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A B S T R A C T

Inorganic dietary nitrate plays vital roles in biological functions via the exogenous NO3-/NO2-/NO pathway
under hypoxia and ischemia. We previously verified the antioxidative effects of inorganic nitrate in a mouse
model of total body irradiation (TBI). Accordingly, in this study, we evaluated the effects of inorganic nitrate on
prevention of TBI-induced colon injury and dysbiosis of the gut microbiome. Nitrate significantly rescued the
abnormal biological indexes (body weight, white blood cell, red blood cell, platelet, hemoglobin level and in-
testinal canal lengths) induced by TBI. Then, we detected oxidative stress and DNA damage indexes (phospho-
histone H2AX and p53 binding protein 1), which were both increased by irradiation (IR) and alleviated by
nitrate. IR-induced apoptosis and senescence were ameliorated by inorganic nitrate. The distribution of the gut
microbiome differed for mice with TBI and those receiving inorganic nitrate. The average abundance of
Lactobacillus significantly increased, and that of Bacteroidales decreased at the genus level in the nitrate group
compared with that in the IR alone group. At 30 days after TBI, the abundances of Bacteroides and
Faecalibaculum decreased, whereas that of Lactobacillus increased in the IR + nitrate group compared with that
in the IR alone group. Inorganic nitrate efficiently prevents TBI-induced colon epithelium injury and maintains
the homeostasis of the gut microbiome. Thus, our results showed that inorganic nitrate might be a promising
treatment for TBI induced colon injury.

1. Introduction

Radiotherapy is commonly used in the treatment of tumors. Total
body irradiation (TBI) is performed prior to hematopoietic stem cell
transplantation in patients with adult T cell leukemia [1]. Various
complications occur with TBI, including interstitial pneumonitis and
other toxicities [2]. Despite attempts to reduce the side effects of TBI,
systemic damage is still observed in clinical treatment.

Excess reactive oxygen species (ROS) are produced after exposure to

radiation, causing chronic oxidative damage in various organs [3,4].
Oxidative stress induced by ROS accumulation is a major mechanism
leading to apoptosis following DNA damage [5]. Moreover, ROS accu-
mulation results in decreased self-renewal and stress-induced cell death
in stem cell senescence biology [6].

The gut microbiome composition differs among individuals and is
influenced by multiple genetic and environmental factors, including
diet, drugs, age, and health [7,8]. Dysbiosis of the gut microbiota is
associated with many gastrointestinal diseases [9]. Radiation
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enteropathy involves acute and chronic gastrointestinal side effects
[10], and the abundance of pathogenic bacteria is generally increased
in these diseases. Additionally, radiotherapy influences the gut micro-
biome and dysbiotic bacteria, thereby aggravating gastrointestinal
symptoms [11,12].

Under hypoxic and ischemic conditions, NOS-derived nitric oxide
(NO) is inhibited, and nitrate-nitrite-NO pathway is facilitated [13].
Inorganic nitrate supplementation increases exogenous NO and plays
vital biological functions [14]. Additionally, salivary nitrate secretion
and nitrite formation are increased, protecting the gastric mucosa
against stress-induced injury via the NO pathway [15]. Notably, the
diversity and pathology of the oral microbiota influence the nitrate/
nitrite/NO pathway [16]. However, the relationships between nitrate
and the microbiome are still unclear.

It was reported that TBI causes DNA injury at an early stage in
multiple organs and that dietary nitrate effectively alleviates the re-
sulting systemic damage in mice [17]. Here, we evaluated whether
inorganic nitrate prevents TBI-induced colon injury. Our results provide
important insights into the protective effects of inorganic nitrate in
alleviating TBI-induced colon injury.

2. Materials and methods

2.1. Application and detection of nitrate in animals

Nitrate (NaNO3; cat. no. S8170; Sigma-Aldrich, Germany), dissolved
with pure water to a concentration of 2 mM, was applied 1 week before
receiving TBI and continued to 30 days after TBI. Part of the colon was
collected and weighed. The tissues were homogenized, and nitrate and
nitrite concentrations were detected according to standard procedures
using a Total Nitric Oxide and Nitrate/Nitrite Parameter Assay Kit (cat.
no. PKGE001; R&D Systems, USA).

2.2. Immunofluorescence and immunohistochemistry

Samples embedded in OCT were sectioned into 10-μm-thick sections
and blocked with blocking buffer (cat. no. ab126587; Abcam, USA).
Samples were then incubated with primary antibodies targeting
phospho-H2AX (1:250; cat. no. ab22551; Abcam) and p53 binding
protein 1 (53BP-1; 1:200; cat. no. ab131442; Abcam) at 4 °C overnight,
followed by incubation with secondary anti-mouse antibodies for
phospho-H2AX (1:500; Alexa Fluor 594; cat. no. ab150120; Abcam)
and secondary anti-rabbit antibodies for 53BP-1 (1:500; Alexa Fluor
488; cat. no. ab150073; Abcam) at room temperature for 1 h. Sections
were then photographed using a confocal system and digital camera
(SP8; Leica, Weztlar, Germany). At least three fields in each section and
five different sections were used for calculations.

Samples were fixed with neutral formalin, embedded in paraffin,
and sectioned (5 μm thickness). After dehydration with graded alcohol
and antigen retrieval, sections were blocked and incubated with anti-
bodies targeting p53 (1:500; cat. no. ab188224; Abcam) or endogenous
nitric oxide synthase (eNOS; 1:1000; cat. no. ab76198; Abcam), fol-
lowed by incubation with secondary antibodies (1:300; cat. no. ab7090;
Abcam) for 1 h at 26 °C. Sections were observed using an Olympus
BX51 microscope (Olympus Corporation, Japan) and photographed
using Image Pro Plus 6.0. At least three fields in each section and five
different sections were used for calculations.

2.3. Western blotting and quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR)

Proteins were extracted using RIPA buffer containing protease (cat.
no. P1265; Applygen, Technologies, Inc., China) and phosphatase in-
hibitors (cat. not. P1260; Applygen). Proteins were separated on poly-
acrylamide gels and then transferred to membranes. The membranes
were incubated with primary antibodies targeting phospho-H2AX

(1:1000; cat. no. ab22551; Abcam), superoxide dismutase (SOD) 2
(1:2000; cat. no. ab13534; Abcam), p21 (1:1000; cat. no. ab188224;
Abcam), eNOS (1:1000; cat. no. ab76198; Abcam), caspase3 (1:1000;
cat. no. 9662; Cell Signaling Technology, USA), and p53 (1:1000; cat.
no. ab131442; Abcam) overnight at 4 °C. The membranes were then
incubated with secondary antibodies (1:1000; cat. no. ab7090; Abcam)
for 1 h at 26 °C. The protein bands were detected using a Bio-Rad
ChemiDoc MP (Bio-Rad, Hercules, CA, USA) and Image Lab 3.0 system.
The analyses were repeated three times, and data were calculated using
Image J Pro Plus 6.0.

For qRT-PCR, total RNA was extracted from colon tissues using
SYBR Green (cat. no. DP431; Tiangen Biotech, Beijing, China), and
reverse transcription was carried out using a Fastquant RT Super Mix
Kit (cat. no. KR108; Tiangen Biotech). Primers are listed in
Supplementary Table 1. The real-time PCR mixture (primer, cDNA and
single-stranded RNA) was prepared, and PCR was carried out using a
CFX96 Real-Time System (Bio-Rad) as previously reported [18].

2.4. ROS detection and terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) assays

Fresh samples without fixation were frozen and embedded in OCT.
The samples were sectioned at 10-μm thickness. Using a ROS
Fluorescein Assay Kit (cat. no. GMS10016.6; Genmed Scientifics, Inc.,
USA), sections were stained at room temperature and incubated at 37 °C
for approximately 20 min. Next, the sections were stained with 4′,6-
diamidino-2-phenylindole and observed by confocal laser scanning
microscopy (TCS SP8; Leica). We evaluated five different sections and
three fields in each section. Image Pro Plus 6.0 was used for quantifi-
cation of ROS. We first calculated the average fluorescence intensity of
ROS and nuclear. Then, we used the ratio of ROS versus nuclear to show
the change of ROS in this study.

Apoptosis levels were detected using TUNEL staining. Briefly,
samples were fixed, embedded in paraffin, sectioned, stained, and ob-
served by confocal laser scanning microscopy (TCS SP8; Leica). We
evaluated five different sections and three fields in each section. The
TUNEL-positive area was calculated using Image Pro Plus 6.0.

2.5. Blood sample collection and blood routine examination

After animals were anesthetized, blood samples were collected from
the ophthalmic vein and evaluated immediately at the School of
Stomatology, Capital Medical University using standard hematology
procedures. White blood cells (WBCs), red blood cells (RBCs), platelets
(PLTs), and hemoglobin (HGB) were examined.

2.6. Fecal sample collection and 16S RNA examination

Animals were sacrificed from day 7 to day 30 after TBI. Fecal
samples were directly collected from the lower segment of the colon.
The samples were then stored at −80 °C and examined by Biomarker
Technologies (Beijing, China).

Feces from the normal and inorganic nitrate groups (n = 6) were
collected on day 0. Samples from the irradiation (IR) and
IR + inorganic nitrate (IR + Nit) groups (n = 6) were collected on
days 7 and 30 after TBI. Genomic DNA was extracted and quantified.
PCR products were tested by electrophoresis and quantified using a
QuantiFluor-ST system. Using an Illumina HiSeq sequence platform and
paired-end method, microbiome diversity was detected. According to
operational taxonomic unit analysis, the detected microbiome was se-
parated and analyzed at different levels of classification using α di-
versity, the Ace index (reflecting the richness), and the Shannon and
Simpson indexes (reflecting the diversity). The most abundant species
from six groups were selected. Nonmetric multidimensional scaling
(NMDS) was used to simplify the samples or variables to low-dimen-
sional space, and subsequent analyses were then carried out. The
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original relationships between objects were preserved. Linear dis-
criminant analysis effect size (LEfSe) was used to show the significant
biomarkers among groups. 16S functional gene analysis was performed
using PICRUSt software, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses were carried out to determined differences
and changes in metabolic pathways of functional genes.

2.7. Statistical analysis

Data are presented as means ± standard errors of the means and
analyzed using SPSS 19.0. Results with p values of less than 0.05 were
considered significant. Charts and figures were generated using
GraphPad 6.0 and Photoshop CS6, respectively. Shapiro-Wilk normal-
ized tests and homogeneity of variance tests were performed before
using one-way analysis of variance and Bonferroni post-hoc tests to
compare differences among groups for data with normal distributions
and equal variance. Kruskal-Wallis tests and Mann-Whitney U tests
were used for data with non-normal distributions or unequal variance.

3. Results

3.1. Recovery of the general condition of mice by nitrate treatment

The experiment design is shown in Supplementary Fig. 1. Mouse
weight increased with time. The tendencies in the normal control, in-
organic nitrogen, and IR + Nit groups were similar, although weight
gain in the IR group was much slower than that in the other groups. On
day 30 after TBI, the weight in the IR group was significantly lower

than that in the other three groups (Fig. 1A). Moreover, changes in
WBC, RBC, PLT, and HGB concentrations were similar in the IR and
IR + Nit groups. The abnormal index recovered to almost normal by
day 30 after TBI. However, significant decreases in WBC levels at 4 h,
RBC levels at 7 days, PLT levels at 2 and 4 h, and HGB levels at 24 h and
7 days were observed in the IR group compared with that those in the
IR + Nit group (Fig. 1B–E). The length of the intestinal canal was
shortened at 6 and 24 h after TBI and partially recovered on days 7 and
30 (Supplementary Fig. 2). The intestinal canal length was significantly
shorter in the IR group than in the normal control group, whereas no
significant differences were observed between the IR and IR + Nit
groups (Fig. 1F).

3.2. Oxidative stress and DNA damage were alleviated in the IR + Nit
group

Oxidative stress is decreased in the submandibular gland and lungs
after nitrate supplementation [17]. Here, we measured ROS levels in
the colon at various times after TBI. ROS levels increased after TBI and
peaked at 24 h. At 4 h, 6 h, and 7 days, ROS levels in the IR + Nit group
were decreased compared with those in the IR group (Fig. 2A, C). ROS
subsequently induced DNA damage and increased apoptosis in both
normal and cancer cells [19]. Analysis of phospho-H2AX and 53BP-1
levels at 2, 4, 6, and 24 h after TBI by immunofluorescence showed that
DNA damage gradually increased, peaking at approximately 6–12 h
after TBI. In contrast, phospho-H2AX levels were significantly de-
creased in the IR + Nit group compared with those in the IR group
(Fig. 2B, D). 53BP-1 levels in the IR + Nit group were also decreased

Fig. 1. Nitrate recovered TBI-induced abnormalities in general condition.
Body weights of mice in the four groups (A). WBCs (B), RBCs (C), PLTs (D), and HGB concentrations (E) in the four groups. Intestinal canal length was calculated (F).
Data are presented as means ± SEMs (n = 6 mice/group). *p < 0.05, **p < 0.01.
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compared with those in the IR group at 4 and 6 h after TBI (Fig. 2B, E).
Moreover, western blotting for detection of phospho-H2AX confirmed
the reduced DNA damage in the nitrate group. At 4, 6, and 24 h after
TBI, phospho-H2AX levels in the IR + Nit group were decreased
compared with those in the IR group (Fig. 2F). Notably, SOD2 expres-
sion was decreased after TBI, but significantly recovered in the IR + Nit

group compared with that in the IR group (Fig. 2G).

3.3. Nitrate slightly inhibited apoptosis after TBI

Apoptosis is a mechanism of programmed cell death tightly regu-
lated by caspase proteases [20]. Therefore, we evaluated caspase 3

Fig. 2. Nitrate alleviated the increased oxidative stress induced by TBI.
ROS expression was detected using immunofluorescence analysis (A, C). Phospho-H2AX and 53BP-1 levels after TBI (B, D, E). Western blotting was used to detect
changes in phospho-H2AX (F) and SOD2 protein levels (G). Data are shown as means± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001. Three fields were evaluated
from each of five sections per sample. Western blotting was repeated independently three times.
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expression after TBI. Cleaved caspase 3 expression was increased in the
IR group and significantly decreased in the IR + Nit group (Fig. 3A).
Moreover, nitrate significantly alleviated TBI-induced apoptosis in the
colon. In contrast, on day 30, no significant differences were found
among groups (Fig. 3B and C).

The apoptotic pathway is regulated by the Bcl-2 protein family and
the Bcl-2/Bax ratio [21]. Thus, we evaluated Bcl-2 and Bax mRNA le-
vels. Notably, Bax expression was significantly increased after TBI, al-
though decreased expression was observed in the IR + Nit group
compared with that in the IR group. The opposite changes were ob-
served for Bcl-2 expression (Fig. 3D).

3.4. Nitrate recovered TBI-induced senescence in the colon

IR inhibits cell cycle progression in human mesenchymal stem cells
and induces senescence by activating the p53 pathway [22]. Moreover,
IR-induced senescence caused long-term damage by preventing the
renewal of tissues progenitor cells [23]. In our study, we found that p53
and p21 protein levels were significantly increased at 2, 4, and 6 h after
receiving TBI, and nearly complete recovery was observed at 24 h.
Notably, the increase in p53 expression was blocked in the IR + Nit
group compared with that in the IR group (Fig. 4A and B). Western
blotting showed that nitrate alleviated senescence by decreasing p53

Fig. 3. Nitrate blocked TBI-induced apoptosis.
Cleaved caspase 3 levels at 24 h, 7 days, and 30 days after TBI (A). TUNEL staining was performed to show apoptosis levels (B, C). Bcl-2 and Bax mRNA levels were
evaluated by PCR (D, E). Data are shown as means± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001. Three fields were evaluated from each of five sections per
sample. Western blotting and PCR were repeated independently three times.
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and p21 levels at 2, 4, and 6 h after TBI (Fig. 4C–E). Moreover, p53
mRNA was significantly decreased in the IR + Nit group compared
with that in the IR group (Fig. 4F). Thus, the anti-senescence function of
nitrate was speculated associated with the inhibition of the p53 se-
nescence pathway.

We collected multiple organs as heart, liver, spleen, lung, kidney
and observed the histological change with or without IR/nitrate.
Results showed that no significant change was found among those
groups in our presented data (Supplementary Fig. 3).

3.5. The NO3−/NO2−/NO pathway was activated in the IR + Nit group

Beneficial effects of inorganic nitrite was reported in model using
activated immune cells and nitrite attenuated iNOS activation and
oxidative stress [24]. Here, we found that the nitrite concentration in
colon homogenates in the IR group tended to decrease compared with
that in the normal control group at 2, 4, 6, and 24 h, although the

differences were not significant. In contrast, at 7 and 30 days after TBI,
nitrite concentrations were significantly reduced in the IR group. In
both the inorganic nitrogen and IR + Nit groups, nitrite concentrations
were increased. However, on days 7 and 30 after TBI, nitrite con-
centrations were decreased in the IR + Nit group (Fig. 5A).

Additionally, cGMP levels began to decrease at 2 h; cGMP con-
centrations in the IR + Nit group were significantly higher at 6 h, 24 h,
7 days, and 30 days after TBI (Fig. 5B). Moreover, eNOS protein ex-
pression decreased after IR and was then partially recovered in the
IR + Nit group (Fig. 5C–E).

3.6. Nitrate regulated the abnormal gut microbiome after TBI

The gut microbiome plays vital roles in regulating abnormal con-
ditions [25]. Accordingly, we analyzed the gut microbiota on days 7
and 30 after TBI. There were no significant differences in α-diversity
among groups (Supplementary Fig. 4). However, NMDS results showed

Fig. 4. Nitrate blocked TBI-induced senescence.
p53 protein expression was detected by immunohistochemistry and western blotting (A–C, E). p21 protein expression (D). Changes in p53 mRNA levels were
evaluated by PCR (F). Data are shown as means± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001. Three fields were evaluated from each of five sections per sample.
Western blotting and PCR were repeated independently three times.
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that after receiving TBI, the gut microbiome in mice changed. Intrigu-
ingly, at day 30 after IR, the distributions of the gut microbiome in the
IR and IR + Nit groups were different from those in the normal control
group and were separated from each other (Fig. 6A).

The major species identified in these groups were uncultured_
bacterium_f_Bacteroidales_S24-7_group, Lactobacillus, Ruminococcaccae_UCG-
014, Lachnospiraceae_NK4A136, Prevotellaceae_UCG-001, Akkermansia,
Bacteroides, uncultured_bacterium_f_Lachnospiraceae, Alistipes, Alloprevotella,
and Eubacterium_coprostanoligenes_group. The average richness of
Bacteroidales_S24-7_group in the IR group was increased compared with
that in the normal control group at 30 days, whereas the richness de-
creased in the IR + Nit group at 30 days. The abundance of Akkermansia
was increased in the IR and IR + Nit groups at 30 days, whereas
Ruminococcaceae _UCG-014 was increased in the IR + Nit group at 30
days (Fig. 6B). The ratio of Firmicutes/Bacteroidetes in IR 30d group

significantly decreased compared with NT group, IR 7d and IR + Nit 30d
group (Supplementary Fig. 5).

LEfSe showed that no different bacteria were found between the
normal control and IR groups at 7 days, indicating that the gut mi-
crobiome did not change significantly at 7 days after IR. However, on
day 30 after IR, the abundance of Alloprevotella and Firmicutes was
decreased, whereas that of uncultured_Bacteroidales_S24-7_group,
Bacteroidales_S24-7_group, Akkermansia, and Verrucomicrobiaceae was
increased in the IR group compared with that in the IR group at 30 days
(Fig. 6C). Moreover, Bacteroides and Bacteroidaceae abundance was in-
creased in the IR group on day 7 compared with that in the IR + Nit
group on day 7 (Fig. 6D). On day 30 after IR, nitrate supplementation
increased the abundance of Firmicutes, Bacillus, Lactobacillales, uncul-
tured_Lactobacillus, Lactobacillaceae, Lactobacillus, and Ruminococca-
ceae_UCG_014, whereas the abundance of Rikenellaceae, Butyricimonas,

Fig. 5. Inorganic nitrate activated the NO3/NO2/NO pathway.
Nitrite concentrations in the four groups (A). cGMP levels in the colon (B). eNOS protein levels were detected using western blotting (C) and immunohistochemistry
(D, E). Data are shown as means± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001. Three fields were evaluated from each of five sections per sample. Western
blotting was repeated independently three times.
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Fig. 6. The analysis of gut microbiome among four groups.
NMDS analysis of the microbiome in the four groups (A). Relative abundances of the major microbial groups at the genus level (B). Abundances of different bacteria
after IR for 30 days (C) and 7 days with or without nitrate (D). Abundances of multiple bacteria in the IR + Nit and IR groups at 30 days (E). Relative abundances of
Lactobacillus in all six groups (F). Significant KEGG pathways between the normal control (NT) and IR groups at 30 days, the NT and IR + Nit groups at 30 days, and
the IR and IR + Nit groups at 30 days (G–I). Six samples were evaluated in each group.
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Bacteroides, Bacteroidaceae, uncultured_Faecalibaculum, Faecalibaculum,
and uncultured_Bacteroidales_S24_7_group was increased in the IR group
on day 30 (Fig. 6E). The relative abundance of Lactobacillus in all six
groups increased significantly in the IR + Nit group (Fig. 6F).

Gene function analysis using the KEGG database showed that there
were no significant differences between the NT and IR groups on day 7.
The pathways of cancers, infectious diseases, and lipid metabolism were
upregulated in the IR group on day 30, whereas the pathways of nu-
cleotide metabolism and carbohydrate metabolism were downregulated
compared with those in the NT group (Fig. 6G). The pathways of lipid
metabolism, excretory system, and substance dependence were upre-
gulated in the IR + Nit group on day 30 compared with those in the NT
group, similar to those in the IR group on day 30 (Fig. 6H). Moreover,
the gene functions of transport and catabolism, glycan biosynthesis and
metabolism, biosynthesis of other secondary metabolites, and neuro-
degenerative diseases were upregulated in the IR group compared with
those in the IR + Nit group on day 30. In contrast, the pathway of
membrane transport, process by which ions and solutes pass through
the membrane was downregulated in the IR group at 30 days (Fig. 6I),
indicating that the gut bacteria-released LPS-like compounds could
easier to enter the circulation.

4. Discussion

Inorganic dietary nitrate alleviates TBI-induced lung and sub-
mandibular gland injury by decreasing DNA damage [17]. Here, we
observed the preventive effects of inorganic dietary nitrate on TBI-in-
duced colon injury. Our results demonstrated the protective effects of
nitrate on physiology and the gut microbiome following TBI in mice.

IR induces ROS accumulation and increases oxidative stress and
tissue injury [26,27]. ROS and DNA damage induced by IR then cause
multiple systemic problems [18,28]. Increased ROS accumulation also
decreases bioactive NO levels during the early reperfusion phase
[29,30]. NO signaling could reduce the expression of ROS in cardio-
myocytes by posttranslational mitochondrial complex I modification
[31]. Indeed, in a mouse model of TBI, nitrate had anti-oxygenation
effects in the submandibular gland and lungs [17]. Moreover, inorganic
nitrate attenuated IR-induced oxidative stress by upregulating SOD2,
which leads to reduced ROS accumulation, suggesting that nitrate may
promote the deacetylation of Mn-SOD [32].

In our study, indexes of phospho-H2AX and 53BP-1, which are as-
sociated with DNA damage [33], were increased in the colon epithe-
lium after TBI and decreased in the IR + Nit group, indicating the
protective effects of inorganic nitrate on alleviation of DNA damage.
Senescence is a state in which cells lose their ability to proliferate,
synthesize DNA, and divide [34]. Our results showed that inorganic
nitrate inhibited IR-induced senescence by downregulating p21 and
p53. Moreover, apoptosis was decreased in the nitrate group. Thus,
inorganic nitrate efficiently mitigated IR-induced DNA damage, senes-
cence, and apoptosis.

In various metabolic disorders, exogenous synthesis of NO is re-
duced, and the NO3/NO2/NO pathway is inhibited [14,35]. Moreover,
eNOS knockout causes hypertension, dyslipidemia, insulin resistance,
and visceral adipose tissue accumulation in mice [36–38]. Thus, im-
pairment of the NO3/NO2/NO pathway may be important for these
metabolic diseases. Here, we verified downregulation of the NO3/NO2/
NO pathway and showed that exogenous dietary nitrate upregulated
the NO3/NO2/NO pathway after TBI, indicating that dietary nitrate
could efficiently rescue impaired NO production occurring under pa-
thological conditions. Thus, we hypothesized that NO3/NO2/NO
pathway activation may be a key mechanism through which nitrate
prevented IR-induced colon injury.

The gut microbiome plays vital roles in human health, and im-
balance of the gut microbiome results in chronic immune-mediated
diseases, such as inflammatory bowel disease and colitis-associated
colorectal cancer [39]. In our study, the gut microbiome did not change

significantly at 7 days after IR; however, at 30 day after IR obvious
changes in bacteria were observed. Notably, there were no differences
in α-diversity among all six groups, indicating that both IR and nitrate
could alter the gut microbiota slightly. However, the NMDS results
showed that the distribution of the gut microbiome at day 30 after IR
was distinct from that in the normal control group. The distributions of
gut microbiota in the IR and IR + Nit groups were also distinct. Overall,
our results showed that nitrate could regulate the abnormal micro-
biome induced by IR.

The gut microbiome and human health are reciprocally related
[40]. Most organisms in the gut microbiome showed similar genus le-
vels among the six groups. The increased abundance of Bacteroida-
les_S24-7_group, Akkermansia, and Ruminococcaceae could have func-
tions in relieving high-fat diet-induced weight gain [41]. In this study,
our gut microbiome analysis results showed that the abundance of
uncultured_Bacteroidales_S24-7_group was increased in the IR group and
decreased in the IR + Nit group at 30 days, which could partially ex-
plain the recovered body weight after nitrate supplementation. More-
over, the abundance of Lactobacillus, which could enhance epithelial
barrier function via nuclear factor-κB and mitogen-activated protein
kinase pathways [42], was increased after Nit treatment. We hypothe-
sized that the biological functions of inorganic nitrate may be related to
increased abundance of Lactobacillus.
Lactobacillus abundance was increased in the IR + Nit group at 7

and 30 days, but did not increase following treatment with Nit alone.
The exogenous NO3/NO2/NO pathway was not activated under normal
conditions. However, in hypoxic and ischemic conditions, which block
NO production, this NO3/NO2/NO pathway is activated [24,43]. Al-
though this phenomenon could partially explain the changes observed
in Lactobacillus, the mechanisms are still unclear, and additional studies
are required.

In this study, we found no differences in the microbiome between
the normal control and IR groups at 7 days. However, at 30 days after
IR, Bacteroidales_S24-7_group, Akkermansia, and Verrucomicrobiaceae
abundance was increased, whereas Alloprevotella and Firmicutes abun-
dance was decreased compared with those in the normal control group.
The changes in Bacteroidales_S24-7_group and Firmicutes abundance
partially explained the decreased body weights observed after receiving
TBI [44]. Abundance of Akkermansia, which was negatively associated
with rheumatoid arthritis, atherosclerosis, and dyslipidemia [45], was
increased in the TBI group, verifying the efficient clinical application of
TBI for the treatment of patients undergoing multiple stem cell trans-
plantations [46]. Short-chain fatty acids, which influence the main-
tenance of gut and immune homeostasis [47], are related to the
abundance of Alloprevotella and Lactobacillus. Abundance of Verruco-
microbiaceae, which is associated with Parkinson's disease [48], was
increased in the IR group at 30 days.

In the nitrate group, the increased abundance of Firmicutes partially
explained the recovered body weight [44]. Bacillus provides numerous
benefits in human health [49] and was increased in the nitrate group.
Moreover, the abundance of Lactobacillus, which is typically considered
a beneficial bacterium [50], was significantly increased after nitrate
supplementation. In contrast, compared with that in the IR + Nit
group, the abundance of Rikenellaceae, which has been reported to be
associated with the severity of systemic lupus erythematosus [51], and
Butyricimonas, which shows increased abundance in patients with he-
patocellular carcinoma [52], both increased in the IR group. ROS are
positively correlated with Bacteroides and Faecalibaculum, and SOD is
positively related to Lactobacillus [53]. The abundance of Bacteroides
and Faecalibaculum in the IR group was increased, and the richness of
Lactobacillus was decreased compared with that in the IR + Nit group,
explaining the reduced oxidative stress after nitrate supplementation.
Consistent with these findings, we showed that TBI induced upregula-
tion of genes related to cancers, infectious diseases, and lipid metabo-
lism, indicating the potentially damaging effects of TBI on the general
health of experimental animals. Interestingly, aberrant NO pathways
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have been implicated in multiple neurological disorders [54], and
IR + Nit blocked upregulation of genes related to the neurodegenera-
tive disease pathway.

The dosage used in TBI ranged from 2 to 8 Gy in one to four frac-
tions, and variations in dose can result in different consequences
[55,56]. In this study, 5-Gy TBI was relatively safe and only caused mild
injury. Moreover, both beneficial and pathogenic gut microbes were
altered in the IR group at 30 days compared with that in the normal
control group. In contrast, in the IR + Nit group, the enriched micro-
biome mostly included beneficial bacteria or those negatively related to
oxidative stress, explaining the decreased oxidative stress observed in
the nitrate group.

In conclusion, the present study showed that inorganic nitrate could
partially attenuated TBI-induced colon injury. Oxidative stress was
significantly alleviated, and IR-induced senescence and apoptosis were
blocked by nitrate treatment. The abundance of Bacteroides and
Faecalibaculum was decreased, whereas that of Lactobacillus [53] was
increased in the IR + Nit group. However, the mechanisms through
which nitrate regulates the microbiome are not clear, and additional
studies are required. Thus, our findings showed that inorganic nitrate
had multiple beneficial effects and may be a promising therapeutic
strategy for IR-induced injury.
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