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Abstract
Background  High-altitude exposure can cause oxidative stress damage in the intestine, which leads to increased 
intestinal permeability and bacterial translocation, resulting in local and systemic inflammation. Control of infection is 
critically dependent on the host’s ability to kill pathogens with reactive oxygen species (ROS). Myeloperoxidase (MPO) 
targets ROS in pathogens. This study aimed to investigate the effects of hypoxia on the colonic mucosal barrier and 
myeloperoxidase (MPO)-mediated innate immune response in the colon.

Methods and Results  Genetically engineered mice were exposed to a hypobaric oxygen chamber for 3 days 
and an inflammation model was established using Salmonella Typhimurium infection. We found that hypoxic 
exposure caused the development of exacerbated bacterial colitis and enhanced bacterial dissemination in MPO-
deficient mice. Infection and disease severity were associated with significantly increased Ly6G+ neutrophil and 
F4/80+ macrophage counts in infected tissues, which is consistent with elevated proinflammatory cytokines and 
chemoattractant molecules. Hypoxia restrained antioxidant ability and MPO deficiency aggravated the respiratory 
burst in the colon.

Conclusion  Hypoxia can damage the colonic mucosa. MPO mediates the innate immune response and regulates 
the mucosal and systemic inflammatory responses to Salmonella infection during hypoxia.
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Background
Gastrointestinal (GI) problems are common at high 
altitudes, and diarrhea is frequently observed, espe-
cially among short-term visitors [1]. High altitudes may 
enhance susceptibility to certain pathogens, and GI infec-
tions are a major problem for mountain climbers [2]. In 
human and animal studies, increasing evidence suggests 
that exposure to hypoxic conditions impairs the intesti-
nal barrier [3–6]. High-altitude exposure induces hypoxia 
and oxidative stress, which may disrupt the intestinal 
barrier and lead to bacterial translocation and systemic 
inflammation [7]. Exposure to hypoxic conditions can 
affect innate and adaptive immune functions [8].

Inflammation and oxidative stress are important mech-
anisms underlying intestinal barrier damage. Oxidative 
stress refers to an increased generation of intracellular 
reactive oxygen species (ROS), which damage DNA, lip-
ids, and proteins and affect signal transduction [9–11]. 
Moreover, ROS formation is one of the hallmarks of 
hypoxia, which weakens the antioxidant defense system 
[12–14]. High levels of ROS can trigger an increase in 
inflammatory responses [15].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a 
major component of the antioxidant system and can be 
widely expressed in various cells and tissues [16, 17]. 
However, excessive oxidative stress can cause nuclear 
translocation of Nrf2 and the activation of downstream 
antioxidant proteins [18–20]. Oxidative stress enhances 
viral replication in some viral infections [21]. This condi-
tion plays a significant part in the pathogenesis of other 
infectious illnesses.

In addition, ROS can modulate the immune system [22, 
23]; phagocytes use ROS production to defend against 
bacterial infection [24, 25]. Neutrophils use phagocyte 
enzyme known as NADPH oxidase to produce super-
oxide anions (O2

−), which undergo dismutation to form 
hydrogen peroxide (H2O2) [26, 27]. The myeloperoxidase 
(MPO) enzyme can convert O2

− and H2O2 into hypoha-
lites (predominantly HOCl) [28]. The MPO/HOCl sys-
tem is critical for neutrophil-mediated microbial death 
and MPO alleviates collateral tissue damage during an 
outbreak of antimicrobial oxidation [29]. However, in 
contrast to NADPH oxidase, MPO has a limited func-
tion in controlling infection in either humans or mice. 
The important role of MPO in host innate defense is only 
evident when pathogen exposure exceeds the capacity of 
other host defenses.

The foodborne pathogen Salmonella Typhimurium 
(S. Typhimurium) is a Gram-negative organism that 
triggers the host’s innate immune response and causes 
acute intestinal inflammation [30]. S. Typhimurium is 
a major cause of acute gastroenteritis, a public health 
issue. Thus, this bacterium provides an excellent model 
for studying immune responses in the gut. The ability 

of MPO-knockout (KO) to fight against pathogens has 
revealed the role of this component in the host’s defense 
against infection. These animals exhibited increased sus-
ceptibility to some bacterial infections, such as Candida 
albicans [31] and Klebsiella pneumoniae, compared to 
wild-type (WT) mice [32]. Recent studies on MPO-KO 
mice revealed that this component plays a role in the 
development of various inflammatory conditions, such 
as pulmonary inflammation and atherosclerosis. How-
ever, few studies have focused on MPO in the colon; thus, 
the effects of hypoxia on MPO and the defense mecha-
nisms of MPO against S. Typhimurium infection remain 
unclear.

In this study, we created conditions that were simi-
lar to a 5,000  m plateau by using a hypobaric oxygen 
chamber and established a mouse model of intestinal S. 
Typhimurium infection, which was used as an experi-
mental model to investigate human intestinal diseases 
[33, 34]. Genetically engineered mice were used to 
study the function of hypoxia and MPO in host innate 
defense against both mucosal and systemic infection 
by S. Typhimurium as well as the mechanism of action. 
Our results revealed the intricate interactions between 
hypoxia, immune defense, MPO, and enteric pathogens.

Results
Hypoxia increases the morbidity of mice during Salmonella 
infection
In this study, female Wild-Type (WT) mice and MPO−/− 
mice were used as research objects to establish a simu-
lated plateau hypoxia model and an inflammation model 
induced by S. Typhimurium. Mice were initially divided 
into eight groups: control group (CON), S. Typhimurium 
infection group (S), hypobaric hypoxia group (H), hypo-
baric hypoxia plus S. Typhimurium infection group (HS), 
MPO−/− group (M), S. Typhimurium infection MPO−/− 
group (MS), hypobaric hypoxia MPO−/− group (HM), 
and hypobaric hypoxia plus S. Typhimurium infection 
MPO−/− group (HMS). The body weight changes of mice 
in each group were monitored daily and it was found 
that hypoxic exposure and S. Typhimurium infection 
induced body weight loss. There was no significant dif-
ference in the baseline body weight between the WT and 
MPO−/− groups. Compared with the gradual increase in 
body weight in the CON and M groups, a pronounced 
decrease was observed in the H and HM groups (Fig. 1A, 
B). The reduction in body weight of mice was significantly 
different from their respective baseline levels in the H 
and HM groups (Fig. 1A, B). As expected, mice infected 
with S. Typhimurium exhibited significant body weight 
loss which was pronouncedly different from their respec-
tive baseline levels (Fig. 1A, B). At the same time in the 
experiment (day 1, day 2, day 3), there were significant 
differences in body weight between H and CON, HM and 
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M, and HS and S, while there were significant differences 
in body weight between HMS and MS on day 2 and day 
3. Moreover, mice infected with S. Typhimurium (S, HS, 
and MS groups) exhibited high mortality (100%) on day 5 
of infection. In contrast, the MPO−/− mice infected with 
S. Typhimurium and exposed to hypoxia (HMS group) 
exhibited more significant early mortality, with 100% 
mortality reached at 4 days after infection (Fig.  1C). By 
survival analysis, P = 0.0068 indicates that the four groups 
of mice infected with S. Typhimurium (S, HS, MS, and 
HMS groups) are different overall, that is, there are dif-
ferences between at least two groups. Pairwise com-
parison was performed among the four groups, between 
which HMS group and S group (P = 0.0008 < 0.0083), indi-
cating a significant difference, but there is no significant 

difference between S and MS (P = 0.0382 > 0.0083) and 
between HS and HMS (P = 0.0785 > 0.0083).

The number and proportion of neutrophils in periph-
eral blood increased during hypoxia (Fig.  1D, E), 
increased significantly after infection (Fig.  1D, E), and 
were significantly higher in the MPO−/−-infected mice 
than in the WT-infected mice (Fig. 1D, E). These results 
suggest that neutrophil counts and percentages are 
increased in hypoxia and bacterial diseases.

Hypoxic stress induces erythrocytosis [35]. The RBC 
and Hb levels in the blood were monitored to verify the 
hypoxia model (Fig.  1F, G). Hypoxic conditions were 
determined by induction of vascular endothelial growth 
factor (VEGF) in the colon (Fig. 1H). The results showed 
that the red blood cell (RBC), hemoglobin (Hb), and 
VEGF levels increased after hypoxic exposure (Fig. 1F, G, 

Fig. 1  Hypoxia increases mortality in Salmonella-infected mice. (A) The changes in the body weight in WT mice. (B) The changes in the body weight 
in MPO−/− mice. Data were analyzed using repeated-measures ANOVA for body weight (n = 8/group; # p < 0.05 versus respectively with their baseline 
weight; & p < 0.05 versus CON group at the same time; *. p < 0.05 versus S group at the same time; + p < 0.05 versus M group at the same time; ^. p < 0.05 
versus MS group at the same time). (C) Mice were continuously monitored for their survival (n = 8 /group). (D) neutrophilic granulocytes, (E) percent-
age of neutrophils, (F) red blood cell, and (G) hemoglobin were measured at 72 h. (H) Gene expression of VEGF was assessed via qPCR in colon. Values 
are expressed as mean ± SEM (n = 8 /group) and analyzed via one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001)
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H), which demonstrated that the hypoxic model was suc-
cessfully established (Fig. 1F, G, H).

Hypoxia exacerbates bacterial translocation in mice 
infected with S. Typhimurium
We hypothesized that high mortality is associated with 
sepsis. To determine whether hypoxia enhances bacte-
rial migration and whether the increased susceptibility 
to Salmonella infection in the MPO-deficient mice is 
related to increased bacterial replication, we investigated 
bacterial translocation to the spleen and liver at 72 h after 
infection. No colonies were formed in the simple hypoxia 
group on LB plates (data not shown). The number of bac-
terial colonies in the spleen (Fig. 2A) and liver (Fig. 2B) 
of the hypoxic infection groups was significantly higher 
than that in the non-hypoxic infection groups (Fig.  2A, 
B). Moreover, the increase in the MPO−/−-infected mice 
was more pronounced than that in the WT-infected mice 
(Fig. 2A, B).

This was further supported by immunofluorescence 
microscopy analysis of the spleen tissue (Fig. 2C), which 
suggested that hypoxia increased bacterial transloca-
tion and MPO-deficient mice had enhanced bacterial 
dissemination in the spleen tissue. An increase in tis-
sue bacterial load is accompanied by worsening inflam-
mation and tissue damage. Histological analysis of the 
spleen tissue showed elevated lymphocyte levels in the 
HM group, indicating cellular destruction (Fig. 2D). The 
S and MS groups showed extensive spleen abnormalities, 
as evidenced by red pulp congestion, neutrophil infiltra-
tion, and abscess formation (Fig. 2D). The splenic tissue 
of infected mice under hypoxic condition, HS and HMS 
groups showed obvious hyperemia red pulp congestion, 
multiple small abscess foci, and splenic architecture dis-
ruption. The MPO−/−-infected group was more severely 
affected than the WT-infected group (Fig. 2D).

Concurrent with the above analyses, liver histomor-
phology was observed. Histological analysis showed that 
the hepatocytes in the HM group were disarranged and 
the hepatic plate was unclear (Fig. 2E). Extensive necrosis 
and mixed inflammatory cell infiltration were observed 
in both WT-infected and MPO−/−-infected liver sec-
tions. The liver lesions in the WT-infected mice were 
characterized by neutrophil infiltration and small abscess 
formation. MPO−/−-infected mice showed extensive neu-
trophilic infiltration with histiocytic and lobulated neu-
trophils, and multi-focal small abscesses. Liver lesions 
in WT and MPO−/− mice with hypoxic infection also 
showed extensive neutrophil infiltration and multi-focal 
small abscess formation (Fig.  2E). These results suggest 
that there is significant inflammation and tissue damage 
in the spleen and liver of both WT mice and MPO−/− 
mice after Salmonella infection because of the higher 
bacterial populations present in these tissues.

These findings were consistent with the more severe 
inflammatory changes in the spleen and liver. Salmonella-
infected WT and MPO−/− mice showed increased mRNA 
expression of proinflammatory mediators, including 
TNFα (Fig. 2F, H) and Il-1β (Fig. 2G, I). Hypoxia signifi-
cantly increased the TNFα and Il-1β mRNA levels in the 
MPO−/− mice compared to that in the WT mice (Fig. 2F, 
G, H, I). In addition, the expression of these two genes 
was significantly increased in the Salmonella-infected 
MPO−/− mice compared to that in the WT-infected 
mice (Fig.  2F, G, H, I). Furthermore, the concentration 
of TNF-α (Fig. 2J, L) and IL-β (Fig. 2K, M) in the spleen 
and liver homogenates analyzed by ELISA were consis-
tent with the expression of mRNA. These results suggest 
that hypoxia leads to increased production of proinflam-
matory cytokines, which are overexpressed due to MPO 
deficiency in hypoxia or infection conditions and may 
be attributed to the observed aggravated tissue damage. 
These findings indicate that oxygen and MPO play a vital 
role in host resistance and survival during Salmonella 
infection.

Hypoxia enhances macrophage and neutrophil 
recruitment in S. Typhimurium-infected mice
To further study the effects of hypoxia and MPO on the 
innate immunity against Salmonella infection, we ana-
lyzed the spleen tissue’s frequency of neutrophils and 
macrophages. FACS analysis revealed that the spleen 
cells had a high number of macrophages that expressed 
CD11b+ F4/80+ in the MPO−/− mice compared to that in 
the WT mice exposed to hypoxic conditions (Fig. 3A, C). 
Compared with WT-infected mice, the number of mac-
rophages expressing CD11b+ F4/80+ was increased in 
MPO−/−-infected mice, and the number of macrophages 
expressed in MPO−/−-infected mice was significantly 
increased in comparison to the number in WT-infected 
mice under hypoxic conditions. (Fig.  3A, C). The fre-
quency of CD11b+ Ly6G+ neutrophils in the spleens of 
the mice was consistent with the number of macrophages 
(Fig.  3B, D). These data suggest that hypoxia and MPO 
deficiency promote the migration of neutrophils and 
macrophages to the infection site. Next, we determined 
the expression of three chemoattractant molecules ((KC 
(CXCL1), MCP1 (CCL2), and MIP2 (CXCL2)) that reg-
ulate neutrophil and macrophage recruitment in spleen 
tissue. RT-qPCR results showed the hypoxia-induced 
upregulation of KC, MCP1, and MIP2 gene expression, 
and their expression in the MPO−/− mice was signifi-
cantly higher than that in the WT mice (Fig.  3E, F, G). 
Salmonella infection augmented the expression of these 
genes (Fig. 3E, F, G). The increase in chemokine expres-
sion was most apparent in MPO-deficient mice com-
pared to the WT mice after infection (Fig.  3E, F, G). 
These results suggest that hypoxia and MPO deficiency 
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Fig. 2  Hypoxia exacerbates bacterial translocation in S. Typhimurium-infected mice. Bacterial translocation to the spleen (A) and liver (B) was deter-
mined 72 h after infection via one-way ANOVA with Tukey’s multiple comparison test. The CFU number per gram of tissue was displayed (n = 8–10/
group; *p < 0.05; **p < 0.01; ***p < 0.001). (C) Immunofluorescence microscopy revealed the presence of Salmonella (in green) in spleen sections (×200). 
The spleen (D) and liver (E) were stained with hematoxylin and eosin [(D) ×200; (E) ×400]. The blue arrow represents lymphocyte hyperplasia. The black 
arrow means red marrow congestion. The yellow arrow indicates that the structure of the liver plate is unclear. The green arrow represents focal abscess. 
(F–I) Relative mRNA expression of TNF-α (F, H) and IL-1β (G, I) in the spleen and liver tissues was detected by qPCR. (J-M) Levels of TNF-α (J, L) and IL-1β 
(K, M) were detected by ELISA. Data are presented as mean ± SEM (n = 8 /group) and analyzed via one-way ANOVA with Tukey’s multiple comparisons 
test (*p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 3  Hypoxia enhances neutrophil and macrophage recruitment in mice during Salmonella infection. Single-cell suspensions of spleens were prepared 
and stained with anti-CD11b and anti-F4/80 antibodies for macrophages (A) and with anti-CD11b and anti-Ly6G for neutrophils (B). The percentages of 
CD11b+F4/80+ macrophages (C) and CD11b+ Ly6G+ neutrophils (D) are shown as mean ± SEM (n = 6/group). (E-G) Gene expression of chemoattractant 
(KC, MCP1, and MIP2) in spleen was analyzed via qPCR (n = 8/group). Significance was analyzed by one-way ANOVA with Tukey’s multiple comparison test 
(*p < 0.05, **p < 0.01, ***p < 0.001)
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may promote the recruitment of phagocytes to the site 
of infection by regulating the expression of chemokines, 
and that excessive aggregation of granulocytes in the 
spleen may enhance the inflammatory response during 
Salmonella infection.

Hypoxia augments Salmonella-induced mucosal injury in 
mice
Bacterial translocation is generally the result of impaired 
gut integrity. Our results suggest that hypoxia induces 
more severe liver and spleen infections in MPO-defi-
cient mice during Salmonella infection. We investigated 
whether hypoxia and MPO levels affect innate immu-
nity and inflammation in the intestinal mucosa. Under 
a light microscope, colon morphology was examined, 
and the results showed that the colonic mucosa had an 
intact epithelium and a smooth appearance in the CON 
and M groups (Fig.  4A). Compared with the above two 
groups, the recesses of the colon in the H and HM groups 
were shallower and flatter. Inflammatory cell infiltra-
tion was observed in the S and MS groups (Fig. 4A). The 
HS group showed obvious inflammatory cell infiltration 
and necrosis; however, this was more severe in the HMS 
group. Inflammatory cell infiltration with suppuration 
was observed in the colon of the HMS group (Fig.  4A). 
Immunofluorescence microscopy analysis of infected 
colons revealed an increased bacterial load in hypoxia-
infected (Fig.  4B) and MPO-deficient mice compared 
to that in the WT mice (Fig. 4B). In addition, consistent 
with intestinal injury, hypoxia increased the levels of 
TNF-α (Fig. 4C) and IL-β (Fig. 4D) in the MPO−/− mice 
compared to those in the WT mice. The mRNA expres-
sion levels of TNF-α (Fig.  4C) and L-1β (Fig.  4D) were 
significantly increased in the colon of MPO−/−-infected 
mice compared to that in the WT-infected mice (Fig. 4C, 
D). ELISA analysis of cytokine concentrations in the 
colon tissue was consistent with those of mRNA expres-
sion (Fig. 4E, F).

Next, we measured chemokine mRNA levels in the 
colon tissue. The results showed that hypoxia boosted the 
expression of KC, MCP1, and MIP2 in the colons of mice, 
especially in the MPO−/− mice (Fig.  4G, H, I). Salmo-
nella infection promoted chemokine expression in colon 
tissue (Fig.  4G, H, I), and the upregulated chemokines 
were significantly different in both WT-infected and 
MPO−/−-infected mice. Compared with WT-infected 
mice, the expression of chemokines (KC, MCP1, and 
MIP2) in MPO−/−-infected mice was more significant 
(Fig.  4G, H, I). These results suggest that Salmonella-
induced inflammation can be demonstrated in both WT 
mice and MPO−/− mice which can be exacerbated by 
hypoxia. Moreover, MPO−/− mice present aggravated 
Salmonella-induced inflammation.

Hypoxia aggravates colonic oxidative stress injury in MPO-
deficient mice
Oxidative stress is associated with the progression of var-
ious inflammatory diseases of the colon, and the lack of 
antioxidant defenses in the intestinal mucosa is an essen-
tial factor leading to the impairment of the intestinal 
mucosal barrier [36, 37]. MPO activity is an inflamma-
tory biomarker. Therefore, the activities of malondial-
dehyde (MDA), catalase (CAT), glutathione peroxidase 
(GSH-Px), superoxide dismutase (SOD), and MPO were 
measured in the colon tissue. The results showed that 
the activity of MDA was significantly increased and the 
activities of CAT, GSH-Px, and SOD were remarkably 
decreased under hypoxic conditions (Fig.  5A, B, C, D). 
The findings for MPO−/− mice differed significantly from 
those of WT mice under hypoxic conditions (Fig. 5A, B, 
C, D). The activities of MDA, CAT, GSH-Px, and SOD 
in colon tissue after Salmonella infection were simi-
lar to those under hypoxia (Fig. 5A, B, C, D). Moreover, 
the MPO−/−-infected mice showed higher MDA activ-
ity but lower CAT, GSH, and SOD activities than the 
WT-infected mice (Fig. 5A, B, C, D). The level of intes-
tinal MPO was increased in the WT mice under hypoxic 
conditions and increased significantly after infection 
(Fig.  5E). Next, a ROS assay was performed on frozen 
sections of colon tissue. The results showed that hypoxia 
and infection increased the mean fluorescence intensity 
of ROS (Fig. 5F, G). ROS production in the Salmonella-
treated MPO−/− mice was higher than that in the Salmo-
nella-treated WT mice (Fig.  5F, G). The results suggest 
that hypoxia increases ROS levels, and MPO deficiency 
aggravates oxidative stress.

The protein expression levels of key molecules in the 
Nrf2/HO-1 pathway were determined. The protein lev-
els of Nrf2 and HO-1 were significantly increased under 
hypoxia, especially in WT mice (Fig. 5H, I, J). After Sal-
monella infection in WT mice, the HO-1 protein lev-
els decreased significantly, and the Nrf2 protein was 
decreased but not significantly (Fig. 5H, I, J). The protein 
levels of Nrf2 and HO-1 were significantly lower in the 
Salmonella-infected MPO−/− mice compared to those 
in the WT-infected mice (Fig.  5H, I, J). In addition, the 
Salmonella-treated WT and MPO−/− mice presented 
increased levels of proteins, including iNOS, NLRP3, 
p-65/T-NF-kB p65, and p-ERK/T-ERK (Fig.  5H, K, L, 
M, N). Hypoxia significantly increased these levels in 
the MPO−/− mice compared to those in the WT mice 
(Fig.  5H, K, L, M, N). Moreover, these protein levels 
were significantly increased in the Salmonella-infected 
MPO−/− mice compared to those in the WT-infected 
mice (Fig.  5H, K, L, M, N). In WT mice, the protein 
expression level of MPO was significantly increased 
under hypoxia, and Salmonella-infected mice showed 
increased protein levels (Fig. 5H, O).
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Fig. 4  Hypoxia augments Salmonella-induced mucosal injury and colitis in mice. (A) Hematoxylin and eosin staining of the colon (×100, ×400). (B) Im-
munofluorescence microscopy data show the distribution of Salmonella (in green) in colon sections (×200). Levels of TNF-α (C) and IL-1β (D) were deter-
mined by quantitative PCR. Cytokine levels of TNF-α (E) and IL-1β (F) were detected by ELISA. Colon levels of KC (G), MCP1 (H), and MIP2 (I) were analyzed 
by qPCR. Data represent mean ± SEM (n = 8 /group) and one-way ANOVA followed by Tukey’s multiple comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 5  Hypoxia aggravates oxidative stress injury in colon during Salmonella infection Colon activity of MDA (A), GSH-Px (B), SOD (C), CAT (D), and MPO 
(E) were determined (n = 8 /group). (F-G) Mean fluorescence intensity of ROS was determined (×200) (n = 3/group). (H) Western blot performed and (I-
O) quantification (n = 3/group). Data are presented as mean ± SEM and analyzed via one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05; 
**p < 0.01; ***p < 0.001)
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Discussion
Low-pressure hypoxic environments are observed at 
high altitudes, and acute hypoxia causes damage to many 
organs. In recent years, the damage to the human GI 
tract caused by high altitudes has aroused concern.

In this study, we determined the functional role of 
hypoxia and MPO in controlling systemic and intesti-
nal mucosal Salmonella infections and the interaction 
between the two. First, we established a mouse model of 
intestinal S. Typhimurium infection under hypoxic con-
ditions. The mice experienced significant weight loss and 
damage to the colonic mucosa. Consistent with our pre-
vious research, hypoxia causes changes in immune func-
tion in the intestine and leads to intestinal injury [38, 39]. 
Our study showed that hypoxic exposure significantly 
increased mortality in Salmonella-infected mice, with 
even higher values in the MPO-deficient mice. This is 
evidenced by the higher bacterial loads in the liver and 
spleen, which supports the hypothesis that hypoxia pro-
motes bacterial migration. In addition, the lack of MPO 
resulted in impaired antibacterial activity [40], leading 
to the infiltration of invading bacteria into the intestinal 
mucosa and the transport of large amounts of bacte-
ria and endotoxins via the blood [41] to other tissues or 
organs. This causes a cascade of inflammatory responses 
that lead to various organ dysfunction [42, 43] in distant 
organs and ultimately leads to death. In a sepsis model, 
MPO-KO mice showed marked hypothermia and high 
mortality after lipopolysaccharide (LPS) injection [44].

Moreover, hypoxic exposure induced the recruit-
ment of Ly6G+ neutrophils and F4/80+ macrophages, 
and MPO deficiency led to a marked increase in the 
recruitment of polymorphonuclear neutrophils (PMN) 
in the infected tissues. However, the effects of hypoxia 
on PMN chemotaxis remain controversial. Reports have 
shown that the secretion of monocyte chemoattractant 
protein-1 (MCP-1) by fibroblasts under hypoxic condi-
tions induces the chemotaxis of monocytes [45]. In con-
trast, hypoxia can inhibit MCP-1-induced migration of 
THP-1 monocytic cells and human macrophages [46] 
and inhibit MCP-1 expression and monocyte migration 
in ovarian cancer cell lines [47]. The different effects of 
hypoxia on cell recruitment may be related to the differ-
ent tissues studied and the degree and duration of expo-
sure to hypoxia. As a driving force of the inflammatory 
process, neutrophils are the first line of defense against 
the innate immune response and produce antimicro-
bial peptides, ROS, cytokines, and other inflammatory 
mediators. However, excessive neutrophil accumulation 
and prolonged neutrophil activation can have detrimen-
tal effects on tissues. Similarly, the excessive activation of 
macrophages can cause tissue damage.

Our results showed that MPO deficiency in mice sig-
nificantly increased Salmonella-induced recruitment 

of neutrophils and macrophages into the colon tissue, 
which was associated with elevated expression of KC, 
MCP1, and MIP2 in the infected tissues. Similar observa-
tions have been made in recent study [48]. The research-
ers discovered that MPO-KO mice were more prone to 
experiencing severe lung inflammation exposed to C. 
albicans compared to that in WT mice and these results 
are associated with higher chemokine production and 
higher concentrations of proinflammatory factors in the 
lung tissue. Thus, the severity of infection is related to the 
excessive aggregation of chemokines and the associated 
induction of granulocytes.

Our results also showed that ROS production increased 
in the colon tissue under hypoxia, which was more obvi-
ous in the MPO-deficient infected mice and caused colon 
tissue injury. This observation is consistent with the find-
ing that high-altitude exposure reduces visceral perfusion 
and blood oxygen levels, thereby causing hypoxia and 
oxidative stress [7]. These stressors may disrupt the intes-
tinal barrier, which leads to bacterial translocation and 
local or systemic inflammatory responses. In critically 
ill patients in intensive care units, some patients, such 
as trauma, acute lung injury (ALI), and acute respiratory 
distress syndrome (ARDS), exhibit elevated ROS lev-
els and heightened inflammatory responses due to gut-
derived infections, these changes lead to multiple organ 
failure and death [49].

We noted that the levels of HO-1 and Nrf2 expres-
sion in the colon significantly increased when the mice 
were exposed to hypobaric hypoxia. Antioxidant defense 
factors, such as MDA, were significantly increased, 
whereas GSH-Px, SOD, and CAT levels were significantly 
decreased. Nrf2 is a factor that plays an important role 
in protecting cells against oxidative stress and inflamma-
tion. The effect of hypoxia on the Nrf2/HO-1 pathway 
remains inconsistent and controversial. Recent studies 
have shown that the effects of hypobaric hypoxia on the 
retina can decrease the expression of Nrf2/HO-1 [50]. 
Reports also stated that short-term exposure to hypo-
baric hypoxia can increase the Nrf2-dependent pathway’s 
regulation in rat brains [51]. Various complex mecha-
nisms dynamically regulate the Nrf2/HO-1 signaling 
pathway. In the colon, the upregulation of Nrf2/HO-1 
could be a compensatory response that occurs after 
hypoxia; however, the real antioxidant defensive ability 
is poor. Although acute exposure to hypoxia can enhance 
the innate immune response, long-term exposure to 
hypoxia can lead to immunosuppression [2, 52]. There-
fore, the body’s innate immune system is a double-edged 
sword due to the possibility that too low or too high lev-
els of immunity can damage it.

Neutrophils and monocytes produce a more intense 
oxidative burst than macrophages [28, 53], and neu-
trophils and monocytes usually express MPO; thus, 
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they are primarily affected by MPO deficiency [53]. The 
absence of MPO during infection can lead to the devel-
opment of detrimental effects on host tissues, such as 
DNA oxidation and lipid peroxidation. MPO-deficient 
neutrophils accumulate large quantities of H2O2; how-
ever, most H2O2 leaks from phagosomes. A study con-
ducted on human neutrophils revealed that the levels of 
MPO activity and the release of extracellular H2O2 were 
negative after Salmonella stimulation [29]. Although 
H2O2 isn’t as reactive as HOCl, it still has strong nega-
tive effects on different biomolecules due to its oxidant 
properties. Indeed, MPO-deficient rodents also exhibited 
higher levels of H2O2 within their tissues, which further 
exacerbated the damage caused by Salmonella to host 
components. Therefore, Salmonella infection cannot be 
effectively controlled, which causes damage to the intes-
tinal mucosal barrier function and aggravates local and 
systemic inflammatory reactions.

Increasing evidence indicates that neutrophils can 
mediate cell signaling by producing ROS [54]. Both the 
TLR ligand LPS [55, 56] and the inflammasome compo-
nent NLR NLRP3 activate inflammatory cytokines by 
stimulating ROS production [57–59]. The enhanced ROS 
production that is linked to the NF-κB pathway can also 
cause oxidative stress [60]. Along with mediating cell 
communication, the ERK/NF-κΒ pathway also plays a 
vital role in regulating the production of chemokines and 
proinflammatory cytokines [61, 62]. INOS has been asso-
ciated with various inflammatory bowel diseases. Reports 
have also shown that the development of gut barrier 
failure and the bacterial translocation caused by endo-
toxin-induced NO production is linked to iNOS upregu-
lation [63, 64]. In our study, NLRP3 and iNOS proteins 
in WT mice were increased under hypoxic conditions, 
while ERK, NF-KB, NLRP3, and iNOS in MPO-KO mice 
were significantly elevated in response to hypoxia. These 
results suggest that hypoxia promotes inflammation in 

the colon of WT mice and MPO-KO mice. In MPO-KO 
mice by activating iNOS, the inflammasome pathway, 
and the ERK/NF-κB signaling pathway and enhancing 
inflammatory cytokine expression, thereby aggravating 
the breakdown of the epithelial mucosal barrier.

Our results on hypoxia-induced intestinal mucosal 
injury were consistent with those of previous studies. 
MPO is essential for the maintenance of innate immunity 
and epithelial homeostasis in the gut. Therefore, MPO 
deficiency under hypoxic conditions may be an impor-
tant cause of hypoxia-induced colonic mucosal injury 
(Fig. 6).

Conclusions
In summary, our results showed that hypoxia signifi-
cantly damaged the colonic mucosal epithelium through 
oxidative stress injury, aggravated bacterial colitis, and 
caused bacterial translocation and systemic inflamma-
tion. Moreover, the MPO-dependent oxidative system 
is important in protecting host tissues from bacteria. 
The link between MPO oxidation system and disease is 
complex. Over- and under-expression of MPO can lead 
to worse outcomes. Understanding the interactions 
between various components, including hypoxia, MPO, 
immune function, and enteric pathogens, can provide us 
with valuable information on developing new treatment 
strategies.

Materials and methods
Animals
Female C57BL/6 WT mice between six to eight weeks 
old were obtained from the SJA Laboratory (Hunan SJA 
Laboratory Animal Co., Ltd., Hunan, China). MPO-KO 
mice were purchased from Cyagen Biosciences, Inc. 
(Guangzhou, China). The animals were housed in a cage 
within an Individual Ventilated Cage Animal Experiment 
System (H6, Su Hang Technology Equipment Co., Ltd., 

Fig. 6  Hypoxia aggravates inflammatory response in MPO-deficient mice during Salmonella infection. Under the condition of Salmonella infection with 
normal MPO function, MPO played a bactericidal role. Under hypoxic exposure and MPO-deficient conditions, massive H2O2 releases and massive recruit-
ment of neutrophils and macrophages lead to a dramatic increase in ROS, causing decreased oxidative capacity and overexpression of inflammatory 
genes
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Suzhou, China) at 22 ± 2℃, with a 12 h light/ dark cycle 
with free access to food and water. Animal care and use 
conformed to the protocols approved by the Institutional 
Animal Care and Use Committee of Medical College of 
Qinghai University (Xining, China).

Salmonella Typhimurium infection and hypoxia treatment
Following a week of adaptation, mice were initially 
divided into eight groups: control group (CON), S. 
Typhimurium infection group (S), hypobaric hypoxia 
group (H), hypobaric hypoxia plus S. Typhimurium infec-
tion group (HS), MPO−/− group (M), S. Typhimurium 
infection MPO−/− group (MS), hypobaric hypoxia 
MPO−/− group (HM), and hypobaric hypoxia plus 
S. Typhimurium infection MPO−/− group (HMS). S. 
Typhimurium colitis was induced by oral gavage with 
3 × 108 CFU of the SL1344 strain of S. Typhimurium, 
which is a streptomycin-resistant strain.

The H, HM, HS, and HMS groups were placed in a 
hypobaric chamber (DYC-300; Guizhou Feng Lei Oxygen 
Chamber Co., Ltd., Guizhou, China) to simulate an alti-
tude of 5,000 m. The pressure was 52.9 KPa, and the CO2 
concentration was 1,446 ppm. There were two batches 
of experimental animals, molded on the same day. One 
batch of experimental animals (CON, H, S, HS, M, HM, 
MS, and HMS groups) were mainly collected materials, 
and the experiment lasted for 3 days. Mice were weighed 
daily. On the morning of the fourth day of the experi-
ment, the first mice were anesthetized with isoflurane in 
an induction chamber, after successful general deep anes-
thesia, eyeball blood was collected once. After blood col-
lection, the mice were euthanized and fresh liver, spleen, 
and colon tissues were collected for further analysis. 
Another batch (S, HS, MS, and HMS groups) underwent 
a survival experiment and was observed for five days. The 
infected mice were subjected to survival experiments, 
after 5 days, and the non-dead mice were euthanized on 
the morning of the sixth day. Animal care and experi-
mental protocols were performed following the National 
Institutes of Health (NIH) guidelines for the care and use 
of animals during experimental procedures. Approval 

was obtained from the Institutional Animal Care and Use 
Committee of Qinghai University, China.

Analysis of blood samples
Blood samples were analyzed to check the levels of neu-
trophilic granulocytes (Neu), percentage of neutrophils 
(Neu%), hemoglobin (Hb) content, and red blood cell 
(RBC) count by Fully Automatic Blood Cell Analyzer 
(BC-5000; Mindray, Beijing, China).

Histopathology
After necropsy, tissue samples of the spleen, liver, and 
colon, fixed with 4% paraformaldehyde, were embed-
ded in paraffin and cut into 5  μm slices. Hematoxylin 
and eosin (H&E) staining was then performed. The slices 
were examined using an Olympus BX53 microscope 
(Olympus, Tokyo, Japan), and images were captured 
using Olympus cellSens Entry 1.14 software (Olympus).

Immunofluorescence microscopy
Spleen and colon tissue samples were collected, frozen in 
Tissue-Tek® OCT compound (Sakura, Queens, NY, USA), 
and stored at − 80  °C. Then, 5  μm sections were cut on 
a Leica CM1950 Freezing Microtome (Leica Biosystems, 
Wetzlar, Germany). Frozen sections of tissue were fixed 
in acetone, washed, and blocked with bovine serum albu-
min (Sigma-Aldrich, St. Louis, MO, USA; V900933). 
Tissue cryosections of the mouse colon and spleen were 
incubated with Salmonella rabbit antibody (Thermo 
Fisher Scientific, Waltham, MA, USA; PA1-20811) and 
fluorescein goat anti-rabbit IgG (H + L) (Thermo Fisher 
Scientific; F-2765). The distribution of Salmonella in the 
colon and spleen was observed by microscopy (Leica Bio-
systems; DFCDM4 B), and images were captured using 
Leica Application Suite X software (Leica Biosystems).

Measurement of bacterial translocation
Spleens and livers were collected, weighed, homogenized, 
inoculated on Luria–Bertani (LB) plates containing 
50  µg/ml streptomycin [65], and placed in an incubator 
at 37℃ for 24 h to quantify the CFU value by observing 
colony counts.

RNA isolation and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from the spleen, liver, and 
colon tissues using TRIzol reagent (Invitrogen, Waltham, 
MA, USA; 15,596,026). All RNA samples were reverse-
transcribed to cDNA using a PrimeScript RT Reagent 
Kit (Takara Bio, Inc. Shiga, Japan; RR047A). Real-time 
quantitative polymerase chain reaction (RT-qPCR) was 
performed using TB Green Premix Ex Taq II (Takara Bio; 
RR820A) on a C.F.X. 96 Real-Time System (Bio-Rad Lab-
oratories, Hercules, CA, USA). The primers are listed in 
Table 1. The data were normalized to β-actin expression 

Table 1  Information on Primer Sequences
Gene Forward primer Reverse primer
TNF-α CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

IL-1β TCCAGGATGAGGACATGAGCAC GAACGTCACACACCAG-
CAGGTTA

VEGF ACATTGGCTCACTTCCAGAAACAC TGGTTGGAACCG-
GCATCTTTA

KC CCGAAGTCATAGCCACACTCAA GCAGTCTGTCTTCTTTCTC-
CGTTAC

MCP1 AGCAGCAGGTGTCCCAAAGA GTGCTGAAGACCT-
TAGGGCAGA

MIP2 GCAGTCTGTCTTCTTTCTCCGTTAC GCGTCACACTCAAGCTCTG

β-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
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and relative quantification was calculated using the 
2−ΔΔCT method.

ELISA analysis
Liver, spleen, and colon homogenates were prepared 
for cytokine measurements using ELISA. IL-1β was 
measured by a Mouse IL-1β ELISA Kit (Elabscience, 
Houston, TX, USA; E-EL-M0037c), according to the 
manufacturer’s protocols. ELISA capture antibodies (BD 
Cat. #557,516) and biotinylated secondary antibodies 
for TNF-α (BD Cat. #558,415), and standard curve was 
constructed using recombinant murine TNF-α (BD Cat. 
#554,589) antibodies purchased from BD Biosciences 
(Franklin Lakes, NJ, USA).

Flow cytometry
Single-cell suspensions of the spleen were prepared 72 h 
after starting the experiment. Cells were stained with 
anti-mouse CD11b antibody (BioLegend, San Diego, 
CA, USA; 101,206), Ly6G (BioLegend; 108,410), and 
F4/80 (BioLegend; 123,110) and then analyzed using 
flow cytometry (Beckman Coulter, Brea, CA, USA; 
A00-1-1102).

Determination of ROS
Frozen colon tissue sections were recovered at 22 ± 2℃, 
and a spontaneous fluorescence quenching agent was 
added. The cells were then stained with a ROS dye 
(Sigma-Aldrich; D7008) and DAPI. The results were 
observed with a fluorescence microscope, and Leica 
Application X software (Leica Biosystems) was utilized 
for capturing images.

Measurement of oxidative stress markers and MPO activity
Supernatants from colon tissues were obtained, and the 
protein content was determined using a BCA Assay Kit 
(Servicebio Co., Ltd., Wuhan, China; Cat #G2026-1000 
T). Specific kits (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) were utilized for analyzing malo-
ndialdehyde (MDA), glutathione peroxidase (GSH-Px), 
superoxide dismutase (SOD), catalase (CAT), and MPO 
activities according to the manufacturer’s instructions.

Western blotting
Colon tissues were obtained and homogenized to extract 
the protein, which was quantified using a BCA Protein 
Assay Kit (Thermo Fisher Scientific; A53225). The same 
amount of protein was separated using sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and trans-
ferred onto nitrocellulose membranes (Thermo Fisher 
Scientific; 88,518). Membranes were blocked in 5% 
skim milk for 1  h and then incubated at 4  °C overnight 
with specific primary antibodies: anti-β-actin (1:1000, 
ab115777), anti-HO-1 (1:2000, ab52947), anti-ERK 

(1:10000, ab184699), anti-p-ERK (1:1000, ab201015), 
anti-MPO (1:2000, ab208670), anti-NF-κB (1:1000, 
ab32536), anti-NF-κB p65 (1:1000, ab76302), anti-Nrf2 
(1:1000, ab92946), anti-NLRP3 (1:1000, ab270449), and 
anti-iNOS (1:1000, ab178945). After washing three 
times, the membranes were incubated with a horserad-
ish peroxidase-conjugated secondary antibody (1:10,000, 
ab6721). The blots were visualized using chemilumines-
cence detection reagents (Amersham Pharmacia Biotech, 
Stockholm, Sweden) and Amersham Imager 600 Gel 
Imaging System (Amersham Pharmacia Biotech). The 
densitometry analysis of each blot was performed using 
ImageJ software NIH, USA.

Statistical analysis
All statistical analyses were performed using Graph-
Pad Prism 8.0.1 software. The results were expressed 
as mean ± standard error of the mean (SEM). Survival 
curves of the infected mice were compared using the 
log-rank (Mantel-Cox) test. Statistical analyses were per-
formed using the repeated measure analysis of variance 
(ANOVA) (body weight loss) or one-way analysis of vari-
ance followed by Tukey’s multiple comparisons test. A 
value of p < 0.05 meant a statistical difference.

Abbreviations
CAT	� Catalase
CFU	� Colony-forming units
ERK	� Extracellular signal-regulated kinases
GI	� Gastrointestinal
GSH-Px	� Glutathione peroxidase
Hb	� Hemoglobin
H&E	� Hematoxylin and eosin
HO-1	� Heme oxygenase-1
iNOS	� Inducible nitric oxide synthase
KC	� Keratinocyte-derived chemokine
LPS	� Lipopolysaccharide
MCP1	� Monocyte chemoattractant protein 1
MDA	� Malondialdehyde
MIP2	� Macrophage inflammatory protein 2;
MODS	� Multiple organ dysfunction syndrome
MPO	� Myeloperoxidase
Neu	� Neutrophilic granulocyte
Neu%	� Percentage of neutrophil
NF-κB	� Nuclear factor κB
NLRP3	� NOD-like receptor thermal protein domain associated 

protein 3
Nrf2	� Nuclear factor erythroid-derived 2–related factor 2
RBC	� Red blood cell
ROS	� Reactive oxygen species
SOD	� Superoxide dismutase
S.Typhimurium	� Salmonella enterica serovar Typhimurium
TLR	� Toll-like receptors
VEGF	� Vascular endothelial growth factor

Acknowledgements
The Research Center for High Altitude Medicine of Qinghai University 
provided the experimental platform for this study.

Authors’ contributions
WZ conceived and supervised the study; QZ and YH designed the 
experiments; QZ, YH, RJ, and JZ performed the experiments; QZ, XW, and 
ML analyzed the data; QZ wrote the manuscript; YH and WZ revised the 
manuscript. All the authors have read and approved the final manuscript.



Page 14 of 15Zhu et al. Gut Pathogens           (2023) 15:62 

Funding
This work was supported by the National Natural Science Foundation of 
Qinghai Province (NO. 2022-ZJ-905) and the Qinghai Province ‘‘High-End 
Innovative Talents and Thousand Talents Program’’ Exceptional Talent Project.

Data Availability
The datasets used and analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal care, maintenance, and experimental protocols were approved 
by the Institutional Animal Care and Use Committee of Medical College of 
Qinghai University (Xining, China).

Consent for publication
All authors read and approved the submission of this manuscript.

Competing interests
The authors declare no competing interests.

Received: 30 April 2023 / Accepted: 21 November 2023

References
1.	 Anand AC, Sashindran VK, Mohan L. Gastrointestinal problems at high alti-

tude. Trop Gastroenterol. 2006;27(4):147–53.
2.	 Basnyat B, Starling JM. Infectious Diseases at High Altitude. Microbiol Spectr. 

2015, 3(4).
3.	 Wang Y, Shi Y, Li W, et al. Gut microbiota imbalance mediates intestinal barrier 

damage in high-altitude exposed mice. FEBS J. 2022;289(16):4850–68.
4.	 Khanna K, Mishra KP, Chanda S, et al. Effects of Acute exposure to hypobaric 

hypoxia on Mucosal Barrier Injury and the gastrointestinal Immune Axis in 
rats. High Alt Med Biol. 2019;20(1):35–44.

5.	 Li K, Gesang L, Dan Z, et al. Genome-wide transcriptional analysis reveals 
the protection against hypoxia-induced oxidative injury in the intestine of 
Tibetans via the inhibition of GRB2/EGFR/PTPN11 pathways. Oxid Med Cell 
Longev. 2016;2016:6967396.

6.	 Vavricka SR, Rogler G, Maetzler S, et al. High altitude journeys and flights are 
associated with an increased risk of flares in inflammatory bowel disease 
patients. J Crohns Colitis. 2014;8(3):191–9.

7.	 McKenna ZJ, Pereira G, Gillum F. High-altitude exposures and intestinal barrier 
dysfunction. Am J Physiol Regul Integr Comp Physiol. 2022;322(3):R192–R203.

8.	 Luo H, Zhou D-J, Chen Z, et al. Establishment and evaluation of an experi-
mental rat model for high-altitude intestinal barrier injury. Exp Ther Med. 
2017;13(2):475–82.

9.	 Fuhrmann DC, Brüne B. Mitochondrial composition and function under the 
control of hypoxia. Redox Biol. 2017;12:208–15.

10.	 Birben E, Sahiner UM, Sackesen C, et al. Oxidative stress and antioxidant 
defense. World Allergy Organ J. 2012;5(1).

11.	 Pizzino G, Irrera N, Cucinotta M, et al. Oxidative stress: Harms and benefits for 
Human Health. Oxid Med Cell Longev. 2017;2017:8416763.

12.	 Askew EW. Work at high altitude and oxidative stress: antioxidant nutrients. 
Toxicology. 2002;180(2):107–19.

13.	 McGarry T, Biniecka M, Veale DJ, et al. Hypoxia, oxidative stress and inflamma-
tion. Free Radic Biol Med. 2018;125:15–24.

14.	 Xiong M, Zhao Y, Mo H, et al. Intermittent hypoxia increases ROS/HIF-1α 
‘related oxidative stress and inflammation and worsens bleomycin-induced 
pulmonary fibrosis in adult male C57BL/6J mice. Int Immunopharmacol. 
2021;100:108165.

15.	 Mittal M, Siddiqui MR, Tran K, et al. Reactive oxygen species in inflammation 
and tissue injury. Antioxid Redox Signal. 2014;20(7):1126–67.

16.	 Mann GE. Nrf2-mediated redox signalling in vascular health and Disease. Free 
Radic Biol Med. 2014;75(Suppl 1):1.

17.	 Hu J, Chen C, Ou G, et al. Nrf2 regulates the inflammatory response, including 
heme oxygenase-1 induction, by mycoplasma pneumoniae lipid-associated 
membrane proteins in THP-1 cells. Pathog Dis. 2017;75(4).

18.	 Niture SK, Khatri R, Jaiswal AK. Regulation of Nrf2-an update. Free Radic Biol 
Med. 2014;66:36–44.

19.	 Ndisang JF. Synergistic Interaction between Heme Oxygenase (HO) and 
nuclear-factor E2- related Factor-2 (Nrf2) against oxidative stress in Cardiovas-
cular Related Diseases. Curr Pharm Des. 2017;23(10):1465–70.

20.	 Kensler TW, Wakabayashi N, Biswal S. Cell survival responses to environmental 
stresses via the Keap1-Nrf2-ARE pathway. Annu Rev Pharmacol Toxicol. 2007, 
47.

21.	 Simon HU, Yousefi S, Schranz C, et al. Direct demonstration of delayed 
eosinophil apoptosis as a mechanism causing tissue eosinophilia. J Immunol. 
1997;158(8):3902–8.

22.	 Williams MS, Kwon J. T cell receptor stimulation, reactive oxygen species, and 
cell signaling. Free Radic Biol Med. 2004;37(8):1144–51.

23.	 Jackson SH, Devadas S, Kwon J, et al. T cells express a phagocyte-type NADPH 
oxidase that is activated after T cell receptor stimulation. Nat Immunol. 
2004;5(8):818–27.

24.	 Mastroeni P, Vazquez-Torres A, Fang FC, et al. Antimicrobial actions of the 
NADPH phagocyte oxidase and inducible nitric oxide synthase in experimen-
tal salmonellosis. II. Effects on microbial proliferation and host survival in vivo. 
J Exp Med. 2000;192(2):237–48.

25.	 Vazquez-Torres A, Xu Y, Jones-Carson J, et al. Salmonella pathogenicity island 
2-dependent evasion of the phagocyte NADPH oxidase. Sci (New York NY). 
2000;287(5458):1655–8.

26.	 Nunes P, Demaurex N, Dinauer MC. Regulation of the NADPH oxidase and 
associated ion fluxes during phagocytosis. Traffic. 2013;14(11):1118–31.

27.	 Segal BH, Grimm MJ, Khan ANH, et al. Regulation of innate immunity by 
NADPH oxidase. Free Radic Biol Med. 2012;53(1):72–80.

28.	 Klebanoff SJ, Kettle AJ, Rosen H, et al. Myeloperoxidase: a front-line defender 
against phagocytosed microorganisms. J Leukoc Biol. 2013;93(2):185–98.

29.	 Schürmann N, Forrer P, Casse O, et al. Myeloperoxidase targets oxidative host 
Attacks to Salmonella and prevents collateral tissue damage. Nat Microbiol. 
2017;2:16268.

30.	 Swanson SJ, Snider C, Braden CR, et al. Multidrug-resistant Salmonella 
enterica serotype typhimurium associated with pet rodents. N Engl J Med. 
2007;356(1):21–8.

31.	 Aratani Y, Kura F, Watanabe H, et al. Relative contributions of myeloperoxi-
dase and NADPH-oxidase to the early host defense against pulmonary 
Infections with Candida albicans and Aspergillus Fumigatus. Med Mycol. 
2002;40(6):557–63.

32.	 Hirche TO, Gaut JP, Heinecke JW, et al. Myeloperoxidase plays critical roles in 
killing Klebsiella pneumoniae and inactivating neutrophil elastase: effects on 
host defense. J Immunol. 2005;174(3):1557–65.

33.	 Barthel M, Hapfelmeier S, Quintanilla-Martínez L, et al. Pretreatment of mice 
with streptomycin provides a Salmonella enterica serovar Typhimurium 
Colitis model that allows analysis of both pathogen and host. Infect Immun. 
2003;71(5):2839–58.

34.	 Rabsch W, Andrews HL, Kingsley RA, et al. Salmonella enterica sero-
type typhimurium and its host-adapted variants. Infect Immun. 
2002;70(5):2249–55.

35.	 Wang H, Tang C, Dang Z, et al. Clinicopathological characteristics of high-
altitude polycythemia-related Kidney Disease in tibetan inhabitants. Kidney 
Int. 2022;102(1):196–206.

36.	 Yu J, Liu F, Yin P, et al. Involvement of oxidative stress and mitogen-activated 
protein kinase signaling pathways in heat stress-induced injury in the rat 
small intestine. Stress. 2013;16(1).

37.	 Handa O, Majima A, Onozawa Y, et al. The role of mitochondria-derived reac-
tive oxygen species in the pathogenesis of non-steroidal anti-inflammatory 
drug-induced small intestinal injury. Free Radic Res. 2014;48(9):1095–9.

38.	 Han Y, Jia R, Zhang J, et al. Hypoxia attenuates Colonic Innate Immune 
Response and inhibits TLR4/NF-κB signaling pathway in Lipopolysaccha-
ride-Induced Colonic Epithelial Injury mice. J Interferon Cytokine Res. 
2023;43(1):43–52.

39.	 Ji Q, Zhang Y, Zhou Y, et al. Effects of hypoxic exposure on immune responses 
of intestinal mucosa to Citrobacter Colitis in mice. Biomed Pharmacother. 
2020;129:110477.

40.	 Decleva E, Menegazzi R, Busetto S, et al. Common methodology is inad-
equate for studies on the microbicidal activity of neutrophils. J Leukoc Biol. 
2006;79(1):87–94.

41.	 Chen Y, Luo R, Li J, et al. Intrinsic radical species scavenging activities of tea 
polyphenols nanoparticles Block Pyroptosis in Endotoxin-Induced Sepsis. 
ACS Nano. 2022;16(2):2429–41.



Page 15 of 15Zhu et al. Gut Pathogens           (2023) 15:62 

42.	 Balzan S, de Almeida Quadros C, de Cleva R, et al. Bacterial translocation: 
overview of mechanisms and clinical impact. J Gastroenterol Hepatol. 
2007;22(4):464–71.

43.	 Pathan N, Burmester M, Adamovic T, et al. Intestinal injury and endotoxemia 
in children undergoing Surgery for congenital Heart Disease. Am J Respir Crit 
Care Med. 2011;184(11):1261–9.

44.	 Reber LL, Gillis CM, Starkl P, et al. Neutrophil myeloperoxidase diminishes 
the toxic effects and mortality induced by lipopolysaccharide. J Exp Med. 
2017;214(5):1249–58.

45.	 Galindo M, Santiago B, Alcami J, et al. Hypoxia induces expression of the che-
mokines monocyte chemoattractant protein-1 (MCP-1) and IL-8 in human 
dermal fibroblasts. Clin Exp Immunol. 2001;123(1):36–41.

46.	 Turner L, Scotton C, Negus R, et al. Hypoxia inhibits macrophage migration. 
Eur J Immunol. 1999;29(7):2280–7.

47.	 Negus RP, Turner L, Burke F, et al. Hypoxia down-regulates MCP-1 expres-
sion: implications for macrophage distribution in tumors. J Leukoc Biol. 
1998;63(6):758–65.

48.	 Homme M, Tateno N, Miura N, et al. Myeloperoxidase deficiency in mice 
exacerbates lung inflammation induced by nonviable Candida albicans. 
Inflamm Res. 2013;62(11):981–90.

49.	 Deitch EA. Gut-origin sepsis: evolution of a concept. Surgeon. 
2012;10(6):350–6.

50.	 Xin X, Li Y, Liu H. Hesperidin ameliorates hypobaric hypoxia-induced retinal 
impairment through activation of Nrf2/HO-1 pathway and inhibition of 
apoptosis. Sci Rep. 2020;10(1):19426.

51.	 Sethy NK, Singh M, Kumar R, et al. Upregulation of transcription factor NRF2-
mediated oxidative stress response pathway in rat brain under short-term 
chronic hypobaric hypoxia. Funct Integr Genomics. 2011;11(1):119–37.

52.	 Mishra KP, Ganju L, Singh SB. Hypoxia modulates innate immune factors: a 
review. Int Immunopharmacol. 2015;28(1):425–8.

53.	 Swirski FK, Wildgruber M, Ueno T, et al. Myeloperoxidase-rich Ly-6 C + 
myeloid cells infiltrate allografts and contribute to an imaging signature of 
organ rejection in mice. J Clin Invest. 2010;120(7):2627–34.

54.	 Fialkow L, Wang Y, Downey GP. Reactive oxygen and nitrogen species as 
signaling molecules regulating neutrophil function. Free Radic Biol Med. 
2007;42(2):153–64.

55.	 Wang W, Suzuki Y, Tanigaki T, et al. Effect of the NADPH oxidase inhibitor 
apocynin on septic lung injury in guinea pigs. Am J Respir Crit Care Med. 
1994;150(5 Pt 1):1449–52.

56.	 Chandel NS, Trzyna WC, McClintock DS, et al. Role of oxidants in NF-kappa B 
activation and TNF-alpha gene transcription induced by hypoxia and endo-
toxin. J Immunol. 2000;165(2):1013–21.

57.	 Allen IC, Scull MA, Moore CB, et al. The NLRP3 inflammasome mediates in 
vivo innate immunity to Influenza a virus through recognition of viral RNA. 
Immunity. 2009;30(4):556–65.

58.	 Tschopp J, Schroder K. NLRP3 inflammasome activation: the convergence 
of multiple signalling pathways on ROS production? Nat Rev Immunol. 
2010;10(3):210–5.

59.	 Dostert C, Pétrilli V, Van Bruggen R, et al. Innate immune activation through 
Nalp3 inflammasome sensing of asbestos and silica. Volume 320. New York, 
NY: Science; 2008. pp. 674–7. 5876.

60.	 Schreck R, Rieber P, Baeuerle PA. Reactive oxygen intermediates as apparently 
widely used messengers in the activation of the NF-kappa B transcription 
factor and HIV-1. EMBO J. 1991;10(8):2247–58.

61.	 Rutault K, Hazzalin CA, Mahadevan LC. Combinations of ERK and p38 MAPK 
inhibitors ablate Tumor necrosis factor-alpha (TNF-alpha) mRNA induction. 
Evidence for selective destabilization of TNF-alpha transcripts. J Biol Chem. 
2001;276(9):6666–74.

62.	 Tateno N, Matsumoto N, Motowaki T, et al. Myeloperoxidase deficiency 
induces MIP-2 production via ERK activation in zymosan-stimulated mouse 
neutrophils. Free Radic Res. 2013;47(5):376–85.

63.	 Xu D-Z, Lu Q, Deitch EA. Nitric oxide directly impairs intestinal barrier func-
tion. Shock. 2002;17(2):139–45.

64.	 Man M-Q, Wakefield JS, Mauro TM, et al. Role of nitric oxide in regulating 
epidermal permeability barrier function. Exp Dermatol. 2022;31(3):290–8.

65.	 Taub N, Nairz M, Hilber D, et al. The late endosomal adaptor p14 is a 
macrophage host-defense factor against Salmonella Infection. J Cell Sci. 
2012;125(Pt 11):2698–708.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Hypoxia exacerbates intestinal injury and inflammatory response mediated by myeloperoxidase during ﻿Salmonella﻿ Typhimurium infection in mice
	﻿Abstract
	﻿Background
	﻿Results
	﻿Hypoxia increases the morbidity of mice during ﻿Salmonella﻿ infection
	﻿Hypoxia exacerbates bacterial translocation in mice infected with ﻿S.﻿ Typhimurium
	﻿Hypoxia enhances macrophage and neutrophil recruitment in ﻿S.﻿ Typhimurium-infected mice
	﻿Hypoxia augments ﻿Salmonella﻿-induced mucosal injury in mice
	﻿Hypoxia aggravates colonic oxidative stress injury in MPO-deficient mice

	﻿Discussion
	﻿Conclusions
	﻿Materials and methods
	﻿Animals
	﻿﻿Salmonella﻿ Typhimurium infection and hypoxia treatment
	﻿Analysis of blood samples
	﻿Histopathology
	﻿Immunofluorescence microscopy
	﻿Measurement of bacterial translocation
	﻿RNA isolation and quantitative real-time PCR (qRT-PCR)
	﻿ELISA analysis
	﻿Flow cytometry
	﻿Determination of ROS
	﻿Measurement of oxidative stress markers and MPO activity
	﻿Western blotting
	﻿Statistical analysis

	﻿References


