73. [CrossRef]

40. Masui, F.; Matsuda, M.; Akazome, Y.; Imaoka, T.; Mori, T. Prevention of neonatal oestrogen imprinting by vitamin A as indicated
by oestrogen receptor expression in the mouse vagina. Cell Tissue Res. 2001, 306, 441–447. [CrossRef]

41. Clegg, D.J.; Brown, L.M.; Zigman, J.M.; Kemp, C.J.; Strader, A.D.; Benoit, S.C.; Woods, S.C.; Mangiaracina, M.; Geary, N.
Estradiol-Dependent Decrease in the Orexigenic Potency of Ghrelin in Female Rats. Diabetes 2007, 56, 1051–1058. [CrossRef]

42. Gualillo, O.; Caminos, J.; Kojima, M.; Kangawa, K.; Arvat, E.; Ghigo, E.; Casanueva, F.F.; Dieguez, C. Gender and gonadal
influences on ghrelin mRNA levels in rat stomach. Eur. J. Endocrinol. 2001, 144, 687–690. [CrossRef]

http://doi.org/10.3945/jn.108.102988
http://doi.org/10.1186/1744-9081-6-7
http://doi.org/10.1056/NEJMra1314704
http://doi.org/10.1038/modpathol.2015.54
http://doi.org/10.1172/JCI33569
http://doi.org/10.1177/030098588402100215
http://doi.org/10.1053/hupa.2001.28951
http://doi.org/10.1016/j.celrep.2014.03.074
http://doi.org/10.1007/s00281-018-0701-1
http://doi.org/10.1016/j.nut.2009.11.024
http://doi.org/10.1292/jvms1939.44.267
http://doi.org/10.3390/ijms21124535
http://doi.org/10.1146/annurev-physiol-021115-105447
http://doi.org/10.5625/lar.2018.34.4.257
http://doi.org/10.1159/000358662
http://doi.org/10.1172/JCI0212529
http://doi.org/10.1152/ajpgi.00194.2006
http://doi.org/10.1677/joe.0.1710065
http://doi.org/10.1007/s004410100459
http://doi.org/10.2337/db06-0015
http://doi.org/10.1530/eje.0.1440687

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Design 
	Tissue Processing for Histological, Immunohistochemical, and Lectin Binding Analyses 
	Western Blotting 
	Statistical Analysis 

	Results 
	Differential Decrease in Body Weight and Food Consumption in VAD Mice 
	Anatomical and Histological Alterations of VAD Stomachs 
	Loss of Mucosal Integrity of VAD Stomach 
	Inhibition of Cell Proliferation in VAD Gastric Epithelium 
	Dysregulation of Mucus- and TFF-Secreting Pit and Neck Cells in VAD Stomachs 
	Increased Proton Pump in Parietal Cells of VAD Stomachs 
	Ghrelin-Secreting Enteroendocrine Cells Are Reduced in Female VAD Gastric Glands 

	Discussion 
	Conclusions 
	References

