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ABSTRACT	 Objective: Dietary nitrate has been increasingly recognized as a potential carcinogen associated with gastritis. In this study the 
mechanistic role of a high-nitrate diet (NaD) in driving gastritis was elucidated with a focus on modulation of the gastric microbiota 
composition and metabolomic profiles.
Methods: Animals were randomly assigned to two dietary intervention groups using a C57BL/6 mouse model: a NaD containing 
7.5% nitrate; or a standard normal diet (ND). Gastric microbiota composition was characterized based on full-length 16S rRNA 
sequencing and gastric metabolite profiles were analyzed using high-performance liquid chromatography-mass spectrometry 
(HPLC/MS). Finally, the roles of the microbiome and metabolites in gastritis development were validated using the human gastric 
epithelial cell line (GES-1), as well as conventional and germ-free mouse models.
Results: NaD induced gastritis in conventional mice compared to ND-fed mice. In addition, NaD incited the infiltration of 
macrophages and neutrophils with elevated levels of inflammatory cytokine genes (IL-17a, Ccl20, Cxcl5, IL-6, and Ccl2). A significant 
shift in the composition of the gastric microbiota occurred with an increase in pathogenic bacteria (Enterococcus gallinarum, Prevotella 
timonensis, and Mycobacterium gordona) and a decrease in probiotics (Roseburia hominis, Clostriduim scindens, and Faecalibacterium 
prausnitzii). Furthermore, NaD induced alterations in the metabolic profile, marked by an elevated level of 5-hydroxyindoleacetate 
(5-HIAA), a key downstream metabolite of the tryptophan metabolic pathway. Notably, 5-HIAA also upregulated the levels of 
inflammatory cytokines in the human gastric epithelial GES-1 cell line. In addition, both E. gallinarum colonization and 5-HIAA 
exposure significantly increased inflammatory responses in conventional and germ-free mouse models.
Conclusions: NaD drives gastritis in mice by inducing gastric microbial dysbiosis and metabolomic dysregulation with elevated 
5-HIAA.
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Introduction
Chronic gastritis, a common digestive disorder that is char-
acterized by inflammation of the stomach lining, affects 

>  50% of the global population. Long-term chronic gastri-
tis is a recognized risk factor for the development of gastric 
cancer (GC)1,2. GC is the fifth most common cancer and the 
third leading cause of cancer-related deaths globally. Indeed, 
chronic inflammation has been established as a causative fac-
tor for GC3. Excessive dietary nitrate intake is strongly linked 
to an elevated risk of GC, in part through a role in promoting 
gastritis; dietary nitrate is a key precursor to malignant trans-
formation4,5. Nitrate is a naturally occurring food constituent 
and an approved food additive that is often added to processed 
meats6. The consumption of nitrate-rich foods represents the 
major source of nitrates for the human body. A major part of 
dietary nitrate exposure (50%–70%) is attributed to the con-
sumption of vegetables, thus reflecting the often-substantial 
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Title Dietary nitrate drives gastritis by modulating gastric microbiota and metabolites
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Conclusion

In summary, our study elucidates a new pathogenic mechanism whereby dietary nitrate
promotes gastritis by modulating gastric microbiota and metabolites. NaD consumption
initiates a cycle of inflammation and barrier dysfunction, driven by gastric microbiome
dysbiosis and associated metabolic shifts, including the enrichment of E. gallinarum and a
pro-inflammatory metabolite 5-HIAA.

scindens 

Study flowchart   (Part I) NaD administration triggers gastritis in mice, characterized by immune cell infiltration, elevated pro-inflammatory 
cytokines, and impaired gastric mucosal barrier function. (Part II) NaD causes gastric microbial dysbiosis, marked by the enrichment of patho-
bionts (e.g., Enterococcus gallinarum) and depletion of beneficial species with significant reprogramming of the gastric metabolome, including 
an increase in the tryptophan metabolite, 5-HIAA. (Part III) Functional validation in conventional and germ-free mouse models confirms that 
E. gallinarum colonization or 5-HIAA treatment alone is sufficient to exacerbate gastritis, demonstrating the direct, microbiota-independent 
roles in driving gastric inflammation. Abbreviations: 5-HIAA, 5-hydroxyindoleacetate; E. gallinarum, Enterococcus gallinarum (*italic); H&E, 
hematoxylin and eosin; NaD, high-nitrate diet; ND, normal diet.
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nitrate content7. But the underlying mechanisms between die-
tary nitrate intake and the development of gastric pathologies 
have not been established.

Recent metagenomic studies have provided evidence that 
commensal bacteria, such as Proteobacteria, Firmicutes, 
Actinobacteria, and Fusobacteria phyla, are regularly detected 
in gastric mucosa8. The ecologic balance of gut microbiota 
has been increasingly recognized as a critical factor in human 
health and disease with dysbiosis implicated in the pathogen-
esis of several diseases9-11. Nevertheless, the compositional 
profiles of gastric microbiota and the potential implication in 
gastric pathologies has not been sufficiently studied. Our pre-
vious study involving the gastric mucosa microbiome across 
different stages of gastric tumorigenesis underscore the poten-
tial importance of oral pathogens (P. stomatis, D. pneumosin-
tes, S. exigua, P. micra, and S. anginosus) in the progression 
of GC12 and experimentally validated S. anginosus as the first 
non-Helicobacter pylori bacterial pathogen that promotes gas-
tric tumorigenesis13. Reports by others also confirmed that 
the progression from non-atrophic gastritis to intestinal GC 
is associated with a shift in the gastric microbiota14-16. These 
findings collectively suggested that the gastric microbiota is an 
active participant in the pathogenesis of gastric disease. Diet 
has a major influence on the gut microbiota17-19. However, it is 
unclear how diet might interact with the gastric microbiota to 
modulate gastric pathologies, such as chronic gastritis and GC.

In this study the role of dietary nitrate in promoting gastri-
tis was investigated. Gastric microbiome alterations induced 
by a high-nitrate diet (NaD) in mice were then elucidated 
and the contribution of gut bacterial and metabolites in the 
development of gastritis was determined. Integrated metagen-
omic and metabolomic analyses were performed to analyze 
alterations in the gastric microbiota and metabolites induced 
by NaD treatment. Studies with NaD-enriched pathogens 
and metabolites in mouse models confirmed a contributory 
role in the development of gastritis. The results inferred that 
NaD promotes gastritis by modulating gastric microbiota and 
metabolites.

Materials and methods
NaD-fed mouse model

Conventional C57BL/6 male mice (n = 40; 7 weeks old) were 
randomly divided into 3 groups: normal diet (ND); NaD for 1 
week (7.5% nitrate diet; Table S1); and NaD for 2 weeks. Mice 
were fed a special customized diet for 1 or 2 weeks. All mice 
were sacrificed upon completion of the experiments.

Conventional mouse model

Conventional C57BL/6 male mice (n  =  30; 7 weeks old) 
were randomly assigned to 3 experimental groups: control; 

Enterococcus gallinarum (E. gallinarum) [1 × 108 colony-
forming units (CFU)]; and 5-hydroxyindoleacetate [5-HIAA] 
(HY-W008253; MCE, Monmouth Junction, NJ, USA) treat-
ment. Mice in the experimental groups were treated 5 times 
per week. All mice received an antibiotic cocktail [ampicillin 
(0.2 g/L), neomycin (0.2 g/L), metronidazole (0.2 g/L), and 
vancomycin (0.1 g/L)] in drinking water for 1 week prior to 
microbiota modulation and metabolite administration. All 
mice were sacrificed upon completion of the experiments.

Germ-free mouse model

Conventional C57BL/6 male mice (n = 26; 7 weeks old) were 
randomly assigned to 3 experimental groups: control; E. galli-
narum (1 × 108 CFU); and 5-HIAA treatment. Mice in the 
experimental groups were treated 5 times per week. All mice 
were sacrificed upon completion of the experiments.

All animal experiments were performed in accord-
ance with the guidelines of the Animal Experimentation 
Ethics Committee of The Chinese University of Hong Kong 
or Germ-free mice platform (AEEC Nos: 21-183-MIS & 
JTAW20250705-2).

Bacteria

E. gallinarum was isolated from the livers of mice and main-
tained in our laboratory microbial culture collection for long-
term storage.

Histologic evaluation

The stomachs of mice were excised, cut along the greater cur-
vature, then washed with cold PBS. The non-glandular regions 
of the stomach were removed and the remaining tissue was cut 
into fragments, each containing the body and antrum portions 
of the stomach. Specifically, longitudinal sections were pre-
pared along the greater curvature to include the oxyntic (cor-
pus) and pyloric (antrum) mucosa for histologic assessment, 
which was consistent with standard protocols for evaluating 
gastritis. The stomach fragments (approximately 2–3 mm 
thick) were fixed in freshly prepared 10% formalin solution. 
Paraffin-embedded gastric tissue sections (5 μm thick) were 
then cut and stained with hematoxylin and eosin (H&E), and 
the stained sections were scored by an experienced pathologist.

Flow cytometry analysis

Mice spleens was harvested for analysis. Tissue samples were 
suspended in collagenase IV (Sigma-Aldrich, St. Louis, MO, 
USA) and DNase I (Sigma-Aldrich) and mechanically dis-
sected at 37°C for 30 min with gentle rotation. The digested 
samples were filtered through 70-μm strainers to obtain sin-
gle-cell suspensions. Then, the collected cells were washed 
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with PBS. The cells were incubated with anti-CD16/32 anti-
body (Biolegend, San Diego, CA, USA) for 10 min at 4°C to 
block Fc receptors, followed by immunostaining. The cells 
were incubated at 37°C under 5% CO2 for 3 h and stimulated 
with a 1:500 cell stimulation cocktail (eBioscience, San Diego, 
CA, USA). The samples were fixed for intracellular staining 
using the Foxp3/transcription factor fixation/permeabilization 
set (eBioscience). The stained samples were analyzed using 
FACSVerse or FACSCelesta flow cytometers (BD Biosciences, 
San Jose, CA, USA) and the data were analyzed using FlowJo 
software (v10.8.1; FlowJo, LLC, Ashland, OR, USA).

Immunofluorescence (IF) staining

Stomach fragments was fixed in 4% paraformaldehyde over-
night at 4°C, then dehydrated with 30% sucrose for 24–48 h. 
Tissues were permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich, St. Louis, MO, USA) in PBS for 5 min, then blocked 
with 5%–10% normal serum in PBS for 30 min at room tem-
perature. Samples were incubated overnight with primary 
antibody (F4/80 antibody, MCA497G, Bio-rad, Hercules, 
California, USA; CD11b antibody, ab133357, Abcam, 
Cambridge, UK; ZO-1 antibody, 66452-1-Ig, Proteintech, 
Wuhan, Hubei, China) at 4°C in a humidified chamber, then 
thrice-rinsed with PBS (5 min each). The samples were incu-
bated with secondary anti-body (Alex Fluor 594 Donkey anti-
Rat IgG, A-21209; Alex Fluor 488 Donkey anti-Mouse IgG, 
A-21202, Thermo Fisher Scientific, Waltham, MA, USA)for 
1–2 h at room temperature while protected from light. One 
drop of mounting medium containing DAPI (Sigma-Aldrich, 
St. Louis, MO, USA) was applied to the samples. A cover-
slip was then carefully placed over the samples, avoiding air 
bubbles. Finally, images were visualized and captured using 
a fluorescence microscope (DM6000 B; Leica Microsystems, 
Wetzlar, Germany).

Immunohistochemistry (IHC) staining

The IHC staining procedure began with deparaffinization 
and rehydration of the paraffin-embedded tissue sections 
mounted on microscope slides. An antigen retrieval step 
was performed as indicated depending on the target antigen, 
which typically involved heating the slides in a buffer solu-
tion. Next, endogenous peroxidase activity was blocked and 
non-specific binding was minimized by incubating the slides 
with a blocking buffer (Thermo Fisher Scientific, Waltham, 
MA, USA). A primary antibody specific (anti-Ly6G; Rabbit, 
ab238132; Abcam, Cambridge, UK) to the protein of interest 
was then applied and the slides were incubated overnight at 
4°C. After washing, the slides were incubated with a corre-
sponding HRP-conjugated secondary antibody (goat anti-rab-
bit; Biocare Medical, Pacheco, CA, USA). The enzymatic 
reaction with a chromogenic substrate, such as DAB (Thermo 
Fisher Scientific), facilitated visualization of the target protein. 

The stained sections were then observed and imaged using a 
light microscope (Leica Microsystems, Wetzlar, Germany).

PCR array

Total RNA was isolated from the samples using the Trizol 
reagent (Takara, Kusatsu, Japany). Complementary DNA 
(cDNA) was synthesized from the extracted RNA using the 
PrimeScript RT reagent kit (RR037A; Takara). The cDNA was 
then analyzed using a mouse (PAMM-077Z; Qiagen, Valencia, 
CA, USA) or human inflammatory response and autoimmun-
ity PCR array (PAHS-077Z; Qiagen).

Western blot analysis

Protein was extracted with CytoBuster™ Protein Extraction 
Reagent Simple (71009; Millipore Merck, Burlington, MA, 
USA) supplemented with proteinase inhibitors (Roche 
Diagnostics, Basel, Switzerland) and PhosSTOP (Roche). The 
images were captured and analyzed using Image-Lab software 
(version 5.2.1; Bio-Rad, Hercules, CA, USA). The levels of 
protein expression were normalized to the endogenous con-
trol, β-actin (#4970; Cell Signaling Technology, Danvers, MA, 
USA).

Quantitative PCR

The gastric mucosa total RNA was extracted using the Trizol 
reagent. The extracted RNA was then reverse-transcribed into 
cDNA using a PrimeScript RT reagent kit (RR047B; Takara). 
The resulting cDNA was then analyzed using TB-Green 
Premix Ex Taq (RR420W; Takara) reagent, which contains 
SYBR Green dye for fluorescent detection of the amplified tar-
get sequences. The resulting cDNA served as the template for 
the qPCR reaction. The qPCR primers used for validation are 
listed in Table S2.

Microbiome DNA sequencing and alignment

DNA was extracted from stool, gastric mucosa, and gastric 
content samples using a DNeasy PowerSoil kit (Qiagen). 
DNA library preparation and shotgun metagenomic sequenc-
ing for the fecal and gastric mucosa samples were performed 
by Novogene (Tianjin, China) with 43,903,872 ± 2,175,630 
(mean ± SD) paired end reads generated (min: 40,761,054; 
max: 50,681,318). A standard database comprised of 13,844 
bacterial genomes from the National Center for Biotechnology 
Information (Bethesda, MD, USA) was built and the taxo-
nomic profile of the microbiota was obtained using Kraken2 
algorithm (v2.0.8-beta; Johns Hopkins University, Baltimore, 
MD, USA) after host DNA removal and reads quality filtering 
by KneadData (v0.7.2; Harvard T.H. Chan School of Public 
Health, Boston, MA, USA). Functional profiling was achieved 
using HUMAnN2 (v2.8.1; Harvard T.H. Chan School of 
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Public Health, Boston, MA, USA) with default settings. Full-
length 16S rRNA gene amplicon sequences were performed on 
gastric content or mucosa.

Microbiome data analysis

Alpha diversity was measured using the Shannon index with 
R packages vegan (2.6.4; CRAN, Vienna, Austria). Beta diver-
sity was accessed based on the Bray-Curtis distance. Principal 
coordinates analysis (PCoA) was used for ordination analysis. 
Community dissimilarities were tested by permutational mul-
tivariate analyses of variance (PERMANOVA) with 1000 itera-
tions using the Bray-Curtis distance. This number of iterations 
was sufficient to determine statistical significance at the P < 
0.05 level. Bacteria species presented in at least 80% samples 
and with an abundance > 0.001 were selected for differential 
abundance analysis with edgeR (3.42.4; Walter and Eliza Hall 
Institute of Medical Research, Melbourne, VIC, Australia). 
The Benjamini–Hochberg false-discovery rate (FDR) was 
used to correct for multiple comparisons and adjusted P values 
< 0.05 were the cut-off.

Metabolomics profiling

Stool (50 mg), serum (50 μL), gastric mucosa (50 mg), or 
gastric content samples (50 mg) were subjected to metab-
olomic profiling (BIOTREE, Shanghai, China). Metabolites 
were extracted with the proportional addition of cold 80% 
methanol. After centrifugation at 12,880 × g for 15 min at 
4°C, the supernatant was collected and analyzed by high-per-
formance liquid chromatography-mass spectrometry using 
an UHPLC system (Vanquish; Thermo Fisher Scientific, 
Germering, Germany) with a UPLC HSS T3 column (2.1 mm 
× 100 mm, 1.8 μm; Thermo Fisher Scientific). An Orbitrap 
Exploris 120 mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany) was used to acquire MS/MS spectra on 
information-dependent acquisition mode. The acquisition 
software (Xcalibur; Thermo Fisher Scientific) continuously 
evaluated the full scan MS spectrum under this mode. The 
MS raw data were converted to the mzXML format using 
ProteoWizard (Palo Alto, CA, USA) and the data pretreat-
ment, including peak detection, extraction, alignment, and 
integration, was achieved by R packages XCMS (V.3.2). An 
in-house MS2 database was applied in metabolite annota-
tion and the cut-off for annotation was set at 0.3.

Metabolomics data analysis

Principal component analysis (PCA) was performed to eval-
uate the overall metabolic composition using the R package, 
mixOmics, and P values was calculated by PERMANOVA 
with the R package, vegan. Differential metabolite analysis 
was performed by partial least square discriminant analysis 

(PLS-DA) and the two-sided Wilcoxon rank-sum test using 
the R package, mixOmics. The validity of the PLS-DA model 
was strictly assessed using 6-fold cross-validation to eval-
uate the predictive capability (Q2) and permutation tests 
(n = 1000; P < 0.05) to ensure statistical significance and 
prevent overfitting. Differential metabolites were identified 
using a dual-cutoff strategy based on the validated model, 
as follows: a variable importance in rrojection (VIP) score 
> 1; and a Benjamini–Hochberg adjusted P value < 0.05. 
Metabolite set enrichment analysis (MSEA) was performed 
using the online tool, MetaboAnalyst (http://www.metabo-
analyst.ca).

Cell culture

The human normal gastric epithelial cell line, GES-1, was 
purchased from the Chinese Academy of Sciences (Shanghai, 
China). All cells were cultured in Dulbecco’s modified Eagle’s 
medium [DMEM] (Gibco, Grand Island, NY, USA) with 
10% fetal bovine serum [FBS] (Gibco) and 1% penicillin/
streptomycin.

Statistical analysis

All measurements are shown as the mean ± standard devia-
tion. The Mann–Whitney U or Wilcoxon’s rank-sum test was 
used to detect differences in numerical variables and Fisher’s 
exact test was used to evaluate the proportional difference in 
categorical variables between groups. The associations among 
metabolites and bacterial species were estimated by Spearman 
correlation and the P value was adjusted by the FDR. All sta-
tistical tests were performed with the R Project for Statistical 
Computing and GraphPad Prism 7.0 (GraphPad, La Jolla, 
CA, USA). A 2-tailed P ≤ 0.05 was considered statistically 
significant. Sample size was determined using G Power 3.1 
software (Heinrich Heine University Düsseldorf, Düsseldorf, 
Germany) based on preliminary data. To detect a large effect 
size (Cohen’s d > 1.5) with a power of 80% and an α = 0.05, a 
minimum of 6 mice per group was needed. Accordingly, 6–10 
mice were used for all animal experiments to ensure statistical 
robustness.

Results
NaD induces gastritis in mice with increased 
infiltration of neutrophils and macrophages

To investigate the effect of NaD administration on the gastric 
pathologies, Conventional C57BL/6 male mice were fed with 
a NaD (7.5% NaNO3) or ND for 1 or 2 weeks, respectively 
(Figures 1A and S1A). Each mouse exhibited a visibly bloated 
stomach after 2 weeks of NaD treatment (Figure S1B) with a 
significant increase in the stomach-to-body weight ratio and 

http://www.metaboanalyst.ca)
http://www.metaboanalyst.ca)
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stomach volume (Figure S1C). Food intake in the NaD treat-
ment groups were decreased compared to the ND treatment 
groups (Figure S1D), which led to weight loss after 2 weeks 
(Figure S1E). The spleen-to-body weight ratio of the NaD-
fed mice also increased, suggesting that a NaD may have pro-
moted an inflammatory response. However, the liver-to-body 
and kidney-to-body weight ratios were unchanged (Figure 
S1F). Importantly, the serum alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) levels were comparable 
between the ND and NaD groups and did not increase, indi-
cating preserved liver function (Figure S1G). H&E staining 
revealed significant immune cell infiltration in the gastric 
mucosa of the NaD-fed mice (Figure 1B), which was associ-
ated with significant increase in pathologic scores compared 
to controls (P < 0.05; Figure 1C). Accordingly, the levels of 
focal inflammation were markedly higher in the 1-week 
NaD group compared to controls; focal and mild inflamma-
tion were evident in the 2-week NaD group (Figure 1D). IF 
staining revealed higher infiltration of CD11b+F4/80+ mac-
rophages and CD11b+Ly6G+ neutrophils into gastric mucosa 
after 2-weeks of NaD treatment (Figure 1E). The proportion 
of T lymphocyte subsets were assessed in the spleens of mice 
from the ND and NaD groups using flow cytometry. A signifi-
cant decrease in the frequency of CD3+ T cells was noted in the 
NaD group compared to the ND group (P = 0.02). However, 
there was no significant difference in the percentage of CD4+ 
T cells between the two groups (Figure 1F). These results 
suggested that high-nitrate intake skews the splenic immune 
profile towards innate immunity, which was characterized by 

expansion of CD11b+F4/80+ macrophages and CD11b+Ly6G+ 
neutrophils concurrent with a reduction in adaptive T-cell 
frequency.

NaD promotes gastric inflammation and 
disrupts mucosal barrier function

The mRNA expression of 84 cytokines and chemokines in the 
gastric mucosa of NaD-treated mice was analyzed to charac-
terize the NaD-triggered inflammatory response (Figure 2A). 
NF-κB p65 expression, a master regulator of pro-inflammatory 
cytokines, was upregulated in the NaD-fed group (Figure 2B). 
qPCR validation demonstrated significant upregulation of Ccl20 
(P = 0.031) and Cxcl5 (P = 0.031) after 1 week of NaD treatment 
(Figure 2C), whereas IL-17a (P = 0.013), Ccl20 (P = 0.004), IL-6 
(P = 0.018), Cxcl5 (P = 0.047), and Ccl2 (P =0.0377) were all 
upregulated in the 2-week NaD group (Figure 2D, Figure S2). 
Direct treatment of GES-1 cells with 40 mM sodium nitrate 
did not significantly alter mRNA expression of inflammatory 
cytokines (Figure 2E). This finding indicated that the metabolic 
processing of nitrate is likely microbiota-dependent. In addition, 
a modest upward trend in serum inflammatory markers was 
noted in NaD-treated mice (Figure 2F), suggesting a mild sys-
temic response. An analysis of the gastric content pH revealed 
comparable levels (pH 5–6) in the ND and NaD mice (Figure 
2G), suggesting that high-nitrate intake had no effect on gastric 
acidity. In addition, 2 weeks of NaD treatment impaired gastric 
mucosal barrier function, as evidenced by downregulation of 

Figure 1  Continued
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Figure 1  NaD induces gastritis with infiltration of neutrophils and macrophages in C57BL/6 mice. (A) Study design scheme for conventional 
7-week-old C57BL/6 mice fed an ND or NaD for 1 or 2 weeks. (B) Representative H&E staining images of gastric mucosa for a 1- and 2-week 
NaD, including focal inflammation, mild inflammation, and normal. Scale bars, 50μm. (C) Gastric mucosal pathologic scores for the ND (n = 
20), 1-week NaD (n = 10), and 2-week NaD groups (n = 10). Data are shown as the mean ± SEM. One-way ANOVA test was used to determine 
the statistical significance among groups. (D) Pathologic diagnosis statistics of gastric mucosa among ND (n = 20), 1-week NaD (n = 10), and 
2-week NaD groups (n = 10). (E) Representative IF and IHC images (captured 2-3 views for each mouse) of CD11b, Gr 1, F4/80, and Ly6G in 
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key tight junction proteins (ZO-1, E-cadherin, and claudin-1; 
Figure 2H). IF staining showed reduced ZO-1 expression and 
a loss of continuous membrane localization (Figure 2I). These 
results indicated that NaD treatment elevated inflammatory 
chemokines and cytokines and impaired gastric mucosal bar-
rier integrity.

NaD induces taxonomic and functional shifts 
in the gut microbiota

To investigate whether dietary nitrate intake modulates the 
stomach and gastrointestinal tract microbiome, the micro-
bial communities in gastric mucosa, gastric content, and 
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Figure 2  Continued

gastric mucosa between ND (n = 10) and NaD (n = 10). Scale bars, 50 μm. Data are shown as the mean ± SEM. Student’s t-test was used to 
determine the statistical significance between groups. (F) Representative FACS plots and summary graphs of CD3+ and CD4+ T cells in ND- 
and NaD-treated mice (n = 10 per group). The percentage of CD3+ cells was significantly lower in the NaD group (P = 0.02), while CD4+ Cells 
levels were comparable between groups. Data are shown as the mean ± SEM. Student’s t-test was used to determine the statistical significance 
between groups. Abbreviations: IF,  immunofluorescence; IHC, immunohistochemistry; NaD, high-nitrate diet; ND, normal diet.
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stool sampled from NaD-treated and ND-fed mice were 
characterized. NaD intervention significantly reduced the 
Shannon diversity in gastric mucosa and gastric content 
after just 1 week, which persisted through the 2nd week 
and was consistently observed in stool samples (Figure 
3A). Specifically, NaD treatment caused a dramatic micro-
bial shift in the gastric mucosa dominated by Lactobacillus, 
which increased to > 75% of the total composition com-
pared to controls (Figures 3B and S3A). This finding might 
be due to the ability of Lactobacilli to convert nitrate into 
NO and nitrite, allowing Lactobacilli to thrive. In addi-
tion, Firmicutes was enriched in gastric content and stool 
samples after NaD treatment (Figure S3B and S3C). Beta 
diversity analysis revealed a clear separation between NaD-
treated mice and ND-fed mice in gastric mucosa, gastric 
content, and stool samples (Figure 3C), indicating that NaD 
induces ecologic disruption of the gastrointestinal tract 
microbiome. At the species level, potential pathogens, such 
as E. gallinarum, Prevotella timonensis, and Mycobacterium 
gordonae, were enriched in gastric mucosa after 2 weeks 
of NaD treatment (Figure 3D). Analysis of microbial gene 
function showed that NaD treatment induced enrichment 
of the nitrate reductase pathway in gastric content and 
stool samples (Figure 3E). Overlap of differential species 
among gastric mucosa, gastric content, and stool samples 
identified 3 commonly dysregulated species in the 1-week 

NaD group, which increased to 13 species in the 2-week 
NaD group (Figure 3F). Roseburia hominis, Clostridium 
scindens, and Faecalibacterium prausnitzii, all of which are 
probiotics, were the top 3 depleted species (Figure 3G and 
3H). Collectively, these results demonstrated that NaD die-
tary intervention provoked microbial dysbiosis, which was 
marked by enrichment of potential pathogens in the gastric 
mucosa and concurrent depletion of probiotic bacteria in 
the gastrointestinal tract.

NaD alters metabolism by upregulating the 
tryptophan pathway

The metabolic alterations induced by NaD treatment were char-
acterized given the established role of microbiota-associated 
metabolites in health and disease. The metabolites in gastric 
mucosa, gastric content, serum, and stool samples were pro-
filed and these data were integrated with metagenomic datasets. 
PLS-DA score plots revealed distinct metabolic clusters between 
NaD-treated and ND-fed controls across all sample types, 
including gastric mucosa (1- and 2-week NaD; Figure  4A), as 
well as gastric content, serum, and stool (Figure 4B). The con-
comitant metabolic alterations in the gastric mucosa were char-
acterized given the observed enrichment of pathogenic species. 
Specifically, 56 metabolites were elevated and 20 were depleted 
after NaD treatment for 1 or 2 weeks (Figure 4C and 4D). KEGG 
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pathway enrichment analysis of these differentially expressed 
metabolites implied significant involvement of tryptophan-re-
lated metabolic pathways, including upregulation of trypto-
phan metabolism in the 1-week NaD group and enrichment 

of phenylalanine, tyrosine, and tryptophan biosynthesis in the 
2-week NaD group (Figure 4E). Ten metabolites were consist-
ently altered across both time points. Among the metabolites, 
5-Hydroxyindoleacetate (5-HIAA) was the leading upregulated 
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metabolite (Figure 4F). Spearman correlation analysis was per-
formed between the differentially expressed microbial species 
and tryptophan-related metabolites to correlate these findings 
with the gastric microbiome. This analysis revealed significant 
negative correlations of 5-HIAA and indole-3-carboxalde-
hyde with depleted probiotic species, including R. hominis, C. 

scindens, and F. prausnitzii. Additionally, indole lactic acid was 
negatively correlated with R. hominis, whereas 5-HIAA exhib-
ited a positive correlation with E. gallinarum. (rho < −0.5, P < 
0.05; Figure 4G). In summary, NaD alters tryptophan metabo-
lism in the gastric mucosa, which is closely associated with con-
current microbial disturbance.
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E. gallinarum or 5-HIAA treatment exacerbate 
gastritis in conventional and germ-free mouse 
models
Next, the functional role of NaD-associated pathogenic bac-
teria and metabolites in gastritis development were validated 
in a conventional mouse model (Figure 5A). Mice were 

gavaged with E. gallinarum (1 × 108 CFU), 5-HIAA (5 mg/kg), 
or vehicle daily for 3 weeks. Stomach tissues were harvested 
and processed for HE staining (Figure 5B). Mice treated with 
E. gallinarum or 5-HIAA exhibited significantly increased 
pathologic scores (Figure 5C) and severe histologic diagno-
ses, characterized by varying degrees of inflammation with 
foci and clusters of neutrophil infiltration (Figure 5D). These 
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treatments were then performed on an additional germ-free 
mouse model to validate that the phenotypic effects of E. galli-
narum or 5-HIAA were independent of other components of 
the gut microbiota (Figure 5E). Histologic analysis of gastric 
samples revealed the same phenotype (Figure 5F) with the E. 
gallinarum and 5-HIAA groups showing significantly higher 
pathologic scores (Figure 5G) and inflammation (Figure 5H). 
Taken together, these results suggested that NaD-associated 
pathogenic bacteria and metabolites contribute to the devel-
opment of gastritis.

We next asked if E. gallinarum and 5-HIAA promote gas-
tric inflammation through the induction of pro-inflammatory 
cytokines. Indeed, in vitro treatment of a gastric cell line (Ges-
1) with 5-HIAA triggered a marked upregulation of pro-in-
flammatory cytokines chemokines (IL-17a, Cxcl5, and IL-6) 

enriched in the IL-17a signaling pathway (Figure 5I). These 
findings were subsequently validated in germ-free mice using 
qPCR array, confirming that E. gallinarum and 5-HIAA altered 
the expression of key inflammatory cytokines and chemokines 
(IL-17a, Ccl2, Ccl20, Cxcl5, and IL-6; Figure 5J and 5K), thus 
confirming our hypothesis.

Discussion
Environmental factors heavily influence the human micro-
biota and diet is arguably the most critical factor in defin-
ing the microbial landscape in the gastrointestinal tract20. 
However, the interplay between diet and the gastric microbi-
ota has not been established. Herein NaD administration was 
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shown to trigger gastritis with increased immune cell infil-
tration and pro-inflammatory cytokine levels. This finding 
was accompanied by the enrichment of pathogens and deple-
tion of probiotics in the gastric mucosa. Integrative analyses 
identified the tryptophan metabolite, 5-HIAA, as enriched 
in NaD-induced gastritis and negatively correlated with pro-
biotic abundance. Studies with an NaD-enriched pathogen 
(E. gallinarum) and metabolite (5-HIAA) in conventional 
and germ-free mice validated the contributory role in gas-
tritis development. Collectively, the results inferred that NaD 
promotes gastritis by modulating the gastric microbiota and 
metabolites.

Epidemiologic evidence has suggested the ingestion of 
nitrate may be associated with an increased risk of develop-
ing gastric pathologies. This potential link has been proposed 
to occur through the formation of carcinogenic nitrosamine 
compounds that can promote tumorigenesis21. However, how 
NaD elicits gastritis is far from understood. Herein a diet 

supplemented with 7.5% NaD was shown to be associated 
with gastritis and severe inflammation in mice. It is important 
to acknowledge that the 7.5% sodium nitrate concentration 
used in this study represents a supra-physiologic dietary inter-
vention. This allows for the mechanistic dissection of nitrate-
driven inflammatory pathways and dysbiosis, distinct from 
chronic low-dose dietary exposure. The findings revealed that 
NaD intake triggers a pro-inflammatory state in the gastric 
mucosa that is characterized by the presence of infiltrating 
inflammatory cells, including neutrophils and macrophages. 
NaD also strongly activated chemokines and cytokines signal-
ing pathway in the gastric mucosa, particularly IL-17a, Ccl20, 
IL-6, Cxcl5, and Ccl2, concurrent with activation of NF-κB. 
Chemokines and cytokines are key signaling molecules that 
orchestrate trafficking of immune cells22 and are likely medi-
ators of the pro-inflammatory state. Furthermore, NaD die-
tary intervention compromised the gastric mucosal barrier, as 
indicated by downregulation of critical tight junction proteins 
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(ZO-1, E-cadherin, and claudin-1). Taken together, NaD 
administration was shown to induced a series of pathologic 
changes leading to gastritis with overt inflammation and a loss 
of barrier integrity. Long-term exposure to NaD might thus 

lead to chronic gastritis and an increase in the risk of gastric 
tumorigenesis.

Accumulating evidence has demonstrated that the gut 
microbiome is closely associated with tumor initiation and 
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Figure 5  Treatment with E. gallinarum or 5-HIAA exacerbated the gastritis. (A) Schematic diagram of the experimental design for the con-
ventional mouse model (n = 10 mice per group). (B) Representative H&E staining images of stomach mucosa for control, E. gallinarum, or 
5-HIAA treatment in the conventional mouse model. Scale bars: 200 μm for the upper panel (10× objective), 50 μm for the lower panel (40× 
objective). (C) Pathologic score of stomach mucosa for the control, E. gallinarum, or 5-HIAA treatment in the conventional mouse model. 
(D) Pathologic diagnosis statistic of stomach mucosa for control, E. gallinarum, or 5-HIAA treatment in the conventional mouse model. (E) 
Schematic diagram of the experimental design for the conventional mouse model (control: n = 8; E. gallinarum: n = 9; 5-HIAA: n = 9). (F) 
Representative H&E staining images of stomach mucosa for control, E. gallinarum, or 5-HIAA treatment in the germ-free mouse model. Scale 
bars: 200 μm for the upper panel (10× objective), 50 μm for the lower panel (40× objective). (G) Pathologic score of stomach mucosa for the 
control, E. gallinarum, or 5-HIAA treatment in the germ-free mouse model. (H) Pathologic diagnosis statistic of stomach mucosa for control, E. 
gallinarum, or 5-HIAA treatment in the germ-free mouse model. (I) Inflammatory response and autoimmunity PCR array using 5-HIAA treat-
ment for the Ges-1 cell line. (J) Inflammatory response and autoimmunity PCR array using 5-HIAA treatment in the germ-free mouse model. 
(K) Inflammatory response and autoimmunity PCR array using E. gallinarum treatment in the germ-free mouse model. Abbreviations: 5-HIAA, 
5-hydroxyindoleacetate; E. gallinarum, Enterococcus gallinarum.
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progression in multiple solid tumors, including gastric can-
cer23. Our previous study revealed S. anginosus as a novel 
pathogen that promotes gastric tumorigenesis via direct inter-
actions with gastric epithelial cells in the TMPC-ANXA2-
MAPK axis13. To ask if NaD-induced gastritis involves 
alterations of the microbiome, comprehensive profiling of 
microbial communities was performed from gastric mucosa, 
gastric content, and stool samples. NaD feeding for 2 weeks 
significantly altered the gastric microbiota composition, char-
acterized by an enrichment of pathogenic species (E. galli-
narum, P. timonensis, and M. gordonae) and the depletion of 
beneficial species (R. hominis, C. scindens, and F. prausnitzii). 
Taken together, these data indicated that NaD induces a state 

of gastric dysbiosis, which potentially contributes to gastritis 
and disease pathogenesis.

The complex microbial communities inhabiting the gas-
trointestinal tract produce a vast array of small molecules 
and metabolites that interact with the host and play influ-
ential roles in regulating multiple physiologic processes, 
including metabolism, immune function, inflammation, 
and neurological processes24-28. Metabolomic analysis 
revealed that tryptophan metabolism is the top dysregulated 
metabolic pathway in NaD-treated mice. The correlation 
between the metagenome and metabolome were investi-
gated given the important role of gut microbial metabo-
lites in disease. A correlation analysis linked the changes 
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Figure 6  Schematic illustration links a NaD to gastritis in a mouse model. NaD intake induces significant gastric dysbiosis, characterized by 
enrichment of the pathogenic bacterium, E. gallinarum, and depletion of beneficial species. This microbial shift is accompanied by metabolic 
reprogramming, specifically the upregulation of tryptophan metabolism and the accumulation of 5-HIAA. Mechanistically, both E. gallinarum 
colonization and elevated 5-HIAA act as pro-inflammatory triggers that stimulate the expression of cytokines and chemokines (including 
IL-17a, Cxcl5, Il-6, Ccl20, and Ccl2) in the gastric mucosa. This inflammatory signaling promotes the infiltration of innate immune cells, specif-
ically CD11b+F4/80+ macrophages and CD11b+Ly6G+ neutrophils, while disrupting mucosal barrier integrity (e.g., downregulation of ZO-1), 
ultimately leading to the pathologic development of gastritis. Abbreviations: 5-HIAA, 5-hydroxyindoleacetate; E. gallinarum, Enterococcus 
gallinarum; NaD, NaD, high-nitrate diet.



Cancer Biol Med Vol 23, No 5 May 2026� 735

in tryptophan-related metabolites to key bacterial species 
altered by a NaD. Subsequent experiments confirmed that 
gavage with E. gallinarum and 5-HIAA was sufficient to reca-
pitulate the gastritis phenotype, identifying E. gallinarum 
and the associated metabolite, 5-HIAA, as inflammation- 
promoting factors in the gastric mucosa.

Conclusions
In summary, the current study elucidates a new patho-
genic mechanism by which dietary nitrate promotes gastri-
tis by modulating gastric microbiota and metabolites. NaD 
consumption initiates a cycle of inflammation and barrier 
dysfunction driven by gastric microbiome dysbiosis and asso-
ciated metabolic shifts, including enrichment of E. gallinarum 
and the pro-inflammatory metabolite, 5-HIAA. This work 
provides a comprehensive framework linking environmental 
nitrate intake to gastric pathology via a host-microbe-metab-
olite axis.
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