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In the stomach, chronic inflammation causes metaplasia and creates a favorable environment for the evolution of gastric
cancer. Glucocorticoids are steroid hormones that repress proinflammatory stimuli, but their role in the stomach is
unknown. In this study, we show that endogenous glucocorticoids are required to maintain gastric homeostasis. Removal
of circulating glucocorticoids in mice by adrenalectomy resulted in the rapid onset of spontaneous gastric inflammation,
oxyntic atrophy, and spasmolytic polypeptide-expressing metaplasia (SPEM), a putative precursor of gastric cancer.
SPEM and oxyntic atrophy occurred independently of lymphocytes. However, depletion of monocytes and macrophages
by clodronate treatment or inhibition of gastric monocyte infiltration using the Cx3cr1 knockout mouse model prevented
SPEM development. Our results highlight the requirement for endogenous glucocorticoid signaling within the stomach to
prevent spontaneous gastric inflammation and metaplasia, and suggest that glucocorticoid deficiency may lead to gastric
cancer development.
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Introduction
Chronic inflammation is widely recognized as being a potent driver 
of cancer development and progression. Understanding the mech-
anisms that suppress pathogenic inflammation, and thereby cancer 
formation, is critical for the development of novel therapeutic strat-
egies to treat cancer. Within the stomach, long-term Helicobacter 
pylori infection drives chronic inflammation leading to atrophic 
gastritis, oxyntic atrophy (parietal cell loss), and the development 
of potentially preneoplastic spasmolytic polypeptide-expressing 
metaplasia (SPEM) (1–3). Inflammation is a key driver of these 
pathological conditions and neoplasia is averted in Helicobacter-in-
fected immune-deficient mouse models (4, 5). Several experimen-
tal models have shown that chronic inflammation is sufficient to 
induce gastric cancer development independent of H. pylori infec-
tion. Mice overexpressing the proinflammatory cytokines IL1B or 
IFNG in parietal cells, or that have dysregulated NFKB activity, 
exhibit spontaneous gastric inflammation leading to metaplasia 
and gastric cancer (6–8). In humans, polymorphisms in the IL1B or 
NFKB1 genes are linked to gastric cancer development, even in the 
absence of H. pylori infection (9, 10). However, the molecular and 
cellular processes that regulate gastric inflammation and the mech-
anisms whereby the inflammatory milieu promotes metaplastic 
changes are poorly understood.

Glucocorticoids are steroid hormones secreted by the adrenal 
glands in response to an array of stimuli, including psychological 
and physiological stress, tissue damage, and inflammation (11). 

Among the best-studied role of glucocorticoids is their ability to 
modulate the immune system. Systemic adrenal insufficiency 
is tied to the development of chronic inflammatory and autoim-
mune disease (12). Glucocorticoids exert their antiinflammatory 
effects by binding to the glucocorticoid receptor (NR3C1, hereaf-
ter GR) which is a ligand-dependent transcription factor. Some of 
the functions of the GR are to suppress the transcription of proin-
flammatory cytokines and chemokines and to limit immune sys-
tem activation in response to noxious stimuli (12). Synthetic glu-
cocorticoids have been used extensively for over 50 years to treat 
a wide array of immune-related pathologies, and they remain one 
of the most effective therapies for treating inflammatory diseases 
of the gastrointestinal tract (13). Despite the widespread clinical 
use of synthetic glucocorticoids, the mechanisms whereby endog-
enous glucocorticoids modulate local immune activities during 
steady-state conditions are poorly understood. In the stomach, 
autoimmune and inflammatory gastritis are common symptoms 
of adrenal insufficiency (14, 15), and expression of the glucocorti-
coid receptor is disrupted in gastric cancer (16, 17). However, the 
functional requirement of endogenous glucocorticoid signaling to 
suppress gastric inflammatory disease is not known.

In this study, we tested the hypothesis that endogenous gluco-
corticoids play a critical role in suppressing gastric inflammation 
and maintaining gastric homeostasis. Endogenous corticosteroids 
were depleted in mice by bilateral adrenalectomy, resulting in 
chronic inflammation, oxyntic atrophy, and SPEM development 
within the lesser curvature of the gastric corpus. RNA sequenc-
ing of the gastric corpus 3 days after adrenalectomy revealed 
significant activation of proinflammatory pathways preceding 
leukocyte infiltration. Depletion of circulating monocytes/mac-
rophages before adrenalectomy or inhibiting gastric infiltration of 
the CX3CR1+ monocyte subpopulation prevented SPEM develop-
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endogenous glucocorticoids in the stomach, we performed bilat-
eral adrenalectomy on WT C57BL/6J mice to deplete circulating 
corticosteroids (Supplemental Figure 1B). Circulating cortico-
sterone, the endogenous mouse glucocorticoid, was maximally 
depleted by 3 days after adrenalectomy (Supplemental Figure 
1C). Two months after adrenalectomy, there were conspicuous 
macroscopic lesions restricted to the gastric corpus lesser curva-
ture adjacent to the esophagus (Figure 1B). Histological analysis 
of the lesion revealed that the corpus glands were enlarged and 
filled with mucous cells compared with sham-adrenalectomized 
controls (Figure 1C). In addition, there was conspicuous leukocyte 
infiltration throughout base of the gastric glands and adjacent 
submucosa. We used lineage-specific markers to characterize 
the immune-cell infiltrate. Immunostaining with the eosinophil 
marker SIGLECF and the monocyte/macrophage marker CD68 
revealed a dramatic increase in these cell types 2 months after 

ment. Our findings indicate that endogenous glucocorticoids are 
critical mediators of gastric homeostasis and provide the requisite 
signals to suppress spontaneous gastric inflammation. Thus, defi-
cient glucocorticoid signaling may promote pathogenic gastric 
inflammation and gastric cancer evolution.

Results
Adrenalectomy induces atrophic gastritis and chronic inflammation 
of the gastric corpus. Glucocorticoid signaling through the GR pro-
vide the requisite signals to maintain homeostasis in a variety of 
tissues. However, the role of endogenous glucocorticoid signal-
ing in the stomach remains unknown. We found that the GR is 
ubiquitously expressed throughout the mucosa and submucosa 
of the gastric corpus (Figure 1A and Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI123233DS1). To investigate the requirement for 

Figure 1. Adrenalectomy induces atrophic gastritis, mucous cell metaplasia, and chronic inflammation of the gastric corpus. Stomachs were collected 
from mice euthanized 2 months after sham surgery (Sham-ADX) or adrenalectomy (ADX). (A) Representative immunostaining of the gastric corpus lesser 
curvature probed for the glucocorticoid receptor (GR, green); F-actin was labeled with phalloidin (red). (B) Representative whole-mount images of mouse 
stomachs opened along the greater curvature. Arrows indicate the location of lesions, which develop after adrenalectomy. (C) Micrographs of H&E-stained 
sections of the gastric corpus lesser curvature. (D–E) Immunostaining of stomach sections from the lesser curvature stained for SIGLECF (eosinophils, green, 
D) or CD68 (macrophages, green, E). Nuclei were labeled with DAPI (blue). Scale bars: 100 μm (inset in A: 25 μm); n = 8 mice/group for all experiments.
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response to damage. Within the corpus, injury triggers SPEM devel-
opment through transdifferentiation of mature chief cells (18, 19). 
Acute SPEM is thought to promote wound healing (20, 21), but chron-
ic inflammation and SPEM are associated with the development of 
gastric adenocarcinoma (3, 21). Loss of parietal cells, downregulation 
of the mature chief cell marker MIST1, and renewed proliferation of 
post-mitotic cells localized at the base of the gastric glands are hall-
marks of SPEM (19). To examine the effects of adrenalectomy on 
SPEM development we performed immunostaining for the de novo 
SPEM marker genes CD44 variant 9 (CD44v9) and SOX9 (22–24). 
CD44v9 was not detectable in the gastric corpus of control animals, 
but was robustly induced and colocalized with GSII 2 months after 
adrenalectomy (Figure 2B). SOX9 was weakly expressed in the stom-
ach of sham animals but was robustly induced throughout the gastric 
glands 2 months after adrenalectomy (Supplemental Figure 2). Adre-

adrenalectomy (Figure 1, D and E). Histological analysis revealed 
that adrenalectomy did not trigger gross morphological changes 
of the gastric pylorus (Supplemental Figure 1D).

Adrenal hormones are required to suppress SPEM development. To 
further analyze the changes that occur in the lesser curvature of the 
gastric corpus following adrenalectomy, we performed immuno-
staining for the parietal cell marker ATP4B, the mucous neck cell– 
specific (MNC-specific) lectin GSII, and the mature chief cell marker 
MIST1. Immunostaining revealed an 82% decrease in parietal cells 
and a 97% decrease in mature chief cells 2 months after adrenalec-
tomy relative to sham controls (Figure 2, A and E). In sham animals, 
GSII+ MNCs were restricted to the middle portion of the gastric 
glands and GSII did not colocalize with MIST1, but 2 months after 
adrenalectomy, GSII+ cells were found throughout the entire gas-
tric gland (Figure 2A). Gastric cells exhibit remarkable plasticity in 

Figure 2. Endogenous glucocorticoids are required to suppress SPEM and gastric inflammation. Analysis of the gastric corpus lesser curvature from mice euth-
anized 2 months after sham surgery or adrenalectomy or from adrenalectomized mice treated with corticosterone (cort) for 2 months. (A–D) Immunostaining of 
stomach sections probed for (A) ATP4B (parietal cells, red), GSII lectin (mucous neck cells, pink), and MIST1(chief cells, green), (B) the SPEM marker CD44 variant 
9 (green) and GSII lectin (pink), (C) KI67 (green) and CTNNB1 (epithelial cells, red), or for CD45 (leukocytes, green). Nuclei are stained with DAPI (blue). Scale bars: 
100 μm (inset in C: 25 μm). (E) Quantitation of the number of parietal cells, chief cells, and proliferating epithelial cells observed per ×20 field within the lesser 
curvature (n ≥ 6 mice/group). (F) Quantitative RT-PCR of the SPEM marker genes: Wfdc2, Olfm4, and Cftr using RNA isolated from the gastric corpus lesser 
curvature (n = 4 mice/group). Data are mean ± SD; P values were determined by 1-way ANOVA with post hoc Tukey’s t test. *P ≤ 0.01, **P ≤ 0.001, ***P ≤ 0.0001.
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curvature 2 months after adrenalectomy (Supplemental Figure 3B). 
Glucocorticoids have been reported to stimulate differentiation of 
parietal and chief cells in neonatal mice (28, 29). Adrenalectomy did 
not reduce the number of parietal cells within the greater curvature 
but did elicit a 43% decrease in mature chief cells (Supplemental 
Figure 3, C and D). The abundance of parietal cells and mature chief 
cells within the greater curvature suggests that depletion of these cell 
types within the lesser curvature is not a result of altered differen-
tiation. CD44v9 was not detected in the corpus greater curvature 2 
months after adrenalectomy (Supplemental Figure 3E).

Glucocorticoids are required to suppress gastric inflammation 
and SPEM. In addition to glucocorticoids, the adrenal glands 
produce the mineralocorticoid aldosterone and the catechol-
amines epinephrine and norepinephrine. To determine if glu-
cocorticoids are the adrenal hormone required to maintain 
gastric homeostasis, mice were administered the endogenous 
mouse glucocorticoid corticosterone in drinking water for 2 
months after adrenalectomy. Corticosterone replacement pre-
vented the development of macroscopic lesions within the gas-
tric corpus (Supplemental Figure 4A). Moreover, corticosterone 

nalectomy triggered a 2-fold increase in epithelial cell proliferation 
within the gastric corpus (Figure 2, C and E). While the bulk of KI67+ 
cells were restricted to the gland isthmus, which is the normal prolif-
erative compartment, adrenalectomized mice exhibited proliferating 
cells within the base of the gastric glands. SPEM development within 
the lesser curvature was further confirmed by real-time reverse tran-
scription PCR (qRT-PCR) of the SPEM marker genes Wfdc2, Olfm4, 
and Cftr (25, 26) which were significantly upregulated 4-fold, 9.1-
fold, and 2.7-fold, respectively, in adrenalectomized mice relative to 
sham controls (Figure 2F).

Within the gastric corpus, H. pylori infection disproportionately 
triggers inflammation, gastritis, and metaplasia in the lesser curva-
ture (3, 27). Adrenalectomy-induced inflammation and gastritis fol-
lowed a similar pattern and was predominately restricted to the less-
er curvature whereas the greater curvature was histologically normal 
(Supplemental Figure 3A). Both regions of the corpus expressed sim-
ilar levels of the GR, suggesting that differential response to adre-
nalectomy was not due to different requirements for glucocorticoid 
signaling (Supplemental Figure 1A). Moreover, immunostaining for 
CD68 revealed an equivalent number of macrophages in the greater 

Figure 3. Endogenous glucocorticoids suppress spontaneous inflammation of the gastric mucosa. RNA sequencing of the gastric corpus lesser curva-
ture from mice euthanized 3 days after sham surgery or adrenalectomy. (A) The top 6 canonical pathways identified by IPA ranked by P value. (B) Induced 
(red) and repressed (green) genes associated with the leukocyte chemotaxis pathway identified by IPA. The scale bar represents fold change. (C) Gene set 
enrichment analysis. n = 4 mice/group.
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after adrenalectomy to 29 cells, 69 cells, and 140 cells per ×20 
field after 1 week, 2 weeks, and 1 month of corticosterone treat-
ment, respectively. Leukocyte infiltration was resolved after 1 
month of corticosterone treatment (Supplemental Figure 4D). 
These results suggest that endogenous glucocorticoids are nec-
essary to maintain gastric homeostasis and that treatment with 
exogenous glucocorticoids can resolve SPEM in mice.

Endogenous glucocorticoids are required to suppress the transcrip-
tion of proinflammatory genes within the stomach. Inflammation is a 
key driver of SPEM and gastric cancer development (30). Glucocor-
ticoids are well known for their ability to suppress the transcription of 
proinflammatory genes. We observed chronic gastric inflammation 
following removal of endogenous glucocorticoids. However, the fac-
tors that initiate gastric inflammation remain unclear. We performed 
RNA sequencing using RNA isolated from the gastric corpus lesser 
curvature 3 days after sham surgery or adrenalectomy to investi-
gate the mechanisms underlying adrenalectomy-induced gastric 

replacement prevented adrenalectomy-induced parietal cell 
and chief cell loss, SPEM development, cellular proliferation 
(Figure 2, A–C and E), CD45+ leukocyte infiltration (Figure 2D), 
and induction of the SPEM-associated mRNAs Wfdc2, Olfm4, 
and Cftr (Figure 2F). To determine if exogenous corticosterone 
could reverse the gastric pathology, mice were aged 1 month 
after adrenalectomy to develop SPEM then administered corti-
costerone in their drinking water for 1 week, 2 weeks, or 1 month 
(Supplemental Figure 4B). SPEM and oxyntic atrophy were fully 
developed 1 month after adrenalectomy (Supplemental Figure 
4C). Parietal cells recovered quickly in response to corticoste-
rone replacement and were significantly increased from 16 cells 
per ×20 field 1 month after adrenalectomy to 156 cells, 243 cells, 
and 302 cells per ×20 field following 1 week, 2 weeks, and 1 
month of corticosterone treatment, respectively (Supplemental 
Figure 4, C and E). The chief cell population followed a simi-
lar pattern and increased from only 1 cell per ×20 field 1 month 

Figure 4. Adrenalectomy triggers 
chronic stomach inflammation. 
Flow cytometric analysis of stomach 
leukocytes isolated from the gastric 
corpus lesser curvature 5 days (A) or 2 
months (B) after sham surgery or adre-
nalectomy. P values were determined 
by unpaired 2-tailed t test; n = 6 mice/
group; *P ≤ 0.01, **P ≤ 0.001.
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inflammation and SPEM development. Importantly, histological 
examination revealed that the gastric corpus lesser curvature was 
normal 3 days after surgery and did not exhibit increased stomach 
leukocytes (Supplemental Figure 5). Thus, the induction of inflam-
matory genes precedes gastric leukocyte infiltration. RNA sequenc-
ing revealed that 1914 genes were significantly changed 3 days after 
adrenalectomy compared with sham controls (Supplemental Figure 
6). To define the pathways that are altered in the stomach 3 days 
after adrenalectomy, the significant gene list was analyzed by Inge-
nuity Pathway Analysis (IPA), which revealed that the top 6 enriched 
canonical pathways all involved immune system function (Figure 
3A). In addition, based on the changes in gene expression, IPA anal-
ysis predicted robust activation of leukocyte chemotaxis (Figure 
3B). Gene set enrichment analysis (GSEA) further demonstrated 
significant activation of proinflammatory pathways, including the 
adaptive immune system, innate immune system, cytokine signal-
ing pathways, and chemokine signaling pathways (Figure 3C). These 
data indicate that disruption of glucocorticoid signaling results in the 
rapid activation of proinflammatory gene networks within the stom-
ach, thus suggesting that increased chemokine production by the 
stomach promotes the infiltration of circulating leukocytes. These 

data suggest that endogenous glucocorticoids play a critical role in 
suppressing spontaneous gastric inflammation.

Adrenalectomy triggers massive inflammation of the gastric cor-
pus. Given that prominent inflammation occurs after adrenalecto-
my, we sought to characterize the inflammatory infiltrate to iden-
tify pathogenic leukocyte populations. Leukocytes were isolated 
from the lesser curvature of the gastric corpus from mice euth-
anized 5 days or 2 months after sham surgery or adrenalectomy 
(Supplemental Figure 7A). Adrenalectomy induced acute gastric 
inflammation and there was a significant 1.5-fold increase in total 
leukocytes 5 days after adrenalectomy (Figure 4A). The inflam-
matory infiltrate was principally composed of B cells, eosinophils, 
and monocytes (Figure 4A; see Supplemental Figure 7B for gating 
strategy). Analysis of the chronic gastric inflammation 2 months 
after adrenalectomy revealed a significant 4.2-fold increase in total 
leukocytes and a significant increase in B cells, T cells, eosinophils, 
and monocytes (Figure 4B). Interestingly, while the total number 
of monocytes was higher at both time points, macrophages were 
significantly decreased 2 months after adrenalectomy. At neither 
time point did we observe a significant change in the number of 
neutrophils or dendritic cells (Supplemental Figure 7C).

Figure 5. B cells, T cells, and eosinophils are dispensable for adrenalectomy-induced SPEM. Stomach sections from the gastric corpus lesser curvature 
of Rag1-KO mice (A–C) or Gata1 mutant mice (D–F) euthanized 2 months after sham surgery or adrenalectomy. Sections were probed for (A and D) ATP4B 
(parietal cells, red), GSII lectin (mucous neck cells, pink), and MIST1 (chief cells, green), (B and E) the SPEM marker CD44v9 (green) and GSII, or (C and F) 
CD45 (leukocytes, green). Nuclei were labeled with DAPI (blue). Scale bars: 100 μm; n = 6 mice/group.
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B cells, T cells, and eosinophils are dispensable for initiating adre-
nalectomy-induced SPEM. Previous studies have found that T cells 
contribute to parietal cell death in Helicobacter-infected mice (4). 
Our RNAseq results indicated activation of T helper cell pathways 
(Figure 3A), and we observed a significant increase in B and T cells 
following adrenalectomy (Figure 4). Therefore, we adrenalecto-
mized Rag1-KO mice, which lack mature B and T cells, to evaluate 
the contribution of the adaptive immune system in driving adrenal-
ectomy-induced oxyntic atrophy and SPEM development (31). Adre-
nalectomized Rag1-KO mice exhibited oxyntic atrophy and loss of 
mature chief cells (Figure 5A) as well as induction of the SPEM mark-
er CD44v9 (Figure 5B) 2 months after adrenalectomy. Furthermore, 
Rag1-KO mice exhibited a massive increase of CD45+ leukocytes 
(Figure 5C) as well as eosinophils and monocytes/macrophages 
(Supplemental Figure 8, A and B). These findings indicate that B and 
T cells are dispensable for adrenalectomy-induced oxyntic atrophy, 
SPEM development, and gastric inflammation.

Eosinophils are cytotoxic granulocytes associated with aller-
gic reaction and antiparasitic immune responses within the intes-
tines, and are a common feature of chronic gastric inflammation 

and SPEM (32, 33). Adrenalectomy robustly induced eosinophil 
infiltration into the stomach (Figure 1D and Figure 4). Therefore, 
we adrenalectomized homozygous Gata1 mutant mice (ΔdblGA-
TA), which have a specific deletion of enhancer elements in the 
Gata1 promotor that disrupts eosinophil development (34), to 
determine if eosinophils were required for SPEM development. 
Two months after adrenalectomy, dblGATA mice exhibited oxyn-
tic atrophy, loss of mature chief cells (Figure 5D), and induction 
of CD44v9 expression which was not detectable in sham controls 
(Figure 5E). While the number of CD45+ leukocytes was mark-
edly reduced (Figure 5F), this was attributed to the absence of 
eosinophils (Supplemental Figure 8C). However, the number of 
CD68+ cells was grossly similar to adrenalectomized WT mice 
(Supplemental Figure 8D). These data suggest that eosinophils 
are dispensable for adrenalectomy-induced oxyntic atrophy and 
SPEM development.

Monocyte/macrophages are critical mediators of SPEM develop-
ment. Macrophages are the most abundant resident leukocyte in the 
stomach, and monocyte infiltration sharply increases after adre-
nalectomy (Figure 4). Macrophages have been previously shown to 

Figure 6. Monocyte/macrophage depletion inhibits adrenalectomy-induced SPEM development. Immunostaining of stomach sections from the gastric 
corpus lesser curvature of mice euthanized 5 days after sham surgery or adrenalectomy, treated with empty liposomes (vehicle) or clodronate. Sections 
were probed for (A) CD68 (macrophages, green) or (B) ATP4B (parietal cells, red), GSII lectin (mucous neck cells, pink), or MIST1 (chief cells, green). Nuclei 
were labeled with DAPI (blue). Scale bars: 100 μm. (C) Quantitation of the number of CD68+ macrophages, parietal cells, or chief cells observed per ×20 field 
within the lesser curvature (n ≥ 7 mice/group). Data are mean ± SD; P values were determined by 1-way ANOVA with post hoc Tukey’s t test. ***P ≤ 0.0001.
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gery and were euthanized 5 days after surgery (Supplemental Figure 
9A). Clodronate treatment of sham mice did not deplete tissue-res-
ident macrophages (Figure 6, A and C) which is consistent with a 
previous report that clodronate treatment does not deplete stomach 

contribute to SPEM development (35, 36). Therefore, we depleted 
the monocyte lineage with clodronate liposomes to determine their 
role in acute SPEM development 5 days after adrenalectomy. Mice 
received daily clodronate injections beginning 24 hours before sur-

Figure 7. Infiltrating monocytes drive the development of gastric metaplasia. Quantitative RT-PCR of Ccl2 and Cx3cl1 using RNA isolated from the gastric 
corpus lesser curvature from mice euthanized (A) 3 or 5 days after sham surgery or adrenalectomy, or (B) from adrenalectomized mice euthanized 3 hours 
after treatment with 1 mg/kg dexamethasone (n ≥ 4 mice/group). (C) Representative tSNE analysis of circulating leukocytes by flow cytometry. (D) Quan-
titation of circulating monocytes (n ≥ 9 mice/group). (E–F) Immunostaining of stomach sections from Ccr2-KO, Cx3cr1-KO, or WT mice euthanized 5 days 
after sham surgery or adrenalectomy. Sections were probed for (E) CD68 (macrophages, green) or (F) ATP4B (parietal cells, red), GSII lectin (mucous neck 
cells, pink), and MIST1 (chief cells, green). Nuclei were labeled with DAPI (blue). Scale bars: 100 μm. (G) Quantitation of the number of CD68+ monocytes/
macrophages or mature chief cells observed per ×20 field within the lesser curvature (n ≥ 6 mice/group). All data are mean ± SD; P values were determined 
by 1-way ANOVA with post hoc Tukey’s t test (A–B and G) or by unpaired 2-tailed t test (D). *P ≤ 0.01, **P ≤ 0.001, ***P ≤ 0.0001.
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evaluated the expression of the chemokines Ccl2 and Cx3cl1 with-
in the gastric corpus, which are critical for recruiting monocytes 
from circulation. Quantitative RT-PCR showed that both chemo-
kines were significantly upregulated 3 and 5 days after adrenalec-
tomy (Figure 7A). Expression of Ccl2 and Cx3cl1 are directly sup-
pressed by the glucocorticoid receptor (38–40). We investigated 
whether glucocorticoids suppress the expression of these chemok-
ines in the stomach by treating mice with 1 mg/kg dexamethasone 
3 days after adrenalectomy. Three hours after dexamethasone 
treatment, there was an 85% and 46% suppression of Ccl2 and 
Cx3cl1 mRNA in the stomach, respectively (Figure 7B). Circulat-
ing murine monocytes are subdivided into 2 groups based on their 
differential expression of the chemokine receptors CCR2 and 
CX3CR1 and the surface marker LY6C (41, 42). Classical mono-
cytes are defined as LY6Cpositive, CCR2hi, and CX3CR1lo whereas 
nonclassical monocytes are LY6Cnegative, CCR2lo, and CX3CR1hi 
(43, 44). We used flow cytometry to assess changes in circulating 
monocytes 5 days after adrenalectomy (see Supplemental Figure 
10A for gating strategy). We found that there was a significant 
increase in the total number of monocytes (SSClo F4/80+ CD11b+) 
5 days after adrenalectomy (Figure 7, C and D). In addition, there 
was a significant increase in B220+ B cells, whereas the number 
of T cells, natural killer cells, eosinophils, and neutrophils did not 
significantly change (Supplemental Figure 10, B and C). Five days 
after adrenalectomy, the number of circulating classical mono-
cytes was unchanged (Figure 7, C and D) but the number of non-
classical monocytes was significantly increased.

resident macrophages (36). Five days after adrenalectomy, vehi-
cle-treated mice exhibited a 2.4-fold increase in stomach CD68+ 
monocytes/macrophages and a 61% loss of mature chief cells (Fig-
ure 6). In contrast, clodronate treatment blocked the expansion of 
CD68+ cells in the stomach and prevented loss of mature chief cells. 
Vehicle-treated adrenalectomized mice exhibited increased GSII 
staining that reached the bottom of the gastric glands (Figure 6B), 
and robust induction of CD44v9 (Supplemental Figure 9B) indicat-
ing SPEM development. However, clodronate treatment prevented 
adrenalectomy-induced SPEM. There was no change in prolifera-
tion 5 days after adrenalectomy or in adrenalectomized mice treat-
ed with clodronate (Supplemental Figure 9C). Parietal cell loss has 
long been thought to be an obligate precursor of SPEM development 
(30). However, a recent study reported that SPEM development was 
avoided when parietal cells died by apoptosis following treatment 
with diphtheria toxin (37), thus challenging the notion that parietal 
cell depletion is sufficient to drive SPEM. We found that although 
there was robust SPEM development 5 days after adrenalectomy 
(Supplemental Figure 9B), there was not a corresponding reduction 
in parietal cells (Figure 6, B and C). Together, these results suggest 
that infiltrating monocytes are required for loss of mature chief cells 
and SPEM development after adrenalectomy, and that parietal cell 
loss is not required to induce SPEM development.

CX3CR1+ monocytes are critical mediators of SPEM develop-
ment. Because clodronate treatment did not deplete stomach resi-
dent macrophages, we hypothesized that infiltration by circulating 
monocytes was required for SPEM development. Therefore, we 

Figure 8. Endogenous glucocorticoids are required to maintain gastric homeostasis. Under steady-state conditions, endogenous glucocorticoids suppress 
the expression of proinflammatory mediators in the gastric corpus. Loss of endogenous glucocorticoids results in the production of proinflammatory media-
tors, leading to infiltration of circulating monocytes and eosinophils. Infiltrating CX3CR1+ monocytes exhibit pathogenic activation due to disrupted gluco-
corticoid signaling, and damage the gastric epithelium, leading to SPEM development. Over the course of weeks, parietal cells are lost and the gastric gland 
becomes predominately filled with metaplastic cells which over time may create a favorable environment for the evolution of gastric adenocarcinoma.
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role in suppressing pathogenic activation of monocytes and mac-
rophages, and deletion of the GR in the monocyte lineage leads 
to their pathogenic activation after challenge with lipopolysac-
charide and is fatal in mice (47). Thus, in addition to regulating 
gastric monocyte recruitment, glucocorticoids also regulate their 
activity to prevent pathogenic monocyte/macrophage activation. 
Taken together, our results support that glucocorticoid signaling 
plays a critical role in suppressing pathogenic immune activation 
in the stomach and suggest that disruption of glucocorticoid sig-
naling may promote the development of gastric neoplasia (a mod-
el can be found in Figure 8).

Chronic inflammation and metaplasia form the requisite 
environment for the development of gastric cancer. H. pylori 
infection is the most common risk factor for gastric cancer in 
humans and is associated with nearly 90% of cancer cases (2). 
Despite H. pylori infecting approximately 50% of the world 
population, only 1%–3% of infected individuals will progress to 
develop gastric cancer (48, 49). It has long been suspected that a 
pathogenic switch in the inflammatory phenotype favors gastric 
cancer development in a subset of infected individuals. Factors 
that promote more aggressive inflammation are linked to poorer 
patient prognosis. For instance, CagA+ strains of H. pylori elicit 
more robust inflammation and are associated with a higher inci-
dence of cancer (50, 51). Furthermore, polymorphisms in genes 
encoding the inflammatory mediators IL1B or NFKB1 dramati-
cally increase the risk of gastric cancer in H. pylori–infected indi-
viduals (9, 52, 53), and can even promote cancer development 
in the absence of infection (6–8). Here we demonstrate that 
signaling by endogenous glucocorticoids is required to suppress 
pathogenic gastric inflammation metaplasia. Glucocorticoids 
are most well-known for their ability to limit the intensity and 
duration of an inflammatory response, and systemic adrenal 
insufficiency is tied to the development of chronic inflamma-
tory and autoimmune diseases. Clinical studies have reported 
that adrenal-insufficient patients often exhibit autoimmune and 
inflammatory gastritis (14, 15). However, adrenal insufficiency 
such as Addison’s disease is not associated with an increased 
incidence of gastric cancer, presumably because these patients 
receive glucocorticoid replacement therapy. In this study, we 
demonstrated that glucocorticoid replacement is sufficient to 
suppress gastric inflammation and metaplasia in adrenal-insuffi-
cient mice. It is important to note that chronic inflammation can 
override local glucocorticoid activity, leading to tissue-specific 
glucocorticoid resistance and uncontrolled pathogenic inflam-
mation despite normal levels of circulating glucocorticoids (12, 
54). Thus, chronic inflammation caused by long-term H. pylori 
infection may disrupt glucocorticoid signaling within the stom-
ach, causing pathogenic inflammation and promoting cancer 
development. Indeed, analysis of human stomach cancer biop-
sies supports this concept, reporting that expression of the GR is 
reduced in stomach cancer (16, 17).

Gastric adenocarcinoma is the most prevalent type of gastric 
cancer, and follows a well-established model of progression from 
atrophic gastritis, intestinal metaplasia, dysplasia, to adenocar-
cinoma (49, 55). Current evidence suggests that SPEM develop-
ment precedes intestinal metaplasia and that SPEM transitions 
to intestinal metaplasia or progresses directly to gastric adeno-

Adrenalectomy upregulated the expression of monocyte 
chemokines by the stomach and increased the number of circulat-
ing monocytes. Consequentially, we next adrenalectomized Ccr2-
KO mice and Cx3cr1-KO mice to test if recruitment of a subset of 
circulating monocytes is required for SPEM development. Both 
Ccr2-KO and Cx3cr1-KO are sham controls had a normal number 
of CD68+ cells in the gastric corpus indicating that the stomach 
resident macrophage population is maintained in these mouse 
models (Figure 7, E and G). Five days after adrenalectomy, Ccr2-
KO mice exhibited blunted expansion of stomach CD68+ mono-
cytes/macrophages compared with adrenalectomized WT mice 
(Figure 7, E and G). Despite this blunted inflammatory response, 
Ccr2-KO mice exhibited a significant loss of mature chief cells 5 
days after adrenalectomy (Figure 7, F and G) and equivalent SPEM 
development compared with WT mice (Supplemental Figure 11). 
In contrast, there was no change in CD68+ cells 5 days after adre-
nalectomy in the stomachs of Cx3cr1-KO mice (Figure 7, E and G). 
Furthermore, adrenalectomized Cx3cr1-KO mice did not exhibit 
a significant loss of mature chief cells (Figure 7, F and G) and did 
not develop SPEM (Supplemental Figure 11). Interestingly, SPEM 
development was not detected in either adrenalectomized mice 
treated with clodronate (Supplemental Figure 9B) nor in adrenalec-
tomized Cx3cr1-KO mice (Supplemental Figure 11) despite normal 
numbers of tissue-resident macrophages. Thus, tissue-resident 
macrophages may be insufficient to drive SPEM development. 
These data suggest that circulating monocytes are recruited to the 
stomach following adrenalectomy and that infiltrating monocytes/
macrophages, but not tissue-resident macrophages, are required 
for SPEM development. In addition, these findings suggest that the 
CX3CR1+ monocyte subpopulation, rather than CCR2+ monocytes, 
promote gastric metaplasia development.

Discussion
In this study, we used a combination of systemic adrenal insuffi-
ciency and genetically altered mouse models to test the require-
ment for glucocorticoid signaling in the stomach. We found that 
glucocorticoids were required to maintain gastric homeostasis 
and that adrenalectomy resulted in pathogenic gastric inflam-
mation, leading to potentially preneoplastic SPEM development 
and oxyntic atrophy. Adrenalectomy led to rapid upregulation 
of proinflammatory gene networks within the gastric corpus 3 
days after surgery, followed by massive expansion of the stom-
ach leukocyte population. These results suggest that the stom-
ach is primed for immune responsiveness and that a critical role 
of endogenous glucocorticoids is to suppress the production of 
proinflammatory cytokines. Among these upregulated genes 
were the monocyte chemokines Ccl2 and Cx3cl1, and we demon-
strated that glucocorticoids suppress their expression in the gas-
tric corpus. Monocyte and macrophages are a diverse category of 
immune cells that have a wide variety of functions ranging from 
maintaining tissue homeostasis to protecting from infection. 
Dysregulation of these cells is linked to the development and pro-
gression of a wide variety of cancers (45, 46). Using the Crr2-KO 
and Cx3cr1-KO mouse models, we demonstrated that only the 
CX3CR1+ monocyte subpopulation was required to drive SPEM 
development. In contrast, CCR2+ monocytes were not required 
for SPEM development. Glucocorticoids have an established 
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Methods
Animal care. Female WT C57BL/6J mice (catalog 000664), Rag1-KO 
mice (catalog 002216), Gata1 mutant mice (catalog 005653), Cx3cr1-
KO mice (catalog 005582), and Ccl2-KO mice (catalog 004999) were 
purchased from the Jackson Laboratories. All mice were maintained 
on a C57BL/6J genetic background with the exception of Gata1 mutant 
mice, which were on a congenic BALB/c genetic background. Mice 
were administered standard chow and water ab libitum and main-
tained in a temperature- and humidity-controlled room with standard 
12-hour light/dark cycles. Sham-adrenalectomy and adrenalectomy 
surgeries were performed by the Jackson Laboratories or by the NIE-
HS comparative medicine branch when mice were 8 weeks of age. Fol-
lowing adrenalectomy, mice were maintained on 0.85% saline drink-
ing water to maintain ionic homeostasis.

Corticosterone measurement. Adrenalectomy was confirmed by ELI-
SA. Serum was collected from sham-adrenalectomy and adrenalecto-
mized mice to determine the levels of circulating glucocorticoids. The 
corticosterone concentration was determined by a commercially avail-
able ELISA kit (Arbor Assays), according to the manufacturer’s protocol.

Tissue preparation. Mice were euthanized by cervical dislocation 
without anesthesia 3 days, 5 days, or 2 months after surgery. Adrenal-
ectomy was confirmed by corticosterone ELISA and by checking for 
the absence of the adrenal glands upon euthanasia. Stomachs were 
removed and opened along the greater curvature and washed in 2 
changes of ice-cold phosphate-buffered saline to remove gastric con-
tents. Stomachs used for histology were pinned to cork boards and 
fixed overnight in 4% paraformaldehyde at 4°C. Following fixation, 
stomachs used for cryosectioning were cryopreserved in 30% sucrose 
and then embedded in optimal cutting temperature (OCT) media. 
Stomachs used for paraffin sectioning were submitted to the NIEHS 
histology core for routine processing, embedding, sectioning, and 
H&E staining. For RNA isolation, the region of interest was collect-
ed with a 4-mm biopsy punch and immediately snap-frozen in liquid 
nitrogen. RNA was extracted in TRIzol (Thermo Fisher Scientific) 
and precipitated from the aqueous phase using 1.5 volumes of 100% 
ethanol. The mixture was transferred to a RNeasy column (Qiagen), 
and the remaining steps were followed according to the RNAeasy kit 
manufacturer’s recommendations. RNA was treated with RNase free 
DNase I (Qiagen) as part of the isolation procedure.

Steroid and drug treatments. Adrenalectomized mice were admin-
istered corticosterone through their drinking water as previously 
described (62). Briefly, corticosterone (Steraloids) was dissolved in 
100% ethanol, which was subsequently diluted 1:200 in 0.85% saline 
water. The final corticosterone concentration was 0.25 mg/ml. This 
concentration has previously been shown to result in physiological lev-
els of corticosterone in adrenalectomized mice (62). Control sham mice 
received normal drinking water while control adrenalectomized mice 
received 0.85% saline water. Hormone treatment was initiated either 1 
week or 1 month after adrenalectomy, and mice were euthanized after 
0 days, 1 week, 2 weeks, 1 month, or 2 months of continuous treatment.

Three days after adrenalectomy, mice were administered a single 
intraperitoneal injection of 1 mg/kg dexamethasone (Steraloids) in 
sterile PBS and euthanized 3 hours after treatment.

Sham and adrenalectomized mice were treated with clodro-
nate-loaded liposomes via intraperitoneal injection to deplete monocytes 
and macrophages. Mice were injected with 10 mg/kg clodronate-loaded 
liposomes or equal volume of control liposomes (Encapsula NanoScienc-

carcinoma (3). Until recently, parietal cell death was considered 
an obligate precursor of SPEM development (1). Drug models of 
acute SPEM such as treatment with a high dose of tamoxifen or 
the proton ionophore L635 induce SPEM by killing parietal cells 
(19, 56). However, a recent report found that SPEM did not devel-
op after parietal cell apoptosis using a Cre-inducible diphtheria 
toxin receptor model. Thus, this report challenges the notion that 
parietal cell loss is sufficient to drive metaplasia development 
(37). In our model, acute SPEM development occurred 5 days 
after adrenalectomy before there was any change in the parietal 
cell population, but parietal cell loss did eventually occur, as there 
was an 82% reduction of parietal cells 2 months after adrenalec-
tomy. A potential explanation for this finding is that SPEM devel-
opment may represent an adaptive response to damage within 
the gastric corpus rather than solely a response to parietal cell 
loss. Supporting this concept, it has been shown that acute SPEM 
promotes healing and resolution of acetic acid–induced ulcers 
(20, 23). To our knowledge, this is the first study to show SPEM 
development before parietal cell loss. Thus, adrenalectomy as an 
experimental model of SPEM has a unique advantage over exist-
ing models, which require chemical ablation of parietal cells to 
induce SPEM development.

Macrophages have been linked to the development of preneo-
plastic metaplasia in the stomach (4, 35, 36). Our findings agree 
with these reports and suggest that the monocyte/macrophage 
lineage is required to initiate SPEM development. Peterson et al. 
recently reported that M2a polarized macrophages were required 
for SPEM development after chemical parietal cell depletion (35). 
In a separate study, the same research group found that tissue-res-
ident macrophages were insufficient to drive SPEM development 
(36), raising the possibility that infiltrating monocyte-derived 
macrophages may be required for SPEM development. Here we 
showed that adrenalectomy led to an increase in circulating non-
classical monocytes and that deletion of the fractalkine receptor 
Cx3cr1 prevented gastric monocyte infiltration and SPEM devel-
opment. In contrast, adrenalectomized Crr2-KO mice exhibited 
reduced monocyte infiltration but they were not protected from 
SPEM development. Some reports have suggested that nonclas-
sical monocytes are primed to differentiate toward M2 macro-
phages, supporting the notion that nonclassical monocytes may 
promote metaplasia in the stomach (57, 58). Small molecule inhib-
itors have been effectively used to target both CX3CR1 and its 
ligand CX3CL1, thereby preventing macrophage-induced inflam-
matory diseases (59–61). Thus, CX3CR1 may represent a novel 
and effective target to treat gastric inflammation and SPEM in 
humans.

In conclusion, we have found that endogenous glucocorticoids 
are required to suppress gastric inflammation and SPEM develop-
ment. We also demonstrated that acute SPEM development pre-
cedes oxyntic atrophy and that SPEM development depends on 
gastric infiltration by CX3CR1+ monocytes. These results provide 
novel insights into the normal physiology of the stomach as well 
as the mechanisms that regulate pathogenic gastric inflammation 
and metaplasia. Thus, endogenous glucocorticoids may represent 
a critical barrier to proneoplastic gastric inflammation and dis-
rupting glucocorticoid signaling may set the stage for gastric can-
cer development.
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above. Cells were analyzed by a LSRII Cytometer (BD Bioscience) and 
the data were analyzed by Cytobank software. Viable CD45+ cells were 
used for tSNE analysis.

Next-generation sequencing. RNA was isolated 3 days after sham 
surgery or adrenalectomy as described above. Each experimen-
tal group used 4 mice. Indexed samples were sequenced using the 
75-bp paired-end protocol via the NextSeq500 (Illumina) per the 
manufacturer’s protocol. Reads (34–76 million reads per sample) 
were aligned to the UCSC mm10 reference genome using STAR 
with default parameters. The quantification results from feature-
Counts were then analyzed with the Bioconductor package DESeq2, 
which fits a negative binomial distribution to estimate technical and 
biological variability. Comparisons were made between vehicle- 
and dexamethasone-treated intact and adrenalectomized mice. A 
gene was considered differentially expressed if the P value for dif-
ferential expression was less than 0.01. Volcano plots were generat-
ed using the Partek Genomic Suite (version 6.6). Lists of significant 
genes were further analyzed using Ingenuity Pathway Analysis (con-
tent version 36601845, Ingenuity Systems). Enrichment or overlap 
was determined by IPA using Fisher’s exact test (P < 0.05). GSEA 
analysis was performed using GSEA v2.2.2 software. Genes were 
preranked based on P value and their fold change of gene expres-
sion. This application scores a sorted list of genes with respect to 
their enrichment of selected functional categories (Kyoto Encyclo-
pedia of Genes and Genomes [KEGG], Biocarta, Reactome, and 
Gene Ontology [GO]). The significance of the enrichment score was 
assessed using 1000 permutations. Benjamini and Hochberg’s false 
discovery rate (FDR) was calculated for multiple testing adjust-
ments. A q value of less than 0.05 was considered significant. The 
resulting enriched pathways were visualized using the Cytoscape 
(v3.3.0) Enrichment Map plugin. The RNA-seq data are available in 
the Gene Expression Omnibus repository at the National Center for 
Biotechnology Information (https://www.ncbi.nlm.nih.gov/geo/) 
(accession number GSE107736).

Quantitative RT-PCR. To amplify mature mRNAs, primers 
spanning gene introns were used to avoid amplifying genomic 
DNA. Reverse transcription followed by qRT-PCR was performed 
in the same reaction using a Universal Probes One-Step PCR kit 
(Bio-Rad Laboratories) and the Taqman primers (Thermo Fisher 
Scientific) listed in Supplemental Table 2 following the manufac-
turers recommended settings on a CFX96 Real-Time PCR system 
(Bio-Rad Laboratories). All reactions were performed in duplicate 
using 50 ng total RNA. Messenger RNA levels were normalized to 
the reference gene Ppib, which remained unchanged in our exper-
imental conditions, and data were presented using either the ΔCt 
or ΔΔCt method.

Statistics. All error bars are ± the standard deviation of the mean. 
Sample size for each experiment is indicated in the figure legends. 
Experiments were repeated a minimum of 2 times. Statistical analyses 
were performed using 1-way ANOVA with post hoc Tukey’s t test when 
comparing 3 or more groups or by unpaired t test when comparing 2 
groups. Statistical analysis was performed by Graphpad Prism 7 soft-
ware. Statistical significance was set at P ≤ 0.01. Specific P values are 
listed in the figure legends.

Study approval. All animal studies were performed with approval 
from the Animal Care and Use Committee of the National Institute of 
Environmental Health Sciences (NIEHS).

es). Injections were administered daily. The first dose was administered 
1 day prior to surgery and continued for 4 days after surgery. Mice were 
euthanized 24 hours after the final treatment.

Histology. Immunostaining was performed using standard meth-
ods. Briefly, 5-μm stomach cryosections were incubated with the 
primary antibodies listed in Supplemental Table 1 for 1 hour at room 
temperature or overnight at 4°C. Primary antibody was omitted as a 
negative control. Following stringency washes, sections were incu-
bated in secondary antibodies for 1 hour at room temperature. Fluo-
rescence-conjugated phalloidin (1:500; Thermo Fisher Scientific) or 
fluorescence-conjugated Griffonia simplicifolia lectin (GSII; 1:500; 
Thermo Fisher Scientific) were added with secondary antibodies. 
Sections were mounted with Vectastain mounting media containing 
DAPI (Vector Laboratories). Images were obtained using a Zeiss 880 
confocal laser-scanning microscope equipped with Airyscan (Carl-
Zeiss) and running Zen Black imaging software (Carl-Zeiss). Paraffin 
sections were stained with H&E using standard methods and were 
imaged by an Aperio AT2 Scanner (Leica Biosystems Inc.).

Image quantitation. Parietal cells, chief cells, and monocytes/
macrophages were quantitated manually using confocal micro-
graphs captured using a ×20 microscope objective and 1-μm thick 
optical section. Cells were counted using the ImageJ (NIH) count 
tool. Cells that stained positive with anti-ATP4B antibodies were 
identified as parietal cells, whereas cells that stained positive with 
anti-MIST1 antibodies and were GSII negative were identified as 
mature chief cells. Cells that stained positive with anti-CD68 anti-
bodies were considered monocytes/macrophages. To be included in 
counts, cells were required to have a distinct DAPI-stained nucleus. 
Counts were reported as the number of cells observed per ×20 field. 
Images were chosen that contain gastric glands cut longitudinally. 
Quantitation of KI67+ epithelial cells was performed using Imaris 
Cell ×64 Imaging Software version 8.4.1 (Bitplane). KI67+ cells were 
identified using the following settings: 0.642-μm filter width, cell 
threshold intensity of 50, 5-μm seed point diameter, 10.5 quality 
threshold, and 10 cell number of voxels. Epithelial cells were distin-
guished by coimmunostaining for the epithelial marker CTNNB1, 
and negative cells were removed from the analysis using a minimum 
mean intensity threshold of 25.

Flow cytometry. Flow cytometric analysis was performed using 
leukocytes isolated from the gastric corpus lesser curvature. Mice 
were euthanized by cervical dislocation and perfused through the left 
ventricle with 10 ml PBS. The stomach was then removed and the less-
er curvature adjacent to each side of the esophagus was removed with 
a 4-mm biopsy punch. Stomach tissue was washed 2 times in Hanks’ 
balanced salt solution with 5 mM HEPES, 5 mM EDTA, and 5% FBS 
for 20 minutes at 37°C. Tissue was then digested in 1 mg/ml type 1 col-
lagenase (Worthington Biochemical) and 1.5 mg/ml DNaseI (Roche 
Molecular Systems) for 20 minutes at 37°C. After tissue digestion, 
cells were enriched using an 18% Optiprep gradient (Axis-Shield Diag-
nostics). Cells were stained with the fluorescent antibodies listed in 
Supplemental Table 1 for 20 minutes at 4°C. Fc receptors were blocked 
with CD16/32 antibodies. Actinomycin D (7-AAD) was used to label 
dead cells. After staining, the cells were counted on a TC20 automat-
ed cell counted (Bio-Rad Laboratories). Blood was collected by sub-
mandibular vein puncture and the red blood cells were lysed with ACK 
buffer. Cells were counted on a hemocytometer and 100,000 cells 
were stained with the appropriate fluorescent antibodies as described 
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