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Hypoxia: The “Invisible Pusher” of Gut Microbiota
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Oxygen is important to the human body. Cell survival and operations depend on oxygen. When the body becomes hypoxic, it affects the organs, tissues and cells and can cause irreversible damage. Hypoxia can occur under various conditions, including external environmental hypoxia and internal hypoxia. The gut microbiota plays different roles under hypoxic conditions, and its products and metabolites interact with susceptible tissues. This review was conducted to elucidate the complex relationship between hypoxia and the gut microbiota under different conditions. We describe the changes of intestinal microbiota under different hypoxic conditions: external environment and internal environment. For external environment, altitude was the mayor cause induced hypoxia. With the increase of altitude, hypoxia will become more serious, and meanwhile gut microbiota also changed obviously. Body internal environment also became hypoxia because of some diseases (such as cancer, neonatal necrotizing enterocolitis, even COVID-19). In addition to the disease itself, this hypoxia can also lead to changes of gut microbiota. The relationship between hypoxia and the gut microbiota are discussed under these conditions.
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INTRODUCTION

For human being or animal, there are two kinds of environment: internal environment and external environment (Gao, 2019). The environment where cells directly live in the body is called internal environment, which is the place where cells directly metabolize and live. Oxygen and various nutrients needed for cell metabolism can only be absorbed from internal environment (Turner, 2009). Therefore, the internal environment is very important for the survival of cells and the maintenance of their normal physiological functions. The environment outside the human body, such as air, water, soil, food, geology and landform, is collectively referred to as the external environment (Castro Rocha et al., 2020). Hypoxia in the body, happen not only from external conditions (mayor from high altitude) which caused systemic hypoxia, but also from internal environment (such as colon cancer, some lung diseases etc.) causing body local hypoxia (MacIntyre, 2014; Taylor and Colgan, 2017). Once the body is in a state of hypoxia, whether it is caused by external environment or internal diseases, it will cause reversible or irreversible body damage (Bogdanovski et al., 2017).

Hypoxia can lead to dizziness, headaches, tinnitus, weakness of limbs, nausea, vomiting and other symptoms. The symptoms of worsening hypoxia include gradual cessation of consciousness, purple skin all over the body, decreased blood pressure, dilated pupils, coma, and finally death due to breathing difficulties, cardiac arrest, and hypoxic asphyxiation. Altitude sickness can occur when the body undergoes a change in altitude (Zhang et al., 2020). Some diseases, such as colorectal and liver cancer, neonatal necrotizing enterocolitis (NEC), and the currently urgent COVID-19, involve varying degrees of anoxia (Zhou et al., 2020). Clinical treatment of hypoxia focuses on improving the anoxic condition and increasing the blood oxygen saturation. Under hypoxia, cells produce a transcriptional activator known as hypoxia-inducible factor-1 (HIF-1) (Lee et al., 2019). The α subunit of Hif-1 is the active subunit of Hif-1 and is a key factor in hypoxia signaling pathway. In general, expression of Hif-1α cannot be detected in cells with normal oxygen saturation. However, under hypoxia condition, Hif-1α subunit and Hif-1β subunit can form active heterodimer, which can be transferred to the nucleus to participate in the transcription of various genes, thereby regulating hypoxia state in the body. The expression of HIF can help keep the internal environment of cells and tissues stable under hypoxia condition, so as to adapt to hypoxia state (Tirpe et al., 2019).

Microenvironment is mainly reflected as an internal environment of the human body. Microenvironment directly determines the active state of individual microorganisms, and the change of macroenvironment often leads to the rapid change of microenvironment and affects the active state of microbial community, which shows the phenomenon of “internal and external differences” to a certain extent (Bloom and Zaman, 2014; Albert-Bayo et al., 2019). The human intestinal microenvironment is relatively complex. The intestinal microbiota includes one hundred million microorganisms with more than 1,000 species, most of which are obligate anaerobes (Faith et al., 2013). Under normal conditions, the intestinal microbiota, mucosal barrier and epithelial barrier constitute a complete intestinal defense mechanism that can resist invasion of pathogenic bacteria by inhibiting the displacement of commensal bacteria and endotoxins in the intestinal tract, increasing mucus secretion, enhancing the intestinal mechanical barrier, and inhibiting pathogenic bacterial growth (Fukuda et al., 2011). The intestinal microbiota remains in a dynamic, balanced state and can play roles in metabolism, nutrition, barrier protection and maintenance of normal immune function (Olszak et al., 2012; Smith et al., 2013; Ramezani and Raj, 2014). When the human body undergoes, barrier is the first to be affected. Some conditional pathogens have the opportunity to grow quickly. These anaerobic bacteria (Han, 2015; O’Neill et al., 2015; Figueredo et al., 2018) destroy the intestinal microecological barrier, cause the intestinal microbiota disordered, and finally lead to systemic inflammation. Evidence shows that the intestinal microecology plays an important role when the human body becomes hypoxic. Intestinal microbial ecosystem can affect vascular physiology (Kiouptsi et al., 2019) and even determine the degree of myocardial infarction (Lam et al., 2012; Reinhardt et al., 2012). Here, we review the relationship between intestinal microbiota and hypoxia from two aspects: altitude-associated hypoxia (external environment), and disease-related hypoxia (internal environment).



ALTITUDE-ASSOCIATED HYPOXIA AND THE GUT MICROBIOTA


Acute Hypobaric Hypoxia

The high altitude, low air pressure, thin air, and low oxygen content in plateau areas cause changes in the digestive system upon entering the plateau, thus destroying the gastrointestinal barrier and causing dysfunction, and resulting in bacterial displacement and intestinal microbiota imbalance. Oxygen is the main factor affecting human behavior and activities under hypoxia conditions (Basnyat and Murdoch, 2003). Studies have shown that the intestine is the central organ involved in the body’s stress response (Wilmore et al., 1988). Altitude stress can significantly reduce the occurrence of small intestinal migratory complex movement during the inter-digestive period (Yoshimoto et al., 2004). The reduced intestinal peristalsis affects the ability of bacteria to be flushed downward, making it easier for them to colonize the small intestine (Jo et al., 1987).

Humans and their gut microbiota maintain a dynamic coexistence and a mutually beneficial relationship, but this relationship will change when exposed to environmental pressure. This can destroy the integrity of the intestinal mucosal barrier, resulting in intestinal damage and bacterial antigen translocation from the intestinal cavity to the circulatory system, and leading to systemic inflammation and increasing susceptibility to diseases (Turner, 2009; van Wijck et al., 2012). As a physiological source of stress, hypoxia tends to occur at altitudes of >2500 m. The characteristics of hypoxia in plateau environments affect and restrict the activities and behaviors of organisms, thus changing the intestinal microorganismal composition.

Research showed that mountaineering expeditions in the Himalayas by explorers exposed to high altitudes above 5000 m have increased the number of potentially pathogenic gram-negative bacteria from the gamma subbranch of Proteobacteria, particularly certain Enterobacteriaceae, such as Escherichia coli. The increase in this group of potential pathogens paralleled the decline of Bifidobacterium. The reduction of beneficial Bifidobacteria can lead to instability of intestinal microbiota (Gibson and Wang, 1994), which brings health risks to high-altitude mountaineers. This study suggests that the changes in intestinal microbiota caused by altitude exposure above 5000 m may be related to hypoxia stress (Kleessen et al., 2005). Simultaneously other studies (Adak et al., 2013) showed that the total number of anaerobic bacteria in the fecal microbiota of the high altitude group increased, while the total number of aerobic bacteria significantly decreased, and the protease and polyphenol hydrolase produced by different microbial communities were positive, while phosphatase produced negative. Enzymes such as amylase, protease, alkaline phosphatase and β-glucuronidase produced during microbial domestication at high altitudes are also elevated, and they demonstrated that hypoxic environments at high altitudes may alter the composition and activity of intestinal microbiota, leading to gastrointestinal dysfunction (Adak et al., 2013). Also people living at an altitude of 3505 m showed that the total oxygen demand of the population at this altitude was lower than that of people living on the plain, and some beneficial bacteria (Bifidobacterium and Lactobacillus) and some potential harmful bacteria (Escherichia coli and Clostridium perfringens) and anaerobic bacteria were increased in the body (Figure 1; Adak et al., 2013).


[image: image]

FIGURE 1. Changes of intestinal microbiota in animals and humans under environmental hypoxia. Environmental hypoxia can be divided into acute hypobaric hypoxia and chronic hypobaric hypoxia. Acute hypobaric hypoxia usually refers to the environment from plain to plateau. In this case, the intestinal microorganisms in animals and human will change greatly. In animals, Bacteroides increased significantly, while Corynebacterium, Prevotella and Coprococcus decreased significantly. The acute changes in human were mainly reflected in the significant increase of Bacteroides, Proteobacteria, Escherichia coli and Clostridium perfringens, and the significant decrease of some probiotics, including Bifidobacterium, Lactobacillus, Atopodium, Coriobacterium, and Eggerthella lenta. Chronic hypobaric hypoxia mainly refers to animals and people living in plateau environment for a long time. There is a high abundance of Rumencoccus and Christensenellaceae in animals living in plateau environment for a long time. However, there are some differences between human living in plateau environment and the plain, mainly in the higher abundance of Acidaminocus, Actinomyces, Blautia, Butyrimionas, Clostridium, Desulfovibrio, Helicobacter, Leuconostoc, Peptostrecoccaceae incertae sedis, Prevotellae uncultured, Prevotella, Rc9 gut group and Rhodococcus. Based on the above two kinds of hypoxia conditions, it shows that hypoxia can indeed affect the intestinal microorganisms in vivo.


In addition to humans, animals entering hypoxia environment also showed the changes of bodies and gut microbiota. Skiers, religious pilgrims, hikers, mountain climbers, and military personnel have experienced altitude sickness and disease associated with a lack of oxygen at high altitude (Butterfield et al., 1992; Westerterp et al., 1992; Camp et al., 2009). The ratio of total aerobic to anaerobic bacteria in plain mice (healthy male albino rats, average body weight 145 ± 7 g) changed from 1:2.79 to 1:7.34 under exposure to a high-altitude environment for 30 days (Adak et al., 2014b). The total number of anaerobes increased from 6.02 to 8.04 log10 colony-forming units/g in the experimental group, which was 105 times higher than that of the control group (Adak et al., 2014a). Environmental pressure at high altitude leads to hypoxia, which reduces oxygen transport to surrounding tissues, leading to cellular hypoxia (Adak et al., 2013). Therefore, the microenvironment in the intestinal lumen is conducive to anaerobic growth.

Exposure to hypobaric hypoxia can increase gastrointestinal inflammation and permeability in rodents, accompanied by dynamic changes in intestinal microbial composition and activity (Zhou et al., 2011; Adak et al., 2014b; Xu et al., 2014; Zhang et al., 2015). When rats rapidly enter the plateau, the metabolic activity in their fecal suspensions is significantly reduced, and their intestinal microbiota composition is significantly altered. α diversity analysis showed that the Sobs, Chao, ACE and Shannon index values of rats that entered a high-altitude plateau were significantly lower than those of the control, while the Simpson index increased significantly, indicating that the numbers and species of intestinal microbiota were significantly reduced in the rats in a plateau environment. Compared with the control group, the abundance of Bacteroides increased significantly, and the number of Prevotella decreased in the plateau group (Zhang J. et al., 2018). During environmental hypoxia in mice, the Bacteroidetes abundance increased at both the family and genus levels from days 1 to 14 in mice with hypoxia inducible factor-1 (HIF-1) deficiency in their bone marrow cells. This difference was significant compared with that of the wild-type group (Han N. et al., 2020) and was consistent with previous findings that Bacteroidetes was more abundant in HIF-1-deficient mice than in wild-type mice (Sun et al., 2020).

Under normal conditions, the intestinal microbiota remains in a balanced state with the human body and the external environment. However, in plateau areas >3000 m above sea level, most people cannot immediately adapt to the low air pressure and low-oxygen environment, and digestive dysfunction in patients with altitude sickness is an important complication.



Chronic Hypobaric Hypoxia

Scientists have studied animals and humans who have lived in high-altitude areas for 1000 years to determine how these high-altitude residents overcome the challenges of living in a low-oxygen environment. The intestinal microbiota of herbivorous Tibetan antelope includes Klebsiella pneumoniae, Streptococcus suis, Streptococcus sanguineus, Streptococcus lutei, Streptococcus vasculitis, and Streptococcus infantis. Additionally, 34% of intestinal microbiota species are considered potentially new species in known genera (Bai et al., 2018). The cecal bacterial community in Ochotona curzoniae mainly comprises Scleroderma and Bacteroides (Li et al., 2016b), which is consistent with that of Tibetan antelope.

Population data showed that the intestinal microbiota in Han people decreased sharply after several years of migration from low to high altitudes (Li and Zhao, 2015). After living for long times on a plateau, Tibetan people’s unique lifestyle has resulted in their having much lower incidence rates of adenoma, colon cancer and other intestinal diseases than those of people living in low-altitude areas. 16S rRNA high-throughput sequencing showed that compared with other ethnic groups, Tibetans had rich intestinal microbiota, including Enterococcaceae, Prevotella, and Enterococci (Li et al., 2016c). The number of microbial genes in Tibetans was 4.9 times higher than that of Han populations (Li et al., 2020). At the genus level, the relative abundances of 13 genera (Acidaminoccus, Actinomyces, Blautia, Butyricimonas, Clostridium, Desulfovibrio, Helicobacter, Leuconostoc, Peptostrecoccaceae incertae sedis, Prevotella uncultured, Prevotella, Rc9 gut group, and Rhodococcus) from people living on plateaus were significantly higher than those of people living on plains (Li and Zhao, 2015). The bacterial levels of Firmicutes, Clostridium and Ruminococcus in the gut microbiotas of Tibetans living in high-altitude areas were higher than those of low-altitude Tibetans (Figure 1; Li et al., 2016c; Lan et al., 2017).

For plateau animals, researches compared the differences in intestinal microbiota between plateau pika and the low-altitude dauricus. Scleroderma was the most abundant genus in the plateau pika, and Prevotella, Oscillospira, Ruminococcus, and yrc22 were abundant in the plateau pika. while Proteobacteria, Actinobacteria, and Verrucomicrobia were abundant in Ochotona dauricus. The Shannon index and evenness of the plateau pika were significantly higher than those of the dauricus, and eight genera, including Streptococcus and Pseudomonas, increased with the altitude. Therefore, altitude is important in forming the intestinal microbial community diversity in pika (Li et al., 2018, 2019). Interesting, Ruminococcus is a common group in the intestinal microbiota of all plateau herbivores in the same high-altitude areas, and results indicate that Ruminococcus is more abundant in the intestines of plateau pika than in low-altitude pika (Li et al., 2016a). Ruminococcus can produce short-chain fatty acids (SCFAs) (Hooda et al., 2012), whose levels can directly affect energy metabolism in the colonic epithelium (Canfora et al., 2015). SCFA levels in Yak rumens are higher than those in cattle, thus helping them adapt to high altitudes (Zhang et al., 2016). Other animals, such as black-necked cranes (Grus nigricollis) (Wang et al., 2020), lizards (Phrynocephalus vlangalii) (Zhang W. et al., 2018), Chinese Rhesus macaques (Macaca mulatta) (Zhao et al., 2018; Wu et al., 2020b), Bufo gargarizans (Xu et al., 2020), Tibetan chickens (Zhou et al., 2016) and Tibetan pigs (Zeng et al., 2020), also have high abundances of Ruminococcus in their guts (Table 1). These data indicate the importance of Ruminococcus in plateau adaptation and hypoxia-tolerant animals.


TABLE 1. Gut microbiomes of animals living in plateau environments.

[image: Table 1]These studies suggest that the plateau environment is associated with an altered intestinal microbiota in both animals and humans. Hypoxia is an important characteristic of plateau environments [although there may be confounding factors, “including food (nutrition), temperature, air pressure, etc.]. However, studies on population data are limited, and no reports exist regarding which intestinal microbiota can alleviate the hypoxic effects. Researchers must determine the important bacterial microbiota via randomized controlled trials to clarify the roles of intestinal microorganisms.



INTERNAL HYPOXIA AND GUT MICROBIOTA


Tumor-Related Hypoxia

The tumor microenvironment comprises tumor cells, resident and recruited host cells (cancer-related stromal and immune cells), and secreted products of corresponding cells (e.g., cytokines and chemokines) and the extracellular matrix. It also comprises non-cellular components and may include tumor-microenvironment metabolites and specific environments (Germa Lluch et al., 1991). Blood vessels are prioritized during tumoral growth. Countless blood vessels and capillaries exist in the human body. Most tumor cells spread in the bone marrow and depend on capillaries for growth. When microvessels begin growing, quiescent tumor cells can be stimulated to develop into aggressive tumors. As tumors continuously grow, their malignant transformation becomes a vicious cycle that constantly disrupts the body’s homeostasis. Tumor cells can continuously build new nutritional metabolism networks by inducing angiogenesis to promote tumor cell growth (Folkman, 2003), which is known as the “seed and soil” hypothesis (Potter and Wisniewski, 2012). When the original blood vessels can no longer fully perfuse the tumor, oxygen levels drop, and an environment of hypoxia and malnutrition forms where metabolic byproducts accumulate and immunosuppression is regulated. Hypoxia is a common sign of malignant tumor growth (Chae et al., 2016). Hypoxia initiates HIF to induce blood vessel proliferation, thus making the environment more hypoxic, and the tumor microenvironment can alter the intestinal microbiota.


Colorectal Cancer

Intestinal microenvironment changes may be a cause of colorectal cancer (Jawad et al., 2011; Zoratto et al., 2014). An important feature of intestinal microbiota imbalance in patients with colorectal cancer is an increase in conditional pathogens (Szabo et al., 2010; Castillo-Carranza et al., 2013). Intestinal imbalance can lead to mucus production in the intestinal mucosa, abnormal intestinal mucosal epithelial hyperplasia, and increased intestinal permeability, this affects the expression of related antibacterial proteins, largely destroying the barrier function of the intestinal mucosa in patients’ bodies. Studies have shown that the distribution characteristics of the intestinal microbiotas of colorectal cancer patients differ greatly from those of healthy people. Firmicutes and Fusobacteria are overexpressed in the intestines of colorectal cancer patients, while Proteobacteria is reduced. In addition, compared with tissues adjacent to the cancer tissue, Lactococcus and Fusobacteria show higher abundances, while Pseudomonas and Escherichia-Shigella are reduced (Gao et al., 2015). The abundances of Clostridium tetani, Clostridium sphaeroides, and pathogenic E. coli are significantly higher in the intestines of patients with colorectal cancer than in those of healthy controls, and the numbers of butyrate-producing bacteria are significantly reduced (Szabo et al., 2010; Huang and Mucke, 2012). Fusobacterium nucleatum is a prominent conditional pathogen in the occurrence and development of colorectal cancer (Castellarin et al., 2012). These increases in pathogenic bacteria and decreases in butyrate-producing bacteria significantly increase the risk of morbidity in patients with colorectal cancer (Potter and Wisniewski, 2012). The results showed that NaB (Sodium butyrate) not only inhibited the liver metastasis rate of tumor cells, but also improved the dysbacteriosis of CLM mice, including reducing the abundance of pathogenic bacteria, increasing the abundance of beneficial bacteria such as short chain fatty acid producing bacteria, and reducing the Firmicutes/Bacteroides ratio. At the same time, NaB increased NKT cells and Th17 cells, decreased Treg, and improved the anti-tumor immune response in the liver of CLM mice (Ma et al., 2020). Therefore, NaB can reduce toxic bacterial products and increase beneficial bacterial metabolites, highlighting the potential of NaB in the treatment of CLM.



Liver Cancer

The intestines are closely related to the liver, leading to the “intestine-liver axis” theory (Arab et al., 2018). The mesenteric vein is connected to the portal vein, which takes up approximately 70% of the blood supply. Nutrients and metabolic waste absorbed by the intestines enter the liver through the portal vein (Compare et al., 2012; Dapito et al., 2012; Yoshimoto et al., 2013). When the small intestines absorb too many lipids, excess lipids accumulate, which can cause stem cell steatosis in the liver, leading to non-alcoholic fatty liver disease (Chu et al., 2019). Intestinal microbiota and their metabolites can also affect liver pathology (Lambert et al., 2015). Studies have shown that when non-alcoholic fatty liver gradually develops into non-alcoholic steatohepatitis (NASH), harmful microbiota in the intestines grow excessively, leading to a disorder of the intestinal microecology (Flass et al., 2015).

Changes in the intestinal microbiota of patients with non-alcoholic hepatitis may lead to the production of reactive oxygen species, which can lead to NASH-DNA damage and increase the risk of liver cancer. Hypoxia microenvironment is a common feature of solid tumors, and hepatoma cells have strong oxygen tolerance. In hypoxia environment, hepatoma cells activate target genes containing a hypoxia response element (HRE) through HIF-1 transcription (in human tumor cells, these gene products are greatly increased) to cause a series of tumor cells to respond to hypoxia (Kaneoka et al., 2003). HIF-1 can also enhance the ability of glycolysis to make tumor adapt to hypoxia environment quickly (Kakaty et al., 2015). Tumor cells have stronger survival ability than normal tissue cells in hypoxia environment, thus enhancing the ability of tumor invasion and metastasis. The growth of tumor cells and hypoxia in tumor microenvironment form a positive feedback effect, which increases the degree of hypoxia in the body. Simultaneously, the number and structure of intestinal microbiota in patients with pre-liver cancer (i.e., non-alcoholic hepatitis) changed, and the prevalence of intestinal bacterial overgrowth was significantly higher than that in healthy people (Shanab et al., 2011).

In patients with non-alcoholic hepatitis, the proportion of Bacteroides was lower, anaerobic bacteria such as Lactobacillus and Bifidobacterium were decreased, and the intestinal aerobic bacteria, such as Coccus and Enterobacteria, were increased compared with those of patients with simple fatty liver and of healthy controls (Mouzaki et al., 2013). When non-alcoholic hepatitis occurs, intestinal permeability and intestinal bacteria increase. During this time, the liver is the body’s first barrier against exposure to toxins and antigens. Gram-negative bacteria are the primary intestinal endotoxins. Under normal conditions, intestinal endotoxins pass through the liver to be detoxified, whereas the endotoxins in non-alcoholic hepatitis patients cannot be detoxified after entering the liver through the portal vein and thus enter the systemic circulation and damage the liver cells. Patients with non-alcoholic hepatitis will have intestinal microbiota imbalance and overgrowth of gram-negative bacteria, indicating that the imbalanced intestinal microecology may be involved in the development of non-alcoholic hepatitis (Neuschwander-Tetri, 2017). An imbalanced intestinal microecology can activate the lipopolysaccharide/Toll-like receptor-4 (LPS-TLR4) signaling pathway, increase the intestinal wall permeability, cause mesenteric epithelial cells to develop ischemic necrosis, and induce liver fibrosis (Hartmann et al., 2012). The composition of the intestinal microbiota of these patients is different from that of healthy people. Increased permeability of intestinal wall (Levy et al., 2017; Sepehri et al., 2017; Wree et al., 2018) is one of the main mechanisms by which the intestinal microbiota participates in the pathogenesis and progression of NAFLD.



Hypoxia Induced by Neonatal Necrotizing Enterocolitis

Neonatal NEC is an acquired disease that is the most common and destructive gastrointestinal disease of premature infants (Ou et al., 2020), with NEC incidence of about 7% (Hackam and Caplan, 2018) and mortality of 10-30% (Alganabi et al., 2019). Hypoxia is one of the main causes of NEC, and the other causes include the immature intestinal function, and intestinal immune barrier damage of neonates. Classic NEC is a complex, multifactorial disease (Neu, 1996), some diseases such as congenital heart disease (Giannone et al., 2008), anemia (Patel et al., 2016), preeclampsia in pregnant women (Perger et al., 2016), and changes in intestinal microcirculation (Downard et al., 2011) can promote the occurrence of NEC, which are all related to hypoxia. NEC mainly induces intestinal necrosis from the mucosal layer and gradually involves the entire thickness of the intestinal wall, resulting in perforation. Neonatal respiratory distress, hypoxia and other conditions will make the intestinal wall vasoconstriction, resulting in intestinal mucosa hypoxia ischemia, and then restore oxygen supply, vasodilation and congestion, expansion of reperfusion will increase tissue damage and lead to NEC.

Some in vitro experiments have confirmed that the immature intestinal cells in infants are more prone to inflammation due to pathogenic stimulation (Nanthakumar et al., 2000; Claud et al., 2004). Intestinal microorganisms greatly influence the development of the gastrointestinal tract and maintenance of the mucosal surface integrity (Caicedo et al., 2005), but the intestinal barrier function in the immature intestines of premature infants is imperfect. Bacteria and their metabolites that were originally confined to the intestinal lumen can be displaced and spread to nearby organs and tissues (Uauy et al., 1991; Hintz et al., 2005), triggering a chain inflammatory response, leading to further intestinal epithelial damage (Viscardi et al., 1997; Halpern et al., 2002; Harris et al., 2005; Claud and Walker, 2008). High-throughput sequencing have found that the occurrence of NEC is related to increases in Enterobacter, Fusobacterium, Shigella, Enterobacter sakazakii, γ-Proteobacteria (Morrow et al., 2013; Zhou et al., 2015; Warner et al., 2016), and propionic acid. A reduction or lack of Bacteroides, Clostridium, and Negativicutes is also related (Morrow et al., 2013; McMurtry et al., 2015; Warner et al., 2016). Simultaneously Clostridium is an important member of the microbial community that can effectively prevent the expansion of symbiotic Escherichia coli (Rivera-Chavez et al., 2016), the depletion of Clostridium drives the expansion of pathogens.

One to two weeks before NEC was diagnosed, the proportions of Proteobacteria and Actinobacteria were significantly increased in NEC patients compared with those of the control group (Handl et al., 2011). High-throughput sequencing results revealed that Proteobacteria was increased by 32%, and Firmicutes was decreased by 32%, suggesting that the gut microbial community structure changed gradually before the onset of NEC (Simon and Daniel, 2011). The diversity index of the fecal microbiota in children with NEC was significantly lower than that of children without NEC (Wang et al., 2009; Morrow et al., 2013; Torrazza et al., 2013; McMurtry et al., 2015). This suggests that decreased abundances in the intestinal microbial diversity may be related to NEC (McMurtry et al., 2015).

Necrotizing enterocolitis mainly affects premature infants. The incidence is lower in full-term infants, accounting for < 10% of children with NEC. Therefore, establishing intestinal microbiota in infants and young children is important to their health and enables diagnosing and treating diseases early by changing and regulating the intestinal microbiota.



Hypoxia Induced by COVID-19

Corona Virus Disease 2019 is an acute infectious pneumonia. When the novel Coronavirus invades the human body, the organs most seriously affected are the lungs. In most lung diseases, blood oxygen saturation decreases as the lung disease is aggravated. Other changes include lung stiffness, fluid filling, and rising carbon dioxide levels because the lungs cannot effectively flush out the carbon dioxide. In severe cases of COVID-19, people have difficulty breathing, their lungs are damaged, and blood oxygen saturation drops to between 70 and 80% and below 50% in some cases. At this point, the lungs are severely damaged, and the lack of oxygen can damage other organs, such as the heart, kidneys, intestines and brain, then rapidly develop into respiratory failure. The blood oxygen saturation in the body is decreased, the hypoxic phenotype is obvious, and the patients with new coronary disease are suffering from respiratory distress. CT shows multiple lung diseases. Compared with SARS in 2003, patients with new coronary pneumonia progressed faster in respiratory failure, and the development of hypoxia was more obvious. Therefore, oxygen therapy is very important in the treatment of new coronary pneumonia. If the patient can ensure adequate oxygen supply in the early stage, the chance of a sudden illness becoming severe will be less. Simultaneously, the intestinal microbiota is associated with respiratory tract microbial infections and can influence the occurrence and development of diseases through the intestinal-lung axis (Marsland et al., 2015).

Imbalances in the intestinal microbiota reduce the immune defenses in the respiratory tract, making it easier for respiratory viruses to invade the body (Ichinohe et al., 2011). And patients with intestinal diseases are considered to be at high risk of SARS-CoV-2 infection (Iacucci et al., 2020; Vodnar et al., 2020). In addition, the pandemic data showed that SARS-CoV-2 RNA was found in stool samples of patients with COVID-19, including stool samples of several patients with negative upper respiratory tract test results (D’Amico et al., 2020; Han C. et al., 2020; Hindson, 2020; Pan et al., 2020; Wu et al., 2020a; Xiao et al., 2020). The diversity and abundances of the intestinal microbiota were significantly reduced in patients with COVID-19 and H1N1, compared with those of healthy people (Groves et al., 2018; Yildiz et al., 2018). The relative abundances of opportunistic pathogens in COVID-19 patients were increased and mainly included Streptococcus, Rothia, Veillonella, Erysipelatoclostridium, and Actinomyces. Changes in the intestinal mucosa and immune factors induced by Actinomycetes may aggravate the damage from intestinal diseases (Lin et al., 2017; Nahum et al., 2017). Clinical data showed that compared with the control group, COVID-19 patients without antibiotics were rich in opportunistic pathogens that can cause bacteremia (Zuo et al., 2020), including Clostridium hathewayi, Actinomyces viscosus, and Bacteroides NorDII. The study also showed that Firmicutes was correlated with COVID-19 severity and that Firmicutes, Coprobacillus, Clostridium ramosum and C. hathewayi were the top bacteria positively correlated with the severity of COVID-19. Further, C. ramosum and C. hathewayi are both highly correlated with human infectious diseases and bacteremia (Elsayed and Zhang, 2004; Forrester and Spain, 2014). The intestinal microbial ecosystems of critically ill COVID-19 patients are disordered and prone to secondary infections. Studies have shown that respiratory viral infections may be related to changes in the intestinal microbiota, thus making patients prone to secondary bacterial infections (Hanada et al., 2018; Yildiz et al., 2018). Therefore, these patients often die from secondary bacterial infections rather than from the viral infection. In treating COVID-19 patients, the intestinal microecological balance should be considered, and the intestinal bacteria should be adjusted to maintain homeostasis.



Hypoxia Caused by Other Diseases

In addition to the above diseases, which are typical under hypoxic conditions, other common chronic diseases also induced body hypoxia. Chronic obstructive pulmonary disease (COPD) is a respiratory disease characterized by chronic airway inflammation. The pulmonary characteristics of COPD primarily include reversible airflow limitation and progressive development. When airflow limitations lead to insufficient inhaled gases and disordered ventilation and blood flow, patients become deprived of oxygen. Among them, smoking is an important risk factor of COPD. The prevalence of COPD in smokers is 2-8 times higher than that in non-smokers (Tashkin, 2015; Peiffer et al., 2018; Duffy and Criner, 2019). Patients with COPD also have chronic dyspnea, coughing, sputum, and chest tightness, and their bodies will be in a hypoxic state for a long time, resulting in pathological changes. Studies have found that abnormal bacterial microbiota in the lungs can migrate to the intestinal tract through the blood circulation and destroy the relative balance of the intestinal microbiota (Chung, 2017; He et al., 2017). In clinical cases, patients with lung diseases commonly exhibit an intestinal microbiota imbalance. One study found that 40.26% of COPD patients had an intestinal microbiota imbalance (Huang et al., 2017) and that the number of intestinal probiotics in COPD patients was significantly lower than that in healthy people. Additionally, the frequency of acute COPD attacks is more closely related to decreases in Bifidobacteria and Lactobacillus.

Bronchial asthma is a common chronic lung disease with hypoxia and is a heterogeneous disease characterized by chronic airway inflammation involving various cells and cellular components. This chronic inflammation is associated with airway hyperresponsiveness, which causes symptoms such as hypoxia and dyspnea when the airway hyperresponsiveness and airway contraction are severe. Asthma is a common multiple respiratory diseases (Vora, 2014), repeated attacks will lead to insufficient blood supply to the brain. After the attack of asthma, because of bronchospasm will lead to hypoxia, lung gas of patients can’t pass normally (Boulet and Boulay, 2011). And severe persistent state of asthma itself can cause arrhythmia and shock due to the influence of hypoxia (Mims, 2015). Common respiratory diseases are associated with intestinal diseases, and use of antibiotics to alter the intestinal microbiota can make patients more susceptible to allergic asthma (Russell et al., 2012). An on-the-spot study found that the intestinal microbiota in asthmatic patients was significantly altered at the molecular level, the diversity was significantly reduced, and the structural changes in the intestinal microbiota were associated with asthma (Vael et al., 2008). Bifidobacterium is an intestinal probiotic that fights harmful bacteria in the human body (Santosa et al., 2006). Animal experiments have shown that administering Bifidobacteria combined with peptic oligosaccharides can inhibit lung airway inflammation, reduce T-cell activation, regulate pattern recognition receptors and cytokine expression and reduce airway remodeling (Sagar et al., 2014). Therefore, when severe lesions occur in patients’ lungs, timely attention should be paid to the patients’ intestinal microbiota to prevent the toxins secreted by the microbiota from entering the blood and to reduce lung damage.

Another common chronic hypoxic disease is obstructive sleep apnea hypopnea syndrome (OSAHS). OSAHS is a sleep respiratory disease of unknown etiology, characterized by chronic intermittent hypoxia (CIH) and subsequent reoxygenation. Because OSAHS patients have recurrent nocturnal hypoxia and hypercapnia at night due to apnea, OSAHS is a potentially fatal sleep respiratory disease and has become an important public health problem (Peppard et al., 2013). CIH plays a major role in the physiological damage of OSAHS patients (Lesske et al., 1997). CIH is a systemic injury that causes adverse reactions in various tissues and alters the intestinal microbiota (Moreno-Indias et al., 2015; Tripathi et al., 2018). Repeated hypoxia may be conducive to anaerobic bacterial proliferation. Even when normal oxygen is restored, the intestinal microbiota composition due to CIH remains affected. Studies have shown that CIH exposure can lead to delayed persistent low-grade endotoxemia in mice, and the abundance of LPS in the plasma is positively correlated with that of Desulfovibrio (Moreno-Indias et al., 2016). Bacterium-derived metabolites (e.g., SCFAs) are also affected by CIH exposure (Adnan et al., 2017; Li et al., 2017). Animal experiments have shown that the relative abundances of microorganisms were decreased significantly in guinea pigs exposed to CIH for 12 days and that the microbial community composition had changed, with a decreased relative abundance of Firmicutes and an increased relative abundance of Bacteroides (Lucking et al., 2018).

The overall microbial community structure of the experimental group was significantly changed after 6 weeks of intermittent hypoxia compared with the control group, and the α diversity of the intestinal microbiota was increased. The changes in the intestinal microbiota mainly included increased Firmicutes and fewer Bacteroides and Proteobacteria (Moreno-Indias et al., 2015). These results were consistent with those of previous studies. Another study showed that in rats exposed to intermittent hypoxia, the numbers of Bacteroides were decreased significantly, the numbers of Firmicutes and Deferribacter increased significantly, and the numbers of Lactobacillus and Ruminococcus were significantly negatively correlated (Moreno-Indias et al., 2016).



CONCLUSION AND DISCUSSION

Oxygen has existed on earth for 250 million years, and humans have fully adapted to its existence. For humans, oxygen is the most important element in maintaining life. Japan’s highest medical authority, Hideki Noguchi, stated that “hypoxia is the source of all diseases.” Hypoxia can affect human health (Pilli et al., 2018). Different parts of the human body have different sensitivities and responses to hypoxia. The intestinal microbiota under a hypoxic environment is becoming an increasing concern. Changes in intestinal microbiota differ under different hypoxic conditions. In most cases, the emergence of a hypoxic environment will directly or indirectly affect the composition and abundance of the intestinal microbiota. Hypoxia will lead to the enrichment of Prevotella in vivo, and the corresponding low ratio of Bacteroides: Prevotella (Karl et al., 2018). Recent studies showed Prevotella abundance increases during oxidative stress, which promotes intestinal mucus barrier dysfunction and inflammation (Elinav et al., 2011; Scher et al., 2013).

Although increasing research is being conducted on hypoxia, the related gut microbiota under different hypoxic environments require further study. Clinicians must understand the complex relationship between hypoxia and intestinal microbiota and determine whether a further relationship exists between hypoxic mechanisms and intestinal microbiota. This information will provide effective and considerable insight for potential disease treatment combined with existing disease treatments. Although the intestinal microbiota has been extensively studied in the context of colorectal cancer and related cancers, few studies exist on its relationship with lung-related diseases and hypoxia, and this requires further exploration.

Many unsolved problems remain in the growing field of intestinal microbiota such as the impact of localized hypoxia on the intestinal tract and whether it affects the oxygen content of the intestinal environment to create a more favorable environment for intestinal anaerobic bacteria. This could result in the proliferation of intestinal anaerobic bacteria and a disordered intestinal microbiota. Other problems include whether intestinal bacteria that could serve as biomarkers exist in the intestinal tract and the mechanisms of hypoxia and the intestinal microbiota, including the hypoxia-related HIF pathway. In general, whether in vivo or in vitro, more studies are needed regarding cases of the body under hypoxia. The intestinal microbiota must be studied under hypoxic conditions to explore the mechanisms by which the intestinal microbiota handles hypoxia and to find new strategies for different diseases and to cope with high-altitude environments. Such strategies should include both targeted and individualized treatment for handling high-altitude hypoxia and treating different diseases involving hypoxia.



AUTHOR CONTRIBUTIONS

NH investigated the literature and wrote the manuscript. ZP investigated the literature. GL and RY contributed to revise the manuscript. BY provided overall directions and contributed to revising the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This review was supported by the National Natural Science Foundation for Key Programs of China Grants (No. 81790632) and National Natural Science Foundation of China Grants (No. 31970863).

ABBREVIATIONS

HIF-1, hypoxia inducible factor-1; COVID-19, Corona Virus Disease 2019; SCFA, short-chain fatty acid; LPS, lipopolysaccharide; TLR4, Toll-like receptor-4; VEGF, Vascular Endothelial Growth Factor; CCHD, Cyanotic Congenital Heart Disease; NEC, necrotizing enterocolitis; COPD, chronic obstructive pulmonary disease; OSAHS, obstructive sleep apnea hypopnea syndrome; CIH, chronic intermittent hypoxia.


REFERENCES

Adak, A., and Ghosh Mondal, K. C. (2014a). Modulation of small intestinal homeostasis along with its microflora during acclimatization at simulated hypobaric hypoxia. Indian J. Exp. Biol. 52, 1098–1105.

Adak, A., Maity, C., Ghosh, K., and Mondal, K. C. (2014b). Alteration of predominant gastrointestinal flora and oxidative damage of large intestine under simulated hypobaric hypoxia. Z Gastroenterol. 52, 180–186. doi: 10.1055/s-0033-1336007

Adak, A., Maity, C., Ghosh, K., Pati, B. R., and Mondal, K. C. (2013). Dynamics of predominant microbiota in the human gastrointestinal tract and change in luminal enzymes and immunoglobulin profile during high-altitude adaptation. Folia Microbiol. 58, 523–528. doi: 10.1007/s12223-013-0241-y

Adnan, S., Nelson, J. W., Ajami, N. J., Venna, V. R., Petrosino, J. F., Bryan, R. M., et al. (2017). Alterations in the gut microbiota can elicit hypertension in rats. Physiol. Genom. 49, 96–104. doi: 10.1152/physiolgenomics.00081.2016

Albert-Bayo, M., Paracuellos, I., Gonzalez-Castro, A. M., Rodriguez-Urrutia, A., Rodriguez-Lagunas, M. J., Alonso-Cotoner, C., et al. (2019). Intestinal mucosal mast cells: key modulators of barrier function and homeostasis. Cells 8:135. doi: 10.3390/cells8020135

Alganabi, M., Lee, C., Bindi, E., Li, B., and Pierro, A. (2019). Recent advances in understanding necrotizing enterocolitis. F1000Res 8:F1000FacultyRev–107.

Arab, J. P., Martin-Mateos, R. M., and Shah, V. H. (2018). Gut-liver axis, cirrhosis and portal hypertension: the chicken and the egg. Hepatol. Int. 12, 24–33. doi: 10.1007/s12072-017-9798-x

Bai, X., Lu, S., Yang, J., Jin, D., Pu, J., Diaz Moya, S., et al. (2018). Precise fecal microbiome of the herbivorous tibetan antelope inhabiting high-altitude Alpine Plateau. Front. Microbiol. 9:2321.

Basnyat, B., and Murdoch, D. R. B. (2003). High-altitude illness. Lancet 361, 1967–1974.

Bloom, A. B., and Zaman, M. H. (2014). Influence of the microenvironment on cell fate determination and migration. Physiol. Genom. 46, 309–314. doi: 10.1152/physiolgenomics.00170.2013

Bogdanovski, D. A., DiFazio, L. T., Bogdanovski, A. K., Csoka, B., Jordan, G. B., Paul, E. R., et al. (2017). Hypoxia-inducible-factor-1 in trauma and critical care. J. Crit. Care 42, 207–212. doi: 10.1016/j.jcrc.2017.07.029

Boulet, L. P., and Boulay, M. E. (2011). Asthma-related comorbidities. Expert Rev. Respir. Med. 5, 377–393.

Butterfield, G. E., Gates, J., Fleming, S., Brooks, G. A., Sutton, J. R., and Reeves, J. T. (1992). Increased energy intake minimizes weight loss in men at high altitude. J. Appl. Physiol. 72, 1741–1748. doi: 10.1152/jappl.1992.72.5.1741

Caicedo, R. A., Schanler, R. J., Li, N., and Neu, J. (2005). The developing intestinal ecosystem: implications for the neonate. Pediatr. Res. 58, 625–628. doi: 10.1203/01.pdr.0000180533.09295.84

Camp, J. G., Kanther, M., Semova, I., and Rawls, J. F. (2009). Patterns and scales in gastrointestinal microbial ecology. Gastroenterology 136, 1989–2002. doi: 10.1053/j.gastro.2009.02.075

Canfora, E. E., Jocken, J. W., and Blaak, E. E. (2015). Short-chain fatty acids in control of body weight and insulin sensitivity. Nat. Rev. Endocrinol. 11, 577–591. doi: 10.1038/nrendo.2015.128

Castellarin, M., Warren, R. L., Freeman, J. D., Dreolini, L., Krzywinski, M., Strauss, J., et al. (2012). Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma. Genome Res. 22, 299–306. doi: 10.1101/gr.126516.111

Castillo-Carranza, D. L., Lasagna-Reeves, C. A., and Kayed, R. (2013). Tau aggregates as immunotherapeutic targets. Front. Biosci. 5, 426–438. doi: 10.2741/s381

Castro Rocha, F. A., Duarte-Monteiro, A. M., Henrique, da Mota, L. M., Matias Dinelly, Pinto, A. C., et al. (2020). Microbes, helminths, and rheumatic diseases. Best Pract. Res. Clin. Rheumatol. 34:101528. doi: 10.1016/j.berh.2020.101528

Chae, Y. C., Vaira, V., Caino, M. C., Tang, H. Y., Seo, J. H., Kossenkov, A. V., et al. (2016). Mitochondrial Akt regulation of hypoxic tumor reprogramming. Cancer Cell 30, 257–272. doi: 10.1016/j.ccell.2016.07.004

Chu, H., Duan, Y., Yang, L., and Schnabl, B. (2019). Small metabolites, possible big changes: a microbiota-centered view of non-alcoholic fatty liver disease. Gut 68, 359–370. doi: 10.1136/gutjnl-2018-316307

Chung, K. F. (2017). Airway microbial dysbiosis in asthmatic patients: a target for prevention and treatment? J. Allergy Clin. Immunol. 139, 1071–1081. doi: 10.1016/j.jaci.2017.02.004

Claud, E. C., and Walker, W. A. (2008). Bacterial colonization, probiotics, and necrotizing enterocolitis. J. Clin. Gastroenterol. 42, (Suppl. 2), S46–S52.

Claud, E. C., Lu, L., Anton, P. M., Savidge, T., Walker, W. A., and Cherayil, B. J. (2004). Developmentally regulated IkappaB expression in intestinal epithelium and susceptibility to flagellin-induced inflammation. Proc. Natl. Acad. Sci. U. S. A. 101, 7404–7408. doi: 10.1073/pnas.0401710101

Compare, D., Coccoli, P., Rocco, A., Nardone, O. M., De Maria, S., Carteni, M., et al. (2012). Gut–liver axis: the impact of gut microbiota on non alcoholic fatty liver disease. Nutr. Metab. Cardiovasc. Dis. 22, 471–476.

D’Amico, F., Baumgart, D. C., Danese, S., and Peyrin-Biroulet, L. (2020). Diarrhea during COVID-19 infection: pathogenesis, epidemiology, prevention, and management. Clin. Gastroenterol. Hepatol. 18, 1663–1672. doi: 10.1016/j.cgh.2020.04.001

Dapito, D. H., Mencin, A., Gwak, G. Y., Pradere, J. P., Jang, M. K., Mederacke, I., et al. (2012). Promotion of hepatocellular carcinoma by the intestinal microbiota and TLR4. Cancer Cell 21, 504–516. doi: 10.1016/j.ccr.2012.02.007

Downard, C. D., Grant, S. N., Matheson, P. J., Guillaume, A. W., Debski, R., Fallat, M. E., et al. (2011). Altered intestinal microcirculation is the critical event in the development of necrotizing enterocolitis. J. Pediatr. Surg. 46, 1023–1028. doi: 10.1016/j.jpedsurg.2011.03.023

Duffy, S. P., and Criner, G. J. (2019). Chronic obstructive pulmonary disease: evaluation and management. Med. Clin. North Am. 103, 453–461.

Elinav, E., Strowig, T., Kau, A. L., Henao-Mejia, J., Thaiss, C. A., Booth, C. J., et al. (2011). NLRP6 inflammasome regulates colonic microbial ecology and risk for colitis. Cell 145, 745–757. doi: 10.1016/j.cell.2011.04.022

Elsayed, S., and Zhang, K. (2004). Human infection caused by Clostridium hathewayi. Emerg. Infect. Dis. 10, 1950–1952. doi: 10.3201/eid1011.040006

Faith, J. J., Guruge, J. L., Charbonneau, M., Subramanian, S., Seedorf, H., Goodman, A. L., et al. (2013). The long-term stability of the human gut microbiota. Science 341:1237439.

Figueredo, C. M., Sete, M. R., Carlos, J. C., Lira, R. Jr., Bostrom, E., and Sztajnbok, F. (2018). Presence of anti-Porphyromonas gingivalis-peptidylarginine deiminase antibodies in serum from juvenile systemic lupus erythematosus patients. Acta Reumatol. Port. 43, 239–240.

Flass, T., Tong, S., Frank, D. N., Wagner, B. D., Robertson, C. E., Kotter, C. V., et al. (2015). Intestinal lesions are associated with altered intestinal microbiome and are more frequent in children and young adults with cystic fibrosis and cirrhosis. PLoS One 10:e0116967. doi: 10.1371/journal.pone.0116967

Folkman, J. (2003). Fundamental concepts of the angiogenic process. Curr. Mol. Med. 3, 643–651. doi: 10.2174/1566524033479465

Forrester, J. D., and Spain, D. A. (2014). Clostridium ramosum bacteremia: case report and literature review. Surg. Infect. 15, 343–346.

Fukuda, S., Toh, H., Hase, K., Oshima, K., Nakanishi, Y., Yoshimura, K., et al. (2011). Bifidobacteria can protect from enteropathogenic infection through production of acetate. Nature 469, 543–547. doi: 10.1038/nature09646

Gao, Q. (2019). Oxidative stress and autophagy. Adv. Exp. Med. Biol. 1206, 179–198.

Gao, Z., Guo, B., Gao, R., Zhu, Q., and Qin, H. (2015). Microbiota disbiosis is associated with colorectal cancer. Front. Microbiol. 6:20.

Germa Lluch, J. R., Izquierdo Delso, M. A., Segui Palmer, M. A., Villavicencio, H., Ojeda Gonzalez, B., de Andres Basauri, L., et al. (1991). [Does total androgen suppression in advanced prostatic cancer induce a greater number of complete remissions? A phase II trial]. Actas Urol. Esp. 15, 34–38.

Giannone, P. J., Luce, W. A., Nankervis, C. A., Hoffman, T. M., and Wold, L. E. (2008). Necrotizing enterocolitis in neonates with congenital heart disease. Life Sci. 82, 341–347. doi: 10.1016/j.lfs.2007.09.036

Gibson, G. R., and Wang, X. (1994). Regulatory effects of bifidobacteria on the growth of other colonic bacteria. J. Appl. Bacteriol. 77, 412–420. doi: 10.1111/j.1365-2672.1994.tb03443.x

Groves, H. T., Cuthbertson, L., James, P., Moffatt, M. F., Cox, M. J., and Tregoning, J. S. (2018). Respiratory disease following viral lung infection alters the murine gut microbiota. Front. Immunol. 9:182.

Hackam, D., and Caplan, M. (2018). Necrotizing enterocolitis: pathophysiology from a historical context. Semin. Pediatr. Surg. 27, 11–18. doi: 10.1053/j.sempedsurg.2017.11.003

Halpern, M. D., Holubec, H., Dominguez, J. A., Williams, C. S., Meza, Y. G., McWilliam, D. L., et al. (2002). Up-regulation of IL-18 and IL-12 in the ileum of neonatal rats with necrotizing enterocolitis. Pediatr. Res. 51, 733–739. doi: 10.1203/00006450-200206000-00012

Han, C., Duan, C., Zhang, S., Spiegel, B., Shi, H., Wang, W., et al. (2020). Digestive symptoms in COVID-19 patients with mild disease severity: clinical presentation, stool viral Rna testing, and outcomes. Am. J. Gastroenterol. 115, 916–923. doi: 10.14309/ajg.0000000000000664

Han, N., Pan, Z., Huang, Z., Chang, Y., Hou, F., Liu, G., et al. (2020). Effects of myeloid Hif-1beta deletion on the intestinal microbiota in mice under environmental hypoxia. Infect. Immun. 89:e0474-20.

Han, Y. W. (2015). Fusobacterium nucleatum: a commensal-turned pathogen. Curr. Opin. Microbiol. 23, 141–147. doi: 10.1016/j.mib.2014.11.013

Hanada, S., Pirzadeh, M., Carver, K. Y., and Deng, J. C. (2018). Respiratory viral infection-induced microbiome alterations and secondary bacterial pneumonia. Front. Immunol. 9:2640.

Handl, S., Dowd, S. E., Garcia-Mazcorro, J. F., Steiner, J. M., and Suchodolski, J. S. (2011). Massive parallel 16S rRNA gene pyrosequencing reveals highly diverse fecal bacterial and fungal communities in healthy dogs and cats. FEMS Microbiol. Ecol. 76, 301–310. doi: 10.1111/j.1574-6941.2011.01058.x

Harris, M. C., D’Angio, C. T., Gallagher, P. R., Kaufman, D., Evans, J., and Kilpatrick, L. (2005). Cytokine elaboration in critically ill infants with bacterial sepsis, necrotizing entercolitis, or sepsis syndrome: correlation with clinical parameters of inflammation and mortality. J. Pediatr. 147, 462–468. doi: 10.1016/j.jpeds.2005.04.037

Hartmann, P., Chen, W. C., and Schnabl, B. (2012). The intestinal microbiome and the leaky gut as therapeutic targets in alcoholic liver disease. Front. Physiol. 3:402.

He, Y., Wen, Q., Yao, F., Xu, D., Huang, Y., and Wang, J. (2017). Gut-lung axis: the microbial contributions and clinical implications. Crit. Rev. Microbiol. 43, 81–95. doi: 10.1080/1040841x.2016.1176988

Hindson, J. (2020). COVID-19: faecal-oral transmission? Nat. Rev. Gastroenterol. Hepatol. 17:259. doi: 10.1038/s41575-020-0295-7

Hintz, S. R., Kendrick, D. E., Stoll, B. J., Vohr, B. R., Fanaroff, A. A., Donovan, E. F., et al. (2005). Neurodevelopmental and growth outcomes of extremely low birth weight infants after necrotizing enterocolitis. Pediatrics 115, 696–703. doi: 10.1542/peds.2004-0569

Hooda, S., Boler, B. M., Serao, M. C., Brulc, J. M., Staeger, M. A., Boileau, T. W., et al. (2012). 454 pyrosequencing reveals a shift in fecal microbiota of healthy adult men consuming polydextrose or soluble corn fiber. J. Nutr. 142, 1259–1265. doi: 10.3945/jn.112.158766

Huang, Y. J., Erb-Downward, J. R., Dickson, R. P., Curtis, J. L., Huffnagle, G. B., and Han, M. K. (2017). Understanding the role of the microbiome in chronic obstructive pulmonary disease: principles, challenges, and future directions. Transl. Res. 179, 71–83. doi: 10.1016/j.trsl.2016.06.007

Huang, Y., and Mucke, L. (2012). Alzheimer mechanisms and therapeutic strategies. Cell 148, 1204–1222. doi: 10.1016/j.cell.2012.02.040

Iacucci, M., Cannatelli, R., Labarile, N., Mao, R., Panaccione, R., Danese, S., et al. (2020). Endoscopy in inflammatory bowel diseases during the COVID-19 pandemic and post-pandemic period. Lancet Gastroenterol. Hepatol. 5, 598–606. doi: 10.1016/s2468-1253(20)30119-9

Ichinohe, T., Pang, I. K., Kumamoto, Y., Peaper, D. R., Ho, J. H., Murray, T. S., et al. (2011). Microbiota regulates immune defense against respiratory tract influenza a virus infection. Proc. Natl. Acad. Sci. U. S. A. 108, 5354–5359. doi: 10.1073/pnas.1019378108

Jawad, N., Direkze, N., and Leedham, S. J. (2011). Inflammatory bowel disease and colon cancer. Recent Results Cancer Res. 185, 99–115.

Jo, N., Garcia, O., Jara, R., Garmendia, F., Nago, A., Garcia, R., et al. (1987). Serum gastrin and gastric acid secretion at high altitude. Horm. Metab. Res. 19, 182–183. doi: 10.1055/s-2007-1011772

Kakaty, D., Grapow, M., Huber, B., and Lardinois, D. (2015). Long-term survival after extended resection of primary atrial myxosarcoma. J. Surg. Case Rep. 2015:rju146. doi: 10.1093/jscr/rju146

Kaneoka, Y., Yamaguchi, A., Isogai, M., Harada, T., and Suzuki, M. (2003). Hepatoduodenal ligament invasion by gallbladder carcinoma: histologic patterns and surgical recommendation. World J. Surg. 27, 260–265. doi: 10.1007/s00268-002-6702-0

Karl, J. P., Berryman, C. E., Young, A. J., Radcliffe, P. N., Branck, T. A., Pantoja-Feliciano, I. G., et al. (2018). Associations between the gut microbiota and host responses to high altitude. Am. J. Physiol. Gastrointest. Liver Physiol. 315, G1003–G1015.

Kiouptsi, K., Finger, S., Garlapati, V. S., Knorr, M., Brandt, M., Walter, U., et al. (2019). Hypoxia evokes increased PDI and PDIA6 expression in the infarcted myocardium of ex-germ-free and conventionally raised mice. Biol Open 8:bio038851.

Kleessen, B., Schroedl, W., Stueck, M., Richter, A., Rieck, O., and Krueger, M. (2005). Microbial and immunological responses relative to high-altitude exposure in mountaineers. Med. Sci. Sports Exerc. 37, 1313–1318. doi: 10.1249/01.mss.0000174888.22930.e0

Lam, V., Su, J., Koprowski, S., Hsu, A., Tweddell, J. S., Rafiee, P., et al. (2012). Intestinal microbiota determine severity of myocardial infarction in rats. FASEB J. 26, 1727–1735. doi: 10.1096/fj.11-197921

Lambert, J. E., Parnell, J. A., Eksteen, B., Raman, M., Bomhof, M. R., Rioux, K. P., et al. (2015). Gut microbiota manipulation with prebiotics in patients with non-alcoholic fatty liver disease: a randomized controlled trial protocol. BMC Gastroenterol. 15:169.

Lan, D., Ji, W., Lin, B., Chen, Y., Huang, C., Xiong, X., et al. (2017). Correlations between gut microbiota community structures of Tibetans and geography. Sci. Rep. 7:16982.

Lee, J. W., Ko, J., Ju, C., and Eltzschig, H. K. (2019). Hypoxia signaling in human diseases and therapeutic targets. Exp. Mol. Med. 51, 1–13. doi: 10.1038/s12276-019-0235-1

Lesske, J., Fletcher, E. C., Bao, G., and Unger, T. (1997). Hypertension caused by chronic intermittent hypoxia–influence of chemoreceptors and sympathetic nervous system. J. Hypertens. 15, 1593–1603. doi: 10.1097/00004872-199715120-00060

Levy, M., Shapiro, H., Thaiss, C. A., and Elinav, E. (2017). NLRP6: a multifaceted innate immune sensor. Trends Immunol. 38, 248–260. doi: 10.1016/j.it.2017.01.001

Li, H., Li, T., Beasley, D. E., Hedenec, P., Xiao, Z., Zhang, S., et al. (2016a). Diet diversity is associated with beta but not alpha diversity of pika gut microbiota. Front. Microbiol. 7:1169.

Li, H., Li, T., Yao, M., Li, J., Zhang, S., Wirth, S., et al. (2016b). Pika gut may select for rare but diverse environmental bacteria. Front. Microbiol. 7:1269.

Li, H., Qu, J., Li, T., Wirth, S., Zhang, Y., Zhao, X., et al. (2018). Diet simplification selects for high gut microbial diversity and strong fermenting ability in high-altitude pikas. Appl. Microbiol. Biotechnol. 102, 6739–6751. doi: 10.1007/s00253-018-9097-z

Li, H., Zhou, R., Zhu, J., Huang, X., and Qu, J. (2019). Environmental filtering increases with elevation for the assembly of gut microbiota in wild pikas. Microb Biotechnol. 12, 976–992. doi: 10.1111/1751-7915.13450

Li, J., Zhao, F., Wang, Y., Chen, J., Tao, J., Tian, G., et al. (2017). Gut microbiota dysbiosis contributes to the development of hypertension. Microbiome 5:14.

Li, K., Dan, Z., Gesang, L., Wang, H., Zhou, Y., Du, Y., et al. (2016c). Comparative analysis of gut microbiota of native tibetan and han populations living at different altitudes. PLoS One 11:e0155863. doi: 10.1371/journal.pone.0155863

Li, K., Peng, W., Zhou, Y., Ren, Y., Zhao, J., Fu, X., et al. (2020). Host genetic and environmental factors shape the composition and function of gut microbiota in populations living at high altitude. Biomed. Res. Int. 2020:1482109.

Li, L., and Zhao, X. (2015). Comparative analyses of fecal microbiota in Tibetan and Chinese Han living at low or high altitude by barcoded 454 pyrosequencing. Sci. Rep. 5:14682.

Lin, K., Lin, S., Lin, A. N., Lin, T., Htun, Z. M., and Reddy, M. (2017). A rare thermophilic bug in complicated diverticular abscess. Case Rep. Gastroenterol. 11, 569–575. doi: 10.1159/000480072

Lucking, E. F., O’Connor, K. M., Strain, C. R., Fouhy, F., Bastiaanssen, T. F. S., Burns, D. P., et al. (2018). Chronic intermittent hypoxia disrupts cardiorespiratory homeostasis and gut microbiota composition in adult male guinea-pigs. EBioMedicine 38, 191–205. doi: 10.1016/j.ebiom.2018.11.010

Ma, X., Zhou, Z., Zhang, X., Fan, M., Hong, Y., Feng, Y., et al. (2020). Sodium butyrate modulates gut microbiota and immune response in colorectal cancer liver metastatic mice. Cell Biol. Toxicol. 36, 509–515. doi: 10.1007/s10565-020-09518-4

MacIntyre, N. R. (2014). Tissue hypoxia: implications for the respiratory clinician. Respir. Care 59, 1590–1596. doi: 10.4187/respcare.03357

Marsland, B. J., Trompette, A., and Gollwitzer, E. S. (2015). The gut-lung axis in respiratory disease. Ann. Am. Thorac. Soc. 12, (Suppl. 2), S150–S156.

McMurtry, V. E., Gupta, R. W., Tran, L., Blanchard, E. E. T., Penn, D., Taylor, C. M., et al. (2015). Bacterial diversity and Clostridia abundance decrease with increasing severity of necrotizing enterocolitis. Microbiome 3:11.

Mims, J. W. (2015). Asthma: definitions and pathophysiology. Int. Forum Allergy Rhinol. 5, (Suppl. 1), S2–S6.

Moreno-Indias, I., Torres, M., Montserrat, J. M., Sanchez-Alcoholado, L., Cardona, F., Tinahones, F. J., et al. (2015). Intermittent hypoxia alters gut microbiota diversity in a mouse model of sleep apnoea. Eur. Respir. J. 45, 1055–1065. doi: 10.1183/09031936.00184314

Moreno-Indias, I., Torres, M., Sanchez-Alcoholado, L., Cardona, F., Almendros, I., Gozal, D., et al. (2016). Normoxic recovery mimicking treatment of sleep apnea does not reverse intermittent hypoxia-induced bacterial dysbiosis and low-grade endotoxemia in mice. Sleep 39, 1891–1897. doi: 10.5665/sleep.6176

Morrow, A. L., Lagomarcino, A. J., Schibler, K. R., Taft, D. H., Yu, Z., Wang, B., et al. (2013). Early microbial and metabolomic signatures predict later onset of necrotizing enterocolitis in preterm infants. Microbiome 1:13.

Mouzaki, M., Comelli, E. M., Arendt, B. M., Bonengel, J., Fung, S. K., Fischer, S. E., et al. (2013). Intestinal microbiota in patients with nonalcoholic fatty liver disease. Hepatology 58, 120–127.

Nahum, A., Filice, G., and Malhotra, A. (2017). A complicated thread: abdominal actinomycosis in a young woman with crohn disease. Case Rep. Gastroenterol. 11, 377–381. doi: 10.1159/000475917

Nanthakumar, N. N., Fusunyan, R. D., Sanderson, I., and Walker, W. A. (2000). Inflammation in the developing human intestine: a possible pathophysiologic contribution to necrotizing enterocolitis. Proc. Natl. Acad. Sci. U. S. A. 97, 6043–6048. doi: 10.1073/pnas.97.11.6043

Neu, J. (1996). Necrotizing enterocolitis: the search for a unifying pathogenic theory leading to prevention. Pediatr. Clin. North Am. 43, 409–432.

Neuschwander-Tetri, B. A. (2017). Non-alcoholic fatty liver disease. BMC Med. 15:45.

Olszak, T., An, D., Zeissig, S., Vera, M. P., Richter, J., Franke, A., et al. (2012). Microbial exposure during early life has persistent effects on natural killer T cell function. Science 336, 489–493. doi: 10.1126/science.1219328

O’Neill, K., Bradley, J. M., Johnston, E., McGrath, S., McIlreavey, L., Rowan, S., et al. (2015). Reduced bacterial colony count of anaerobic bacteria is associated with a worsening in lung clearance index and inflammation in cystic fibrosis. PLoS One 10:e0126980. doi: 10.1371/journal.pone.0126980

Ou, J., Courtney, C. M., Steinberger, A. E., Tecos, M. E., and Warner, B. W. (2020). Nutrition in necrotizing enterocolitis and following intestinal resection. Nutrients 12:520. doi: 10.3390/nu12020520

Pan, L., Mu, M., Yang, P., Sun, Y., Wang, R., Yan, J., et al. (2020). Clinical characteristics of COVID-19 patients with digestive symptoms in hubei, china: a descriptive, cross-sectional, multicenter study. Am. J. Gastroenterol. 115, 766–773. doi: 10.14309/ajg.0000000000000620

Patel, R. M., Knezevic, A., Shenvi, N., Hinkes, M., Keene, S., Roback, J. D., et al. (2016). Association of red blood cell transfusion, anemia, and necrotizing enterocolitis in very low-birth-weight infants. JAMA 315, 889–897. doi: 10.1001/jama.2016.1204

Peiffer, G., Underner, M., and Perriot, J. (2018). [COPD and smoking cessation: patients’ expectations and responses of health professionals]. Rev. Pneumol. Clin. 74, 375–390.

Peppard, P. E., Young, T., Barnet, J. H., Palta, M., Hagen, E. W., and Hla, K. M. (2013). Increased prevalence of sleep-disordered breathing in adults. Am. J. Epidemiol. 177, 1006–1014.

Perger, L., Mukhopadhyay, D., Komidar, L., Wiggins-Dohlvik, K., Uddin, M. N., and Beeram, M. (2016). Maternal pre-eclampsia as a risk factor for necrotizing enterocolitis. J. Matern. Fetal Neonatal Med. 29, 2098–2103. doi: 10.3109/14767058.2015.1076386

Pilli, V. S., Datta, A., Afreen, S., Catalano, D., Szabo, G., and Majumder, R. (2018). Hypoxia downregulates protein S expression. Blood 132, 452–455. doi: 10.1182/blood-2018-04-841585

Potter, H., and Wisniewski, T. (2012). Apolipoprotein e: essential catalyst of the Alzheimer amyloid cascade. Int. J. Alzheimers Dis. 2012:489428.

Ramezani, A., and Raj, D. S. (2014). The gut microbiome, kidney disease, and targeted interventions. J. Am. Soc. Nephrol. 25, 657–670. doi: 10.1681/asn.2013080905

Reinhardt, C., Bergentall, M., Greiner, T. U., Schaffner, F., Ostergren-Lunden, G., Petersen, L. C., et al. (2012). Tissue factor and PAR1 promote microbiota-induced intestinal vascular remodelling. Nature 483, 627–631. doi: 10.1038/nature10893

Rivera-Chavez, F., Zhang, L. F., Faber, F., Lopez, C. A., Byndloss, M. X., Olsan, E. E., et al. (2016). Depletion of butyrate-producing clostridia from the gut microbiota drives an aerobic luminal expansion of Salmonella. Cell Host Microbe 19, 443–454. doi: 10.1016/j.chom.2016.03.004

Russell, S. L., Gold, M. J., Hartmann, M., Willing, B. P., Thorson, L., Wlodarska, M., et al. (2012). Early life antibiotic-driven changes in microbiota enhance susceptibility to allergic asthma. EMBO Rep. 13, 440–447. doi: 10.1038/embor.2012.32

Sagar, S., Vos, A. P., Morgan, M. E., Garssen, J., Georgiou, N. A., Boon, L., et al. (2014). The combination of Bifidobacterium breve with non-digestible oligosaccharides suppresses airway inflammation in a murine model for chronic asthma. Biochim. Biophys. Acta 1842, 573–583. doi: 10.1016/j.bbadis.2014.01.005

Santosa, S., Farnworth, E., and Jones, P. J. (2006). Probiotics and their potential health claims. Nutr. Rev. 64, 265–274.

Scher, J. U., Sczesnak, A., Longman, R. S., Segata, N., Ubeda, C., Bielski, C., et al. (2013). Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis. Elife 2:e01202.

Sepehri, Z., Kiani, Z., Kohan, F., Alavian, S. M., and Ghavami, S. (2017). Toll like receptor 4 and hepatocellular carcinoma. a systematic review. Life Sci. 179, 80–87. doi: 10.1016/j.lfs.2017.04.025

Shanab, A. A., Scully, P., Crosbie, O., Buckley, M., O’Mahony, L., Shanahan, F., et al. (2011). Small intestinal bacterial overgrowth in nonalcoholic steatohepatitis: association with toll-like receptor 4 expression and plasma levels of interleukin 8. Dig. Dis. Sci. 56, 1524–1534. doi: 10.1007/s10620-010-1447-3

Simon, C., and Daniel, R. (2011). Metagenomic analyses: past and future trends. Appl. Environ. Microbiol. 77, 1153–1161. doi: 10.1128/aem.02345-10

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly, Y. M., et al. (2013). The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 341, 569–573. doi: 10.1126/science.1241165

Sun, Y., Zhang, J., Zhao, A., Li, W., Feng, Q., and Wang, R. (2020). Effects of intestinal flora on the pharmacokinetics and pharmacodynamics of aspirin in high-altitude hypoxia. PLoS One 15:e0230197. doi: 10.1371/journal.pone.0230197

Szabo, G., Bala, S., Petrasek, J., and Gattu, A. (2010). Gut-liver axis and sensing microbes. Dig. Dis. 28, 737–744. doi: 10.1159/000324281

Tashkin, D. P. (2015). Smoking cessation in chronic obstructive pulmonary disease. Semin. Respir. Crit. Care Med. 36, 491–507.

Taylor, C. T., and Colgan, S. P. (2017). Regulation of immunity and inflammation by hypoxia in immunological niches. Nat. Rev. Immunol. 17, 774–785. doi: 10.1038/nri.2017.103

Tirpe, A. A., Gulei, D., Ciortea, S. M., Crivii, C., and Berindan-Neagoe, I. (2019). Hypoxia: overview on hypoxia-mediated mechanisms with a focus on the role of HIF genes. Int. J. Mol. Sci. 20:6140. doi: 10.3390/ijms20246140

Torrazza, R. M., Ukhanova, M., Wang, X., Sharma, R., Hudak, M. L., Neu, J., et al. (2013). Intestinal microbial ecology and environmental factors affecting necrotizing enterocolitis. PLoS One 8:e83304. doi: 10.1371/journal.pone.0083304

Tripathi, A., Melnik, A. V., Xue, J., Poulsen, O., Meehan, M. J., Humphrey, G., et al. (2018). Intermittent hypoxia and hypercapnia, a hallmark of obstructive sleep apnea, alters the gut microbiome and metabolome. mSystems 3:e00020-18.

Turner, J. R. (2009). Intestinal mu‘cosal barrier function in health and disease. Nat. Rev. Immunol. 9, 799–809. doi: 10.1038/nri2653

Uauy, R. D., Fanaroff, A. A., Korones, S. B., Phillips, E. A., Phillips, J. B., and Wright, L. L. (1991). Necrotizing enterocolitis in very low birth weight infants: biodemographic and clinical correlates. national institute of child health and human development neonatal research network. J. Pediatr. 119, 630–638. doi: 10.1016/s0022-3476(05)82418-7

Vael, C., Nelen, V., Verhulst, S. L., Goossens, H., and Desager, K. N. (2008). Early intestinal Bacteroides fragilis colonisation and development of asthma. BMC Pulm. Med. 8:19.

van Wijck, K., Lenaerts, K., Grootjans, J., Wijnands, K. A., Poeze, M., van Loon, L. J., et al. (2012). Physiology and pathophysiology of splanchnic hypoperfusion and intestinal injury during exercise: strategies for evaluation and prevention. Am. J. Physiol. Gastrointest. Liver Physiol. 303, G155–G168.

Viscardi, R. M., Lyon, N. H., Sun, C. C., Hebel, J. R., and Hasday, J. D. (1997). Inflammatory cytokine mRNAs in surgical specimens of necrotizing enterocolitis and normal newborn intestine. Pediatr. Pathol. Lab Med. 17, 547–559. doi: 10.1080/15513819709168731

Vodnar, D. C., Mitrea, L., Teleky, B. E., Szabo, K., Calinoiu, L. F., Nemes, S. A., et al. (2020). Coronavirus disease (COVID-19) caused by (SARS-CoV-2) infections: a real challenge for human gut microbiota. Front. Cell Infect. Microbiol. 10:575559.

Vora, A. C. (2014). Bronchial asthma. J. Assoc. Physicians India 62, 5–6.

Wang, W., Wang, F., Li, L., Wang, A., Sharshov, K., Druzyaka, A., et al. (2020). Characterization of the gut microbiome of black-necked cranes (Grus nigricollis) in six wintering areas in China. Arch. Microbiol. 202, 983–993. doi: 10.1007/s00203-019-01802-0

Wang, Y., Hoenig, J. D., Malin, K. J., Qamar, S., Petrof, E. O., Sun, J., et al. (2009). 16S rRNA gene-based analysis of fecal microbiota from preterm infants with and without necrotizing enterocolitis. ISME J. 3, 944–954. doi: 10.1038/ismej.2009.37

Warner, B. B., Deych, E., Zhou, Y., Hall-Moore, C., Weinstock, G. M., Sodergren, E., et al. (2016). Gut bacteria dysbiosis and necrotising enterocolitis in very low birthweight infants: a prospective case-control study. Lancet 387, 1928–1936. doi: 10.1016/s0140-6736(16)00081-7

Westerterp, K. R., Kayser, B., Brouns, F., Herry, J. P., and Saris, W. H. (1992). Energy expenditure climbing Mt. Everest. J. Appl. Physiol. 73, 1815–1819. doi: 10.1152/jappl.1992.73.5.1815

Wilmore, D. W., Smith, R. J., O’Dwyer, S. T., Jacobs, D. O., Ziegler, T. R., and Wang, X. D. (1988). The gut: a central organ after surgical stress. Surgery 104, 917–923.

Wree, A., McGeough, M. D., Inzaugarat, M. E., Eguchi, A., Schuster, S., Johnson, C. D., et al. (2018). NLRP3 inflammasome driven liver injury and fibrosis: roles of IL-17 and TNF in mice. Hepatology 67, 736–749. doi: 10.1002/hep.29523

Wu, Y., Guo, C., Tang, L., Hong, Z., Zhou, J., Dong, X., et al. (2020a). Prolonged presence of SARS-CoV-2 viral RNA in faecal samples. Lancet Gastroenterol. Hepatol. 5, 434–435. doi: 10.1016/s2468-1253(20)30083-2

Wu, Y., Yao, Y., Dong, M., Xia, T., Li, D., Xie, M., et al. (2020b). Characterisation of the gut microbial community of rhesus macaques in high-altitude environments. BMC Microbiol. 20:68.

Xiao, F., Tang, M., Zheng, X., Liu, Y., Li, X., and Shan, H. (2020). Evidence for gastrointestinal infection of SARS-CoV-2. Gastroenterology 158:e3.

Xu, C. L., Sun, R., Qiao, X. J., Xu, C. C., Shang, X. Y., and Niu, W. N. (2014). Protective effect of glutamine on intestinal injury and bacterial community in rats exposed to hypobaric hypoxia environment. World J. Gastroenterol. 20, 4662–4674. doi: 10.3748/wjg.v20.i16.4662

Xu, L. L., Chen, H., Zhang, M., Zhu, W., Chang, Q., Lu, G., et al. (2020). Changes in the community structure of the symbiotic microbes of wild amphibians from the eastern edge of the Tibetan Plateau. Microbiologyopen 9:e1004.

Yildiz, S., Mazel-Sanchez, B., Kandasamy, M., Manicassamy, B., and Schmolke, M. (2018). Influenza a virus infection impacts systemic microbiota dynamics and causes quantitative enteric dysbiosis. Microbiome 6:9.

Yoshimoto, M., Sasaki, M., Naraki, N., Mohri, M., and Miki, K. (2004). Regulation of gastric motility at simulated high altitude in conscious rats. J. Appl. Physiol. 97, 599–604. doi: 10.1152/japplphysiol.01061.2003

Yoshimoto, S., Loo, T. M., Atarashi, K., Kanda, H., Sato, S., Oyadomari, S., et al. (2013). Obesity-induced gut microbial metabolite promotes liver cancer through senescence secretome. Nature 499, 97–101. doi: 10.1038/nature12347

Zeng, B., Zhang, S., Xu, H., Kong, F., Yu, X., Wang, P., et al. (2020). Gut microbiota of Tibetans and Tibetan pigs varies between high and low altitude environments. Microbiol. Res. 235:126447. doi: 10.1016/j.micres.2020.126447

Zhang, C., Zhang, T., Lu, W., Duan, X., Luo, X., and Liu, S. (2020). Altered airway microbiota composition in patients with pulmonary hypertension. Hypertension 76, 1589–1599. doi: 10.1161/hypertensionaha.120.15025

Zhang, F., Wu, W., Deng, Z., Zheng, X., Zhang, J., Deng, S., et al. (2015). High altitude increases the expression of hypoxia-inducible factor 1alpha and inducible nitric oxide synthase with intest-inal mucosal barrier failure in rats. Int. J. Clin. Exp. Pathol. 8, 5189–5195.

Zhang, J., Chen, Y., Sun, Y., Wang, R., Zhang, J., and Jia, Z. (2018). Plateau hypoxia attenuates the metabolic activity of intestinal flora to enhance the bioavailability of nifedipine. Drug Deliv. 25, 1175–1181. doi: 10.1080/10717544.2018.1469687

Zhang, W., Li, N., Tang, X., Liu, N., and Zhao, W. (2018). Changes in intestinal microbiota across an altitudinal gradient in the lizard Phrynocephalus vlangalii. Ecol. Evol. 8, 4695–4703. doi: 10.1002/ece3.4029

Zhang, Z., Xu, D., Wang, L., Hao, J., Wang, J., Zhou, X., et al. (2016). Convergent evolution of rumen microbiomes in high-altitude mammals. Curr. Biol. 26, 1873–1879. doi: 10.1016/j.cub.2016.05.012

Zhao, J., Yao, Y., Li, D., Xu, H., Wu, J., Wen, A., et al. (2018). Characterization of the gut microbiota in six geographical populations of Chinese rhesus macaques (Macaca mulatta), implying an adaptation to high-altitude environment. Microb. Ecol. 76, 565–577. doi: 10.1007/s00248-018-1146-8

Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., and Zhang, W. (2020). A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 579, 270–273. doi: 10.1038/s41586-020-2012-7

Zhou, Q. Q., Yang, D. Z., Luo, Y. J., Li, S. Z., Liu, F. Y., and Wang, G. S. (2011). Over-starvation aggravates intestinal injury and promotes bacterial and endotoxin translocation under high-altitude hypoxic environment. World J. Gastroenterol. 17, 1584–1593. doi: 10.3748/wjg.v17.i12.1584

Zhou, X., Jiang, X., Yang, C., Ma, B., Lei, C., Xu, C., et al. (2016). Cecal microbiota of Tibetan chickens from five geographic regions were determined by 16S rRNA sequencing. Microbiologyopen 5, 753–762. doi: 10.1002/mbo3.367

Zhou, Y., Shan, G., Sodergren, E., Weinstock, G., Walker, W. A., and Gregory, K. E. (2015). Longitudinal analysis of the premature infant intestinal microbiome prior to necrotizing enterocolitis: a case-control study. PLoS One 10:e0118632. doi: 10.1371/journal.pone.0118632

Zoratto, F., Rossi, L., Verrico, M., Papa, A., Basso, E., Zullo, A., et al. (2014). Focus on genetic and epigenetic events of colorectal cancer pathogenesis: implications for molecular diagnosis. Tumour Biol. 35, 6195–6206.

Zuo, T., Zhang, F., Lui, G. C. Y., Yeoh, Y. K., Li, A. Y. L., Zhan, H., et al. (2020). Alterations in gut microbiota of patients With COVID-19 during time of hospitalization. Gastroenterology 159:e8.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Han, Pan, Liu, Yang and Yujing. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hypoxia: The “Invisible Pusher” of Gut Microbiota



		INTRODUCTION



		ALTITUDE-ASSOCIATED HYPOXIA AND THE GUT MICROBIOTA



		Acute Hypobaric Hypoxia



		Chronic Hypobaric Hypoxia







		INTERNAL HYPOXIA AND GUT MICROBIOTA



		Tumor-Related Hypoxia



		Colorectal Cancer



		Liver Cancer







		Hypoxia Induced by Neonatal Necrotizing Enterocolitis



		Hypoxia Induced by COVID-19



		Hypoxia Caused by Other Diseases







		CONCLUSION AND DISCUSSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fmicb-12-690600-g001.jpg
Environmental Hypoxia

e X

¥ Plain to High Altitute
! (Acute hypobaric hypoxia)

Bacteroides t

-7 Corynebacterium
i Prevotella,

& ot Coprococcus
w e

Bacteroides
Proteobacteria '
Escherichia coli

g Clostridium perfringens

- Bifidobacterium,

Lactobacillus

\ < Atopobium

\ Coriobacterium

N Eggerthella lenta

4
/
!

$20,= 60%

Sa0,= 75%

$20,= 90%

$20,= 95%

Living in the high altitute area for a longtime
(Chronic continuous hypobaric hypoxia)

&

H & Rumencoccus t
¥ =,
e

Christensenellaceae

Acidaminoccus, Actinomyces, Blautia,
Butyrimionas, Clostridium, Desulfovibrio,
Helicobacter, Leuconostoc,

Peptostrecoccaceae incertae sedis, f

Prevotellae uncultured, Prevotella,
Rc9 gut group , Rhodococcus

-~
\\

~






OPS/images/fmicb-12-690600-t001.jpg
Animal model

Tibetan antelope

Pika

Black-necked
cranes (Grus
nigricollis)

Lizard
Phrynocephalus
viangalii

Bufo gargarizans

Chinese Rhesus
Macaques (Macaca
mulatta)

Tibetan chickens

Tibetan pigs

Design

N = 104; measured by
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cecal contents were

immediately collected from
the wild pikas and then frozen
at once in —20°C portable
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16S rBNA gene
sequencing
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Results-microbiota

Klebsiella pneumoniae, Streptococcus suis, S. sanguinis, S.
lutetiensis, S. anginosus, and S. infantis.

At genus level, Prevotella, Oscillospira, Ruminococcus,
YRC22, Lactobacillus, Coprococcus, and CF231 were
enriched in Plateau pikas, while Akkermansia,
Streptococcus, and Pseudomonas were more abundant in
Daurian pikas.

At the phylum level, the black-necked cranes’ gut
microbiota was dominated by Firmicutes (568.70%),
Proteobacteria (37.09%), Actinobacteria (3.23%), and
Bacteroidetes (0.36%).

Bacteroidetes in the intestines of P. vlangalii lizards tended
to be higher with altitude

Bacteroidaceae, Lachnospiraceae, Erysipelotrichaceae,
Coxiellaceae, Spirochaetaceae, and Mycoplasmataceae.

At the phylum level, the whole rhesus macaque gut
microbiota was largely dominated by Firmicutes

(x = 53.60 + 8.65%), Bacteroidetes (x = 33.60 £ 11.87%),
and Tenericutes (x = 6.10 £ 4.91%); other represented
phyla were Cyanobacteria (x = 2.40 £+ 3.18%),
Actinobacteria (x = 1.55 + 1.29%), Spirochaetae

(x =1.36 &+ 1.83%), and Proteobacteria (x = 0.75 £ 0.44%)
Christensenellaceae were relatively more abundant in the
Tibetan Chickens, as were Subdoligranulum, Spirochaeta,
and Treponema.

Unclassified Enterobacteriaceae and Comamonas spp.
(only in high-altitude Tibetan pigs)
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