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Abstract
Perioperative organ injury is a severe and commonly encountered problem in 
surgical practice and has been drawing great attention from physicians and 
researchers. Under the philosophy of precision medicine and fast-track surgery, 
anesthesiologists have direct influence on patients’ long-term outcomes by pro-
tecting important organs during perioperative period. This will reflect the evolve-
ment of anesthesiology to perioperative medicine. There had been widespread 
concern over the mechanism and prevention of perioperative heart, brain, lung, 
and kidney injuries. Whereas the intestine is a luminal organ, research interests 
were often put to its digestive, absorbing, and excretory functions. In fact, intes-
tines have much more functions than that mentioned above; intestine barrier has 
complex components, which can be easily affected by internal or external factors 
such as ischemia, hypoxia, infection, stress, or prolonged administration of anti-
biotics or immunosuppressants. Among these factors, intestinal ischemia is the 
most common cause of perioperative intestinal injury; this process not only 
occurs during the hypoperfusion stage but more importantly after blood supply 
was restored, namely, ischemia/reperfusion injury. The further intestinal injury 
caused by reperfusion and the consequent extraintestinal organ injuries were 
called second hit. The impaired intestinal mucosal barrier and subsequent trans-
location of intestinal bacteria and endotoxin can result in systemic inflammatory 
reaction syndrome. Here, we review the progress in the study of the mechanism, 
prevention, and treatment of perioperative intestinal injury (especially intestinal 
I/R injury), hoping to provide some useful information for clinical practice.
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Perioperative organ injury is a severe and commonly encountered problem in surgi-
cal practice and has been drawing great attention from physicians and researchers. 
Under the philosophy of precision medicine and fast-track surgery, anesthesiolo-
gists have direct influence on patients’ long-term outcomes by protecting important 
organs during perioperative period. This will reflect the evolvement of anesthesiol-
ogy to perioperative medicine.

There had been widespread concern over the mechanism and prevention of 
perioperative heart, brain, lung, and kidney injuries. Whereas the intestine is a 
luminal organ, research interests were often put to its digestive, absorbing, and 
excretory functions. In fact, the intestines have much more functions than that 
mentioned above; intestine barrier has complex components, which can be easily 
affected by internal or external factors such as ischemia, hypoxia, infections, 
stress, or prolonged administration of antibiotics or immunosuppressants. Among 
these factors, intestinal ischemia is the most common cause of perioperative 
intestinal injury; this process not only occurs during the hypoperfusion stage but 
more importantly after blood supply was restored, namely, ischemia/reperfusion 
injury. The further intestinal injury caused by reperfusion and the consequent 
extraintestinal organ injuries were called second hit. The impaired intestinal 
mucosal barrier and subsequent translocation of intestinal bacteria and endotoxin 
can result in systemic inflammatory reaction syndrome. Some hypovolemic 
shock patients died of severe lung complications even after blood pressure and 
urine volume had been recovered by anti-shock treatment. The reason was related 
to lung injury after intestinal I/R. Therefore, intestinal mucosal barrier damage 
usually occurs earlier than other organs; the intestinal tract is named “the trigger-
ing organ” and “the central organ of the surgical stress response.” However, the 
importance of intestinal injury was often overlooked in clinical practice. 
Moreover, the mechanism of intestinal I/R injury remains unclear, and effective 
prevention and treatment is lacking. Here, we review the progress in the study of 
the mechanism, prevention, and treatment of perioperative intestinal injury 
(especially intestinal I/R injury) and extraintestinal organ damage, hoping to pro-
vide some useful information for clinical practice.

3.1	 �Etiology of Perioperative Intestinal Injury

3.1.1	 �Trauma and Shock

Traumatic-hemorrhagic shock is the main cause of death for people under the age 
of 45. It has been proved that if hemorrhagic shock could not be corrected in 
time, 51–61% of patients would eventually die of multiple organ failure (MOF) 
later, even though they survived the most dangerous phase of the pathophysio-
logical changes. During hemorrhagic shock resuscitation, intestinal barrier func-
tion would be damaged because of the disproportionately decreased blood flow 
to the gut. The severe intestinal ischemia/reperfusion injury would be followed 
by bacterial translocation and endotoxemia, which led to systemic inflammation 
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via the intestine-liver-lung or intestine-lymph-lung path. The systemic inflamma-
tion would eventually lead to multiple organ failure (MOF) [1]. Even though the 
mesenteric artery can maintain blood flow relatively stable within a certain range 
of blood pressure, when blood pressure becomes under 40–45 mmHg, intestinal 
perfusion is compromised. Intestinal epithelial cellular injury in humans is 
detectable by 20 min of total mesenteric ischemia or within 60 min in the case of 
partial mesenteric ischemia [2]. Some vasoactive agents such as vasopressin, 
digoxin, phenylephrine, dopamine (high dose), and epinephrine (high dose) 
applied during shock resuscitation may also significantly reduce the intestinal 
blood supply [3].

3.1.2	 �Acute Pancreatitis

The intestinal injury caused by acute pancreatitis is mainly related to lowered 
mesenteric blood flow and decreased pHi of the intestinal mucosa. The small 
intestine may be damaged during severe acute pancreatitis, due to hypovolemia, 
splanchnic vasoconstriction, microcirculation disturbance associated with fluid 
loss in the third space, and finally ischemia/reperfusion injury [4]. SAP (severe 
acute pancreatitis) patients with abdominal compartment syndrome (intra-
abdominal pressure IAP >20 mmHg) had an increased risk for intestinal isch-
emia. In SAP patients, release of inflammatory cytokines such as diamine oxidase 
and TNF-α leads to ischemia/reperfusion injury of gut mucosa which results in 
serious oxidative stress and activation of caspase-3 pathway and enhances epi-
thelial cell apoptosis [5]. Elevated serum HMGB-1 (high-mobility group box 1) 
levels in SAP patients contribute to intestinal hyperpermeability and facilitate 
bacterial translocation and systemic inflammation [6].

3.1.3	 �Cardiac Surgery and Cardiopulmonary Bypass

De Silva et  al. reviewed 348 patients by postmortem examination of 363 deaths 
from a total of 10,099 cardiac surgery performed over a 7-year period and found that 
among 52 patients whose actual primary cause of death was gastrointestinal (GI) 
origin, 45 patients died of intestinal ischemic injuries [7]. CPB leads to intestinal 
injury and is associated with hypoperfusion of the intestine. The exposure of blood 
to artificial materials used in the circuit and the altered blood flow and temperature 
may also activate inflammatory response. This can lead to ischemic damage in sen-
sitive organs like the intestine [8]. It is reported that the endotoxin concentration in 
plasma can peak at 30 min after bypass and lasts for 20 h. Adamik et al. reported the 
serum endotoxin concentration elevated in 73% of patients with CPB time >90 min 
and 33% with CPB time <90 min, and their findings implied that intestinal isch-
emia/reperfusion injury occurred in all patients during cardiopulmonary bypass, but 
the magnitude of the intestinal damage depended on the duration of the cardiac 
bypass time [8].
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3.1.4	 �Abdominal Aortic Aneurysm (AAA) Repair

Both open and endovascular (EVAR) AAA repair can cause bowel ischemia; the 
incidence rate is 1–3% for open and 0.5–3% for endovascular AAA repair, respec-
tively. Ultee et al. reported that ruptured AAA was the most important determinant 
of postoperative bowel ischemia followed by open repair. Additional risk factors 
including patient characteristics were venerable age, female gender, hypertension, 
heart failure, and current smoking. Other risk factors from procedure features 
included unilateral interruption of the hypogastric artery, prolonged operative time, 
blood loss >1 L, and a distal anastomosis to the femoral artery. Bowel ischemia 
patients had a significantly higher perioperative mortality after intact as well as after 
ruptured AAA repair [9].

3.1.5	 �Liver Surgery

Intestinal injury may occur in liver operations, which is mainly related to hepatic 
portal occlusion. It was also reported that plasma endotoxin concentration was sig-
nificantly related to hepatic portal occlusion. Li et al. retrospectively analyzed 1329 
patients undergoing hepatectomy and found that the incidence of gastrointestinal 
complications reached 46.4% [10] and that long duration of anesthesia (odds ratio 
2.51, p < 0.001) and the use of Pringle maneuver (odds ratio 1.37, p = 0.007) were 
independent risk factors of GI complications after hepatectomy. During the Pringle 
maneuver when vascular occlusion techniques are applied, the blood from the intes-
tine and pancreas accumulated in the portal venous system leading to portal hyper-
tension and gut congestion. Bowel wall edema may increase the intra-abdominal 
pressure and in turn deteriorate intestinal perfusion [11].

3.1.6	 �Intestinal Transplantation

Intestinal transplantation is a treatment option for irreversible intestinal failure. 
Both warm and cold ischemia phase insult the transplanted intestine directly for 
temporary interruption of blood supply. Then, the restoration of blood flow to the 
intestine graft causes oxidative stress and activates innate immunity leading to cell 
death [12].

3.1.7	 �Intestinal Diseases

Some disease directly insulting the intestine or intestinal vasculature can lead to 
intestinal ischemia, such as acute mesenteric thrombosis, mesenteric embolism, 
volvulus and neonatal necrotizing enterocolitis [13], etc. Symptoms of these dis-
eases are often non-specific and can be subtle, resulting in a delay of correct diag-
nosis which decreases survival probability, especially when complicated with lung 
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injury and MOF. In infants with necrotizing enterocolitis, immature regulatory con-
trol of mesentery circulation makes the intestinal microvasculature vulnerable. The 
compromised vasculature increases circulation resistance and therefore decreases 
intestinal perfusion and may eventually progress to intestinal necrosis [14].

3.2	 �Mechanism of Perioperative Intestinal Injury

3.2.1	 �Intestine Barrier Function Impairment

The intestinal mucosal barrier consisted of mechanical barrier, immune barrier, 
chemical barrier, and microbiota barrier. Whether internal or external factors such 
as ischemia, hypoxia, infection, stress, etc. can impair these barrier functions, and 
these barrier function impairments often coexist with each other and have synergis-
tic pathogenic effects.

3.2.1.1	 �Mechanical Barrier Function
Mechanical barrier function has a pivotal role in intestinal barrier functions. This 
role depends largely on the integrity of mucosal epithelial cells and tight junction 
between adjacent epithelial cells. Generally, the mechanical barrier function also 
includes intestine movement, intestinal epithelial cell cilia swing, and intestinal 
peristalsis, all of which can reduce the chance of pathogen adhesion to mucosal 
epithelial cells, preventing bacteria from staying in  local intestinal mucosa for 
too long, just like intestinal self-cleaning. Mechanical barrier function impair-
ment is characterized by increased intestinal mucosal permeability and epithelial 
cell damage such as cell necrosis, apoptosis, and ulceration. After exposure to 
the risk factors, blood redistribution occurs, and gut blood flow is  drastically 
reduced in order to maintain important organ such as brain and heart blood sup-
ply, putting intestinal tract into ischemia, hypoxia, and acidosis state. Excessive 
oxyradical is produced by the gut, cellular metabolism disturbed by acidosis, and 
tissue injury induced. Simultaneously, extracellular calcium influx is  triggered 
and intestinal mucosal epithelial edema aggravated. The epithelial cell mem-
brane and intercellular junction rupture causes cell necrosis, ulceration, and 
increased intestinal mucosa permeability. On the other side, the intestinal tract 
can generate a large number of inflammatory mediators like nitric oxide, tumor 
necrosis factor, interleukin, interferon gamma, etc. under severe trauma, infec-
tion, and shock conditions. These inflammatory mediators interact with each 
other and form cascade reactions and then cause intestinal mucosa damage. 
Meanwhile, the reactive oxygen species (ROS) and inflammatory mediators pro-
duced by reperfusion subsequently can further damage the intestinal tract. When 
the body suffers trauma, chilliness, and pain, small intestine motility is inhibited 
through neurohumoral regulation resulting in prolonged bacterial retention and 
increased chance of colonization in the intestinal mucosa. Then, large amount of 
metabolite is produced by the implanted bacteria, and the gut mucosa structure 
damaged.
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Reactive oxygen species are by-products of normal metabolism of cells, which 
can be beneficial to tissues at low and moderate doses by assisting wound healing, 
pathogen elimination, and tissue repair. Under pathological conditions like isch-
emia/reperfusion, excessive ROS is generated and causes oxidative damage to 
proteins and DNA and increased lipid peroxidation, leading to altered cell growth, 
differentiation, and apoptosis. Reperfusion-caused tissue damage is primary due 
to the reentry of oxygen rather than ischemia itself. It is explained by some 
researcher that ATP is metabolized into hypoxanthine during the ischemia period; 
when reperfusion starts, oxygen reacts with hypoxanthine to form xanthine and 
superoxide anion, large amount of oxygen-free radicals. Reperfusion enhances 
the ischemia injury by generating excessive ROS and accumulating activated neu-
trophils [15, 16].

Liu et  al. built the animal model of intestinal ischemia/reperfusion injury by 
temporarily clamping and reopening the superior mesenchymal artery (SMA) in 
rats. Through animal experiment they found large amount of intestinal epithelial 
cell necrosis and apoptosis after intestine ischemia/reperfusion, and that intestinal 
injury could be improved by inhibiting cell apoptosis [17]. Based on these researches, 
it can be deduced that searching for important target of intestinal mucosal epithelial 
cell apoptosis regulation should be the key to prevent and treat intestinal I/R injury. 
Then, Wen et al. carried out a series of studies using the rat SMA occlusion/reopen 
model and demonstrated that aldose reductase, alpha-2 adrenergic receptor, and 
JAK2/STAT3 signaling were important molecules regulating intestinal mucosal epi-
thelial cell apoptosis induced by intestinal ischemia/reperfusion [18]. In addition, 
Liu KX and his colleague described the microRNA expression profile during intes-
tinal ischemia/reperfusion in rats for the first time and found that 19 microRNA 
expressions changed after I/R in intestinal mucosa, 1 upregulated and 18 downregu-
lated including miRNA378. Through further studies of its function, they found 
upregulation of miRNA378 could  reduce intestinal mucosal cell apoptosis and 
relieve gut injury [19].

Recent studies have shown that cell ischemic injury can cause not only apoptosis 
and necrosis but also another form of cell death, necroptosis, which morphologi-
cally looks like necrosis and apoptosis combined. Necroptosis is regulated by a 
series of signal pathways and metabolic mechanisms, except apoptosis-regulating 
factors such as caspase family, and is energy consuming. Wen et al. discovered that 
administrating necroptosis inhibitor Nec-1 could relieve gut ischemia/reperfusion 
injury in rats, and blocking both the apoptosis and necroptosis by using Nec-1 and 
Z-VAD (pan-caspase inhibitor) combined provided better intestinal protection. Our 
studies demonstrated that necroptosis played an important role in the mechanism of 
intestinal epithelial cell death after gut ischemia [17].

Tight junctions (TJ) are located at the apical lateral region of adjacent intestinal 
epithelial cells and composed of a group of transmembrane proteins such as clau-
dins and occludins, as well as peripheral membrane proteins zonula occludens pro-
teins (ZO-1-3). They play the major part of mechanical function of intestinal barriers 
by maintaining epithelial integrity, cellular polarity, and homeostasis and regulating 
the permeability of paracellular spaces in the epithelial mucosa [20–22]. Takizawa 
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et al. reported that damage of intestinal mucosa by intestinal I/R injury occurred 
with the start of reperfusion in a manner dependent on the severity of the lesion. 
Claudin-2 is an important factor for TJ construction and its remodeling. Claudin-4 
regulates paracellular permeability in the intestine during intestinal ischemia/reper-
fusion [23, 24]. Chi et al. demonstrated that in a liver transplant-induced intestinal 
I/R model, occludin and ZO-1 expression in intestinal epithelia decreased, accom-
panied by elevated concentrations of D-LA, DAO, and FABP2  in serum, which 
suggested a compromised TJ structure leading to the epithelial barrier dysfunction 
[20]. Paracellular permeability across intestinal epithelium is largely regulated by 
the tight junctions. Increased intestinal permeability results in leakage of bacteria, 
microbial products, or other antigens from the intestinal lumen into the lamina pro-
pria to initiate or exacerbate an inflammatory response [21].

3.2.2	 �Immune Barrier Function

The intestinal immune barrier mainly consists of intestinal plasma cell secretory 
immunoglobulin (S-IgA), gut-associated lymphoid tissue (GALT), and liver defense 
function (gut-liver axis). These components work together to prevent pathogen 
invasion and injury to the gut and body through humoral and cellular immunity.

3.2.2.1	 �Humoral Immune Function Impairment
S-IgA is the main immune defense against luminal pathogens at intestinal mucosal 
surfaces. This defensive effect may be weakened by significantly inhibited intestinal 
S-IgA production, including lowered S-IgA content, S-IgA synthesizing plasma cell 
loss or dysfunction, and decreased S-IgA binding capacity to Gram-negative bacte-
ria. The gut cannot maintain its resistance to bacterial colonization due to insuffi-
cient S-IgA production, and then intestinal bacteria translocation occurs. Zhang 
et al. reported that intestinal I/R resulted in impaired class switch recombination 
(CSR) of IgM B+ cells, a key biological process involved in mucosal IgA synthesis, 
in Peyer’s patches (PPs) and decreased secretory IgA concentration in the gut lumen 
2 h after reperfusion [25]. Then they employed transforming growth factor β (TGF-
β) to activate IgA CSR and promote IgA production in the intestinal tract of rats and 
demonstrated that TGF-β could  improve gut IgA secretion and protect intestinal 
mucosal epithelial integrity against ischemia/reperfusion injury and lower the 24-h 
death rate of intestinal I/R rats [26]. S-IgA also has anti-inflammatory activities. It 
is reported that S-IgA can inhibit enterocyte apoptosis induced by ischemia/reperfu-
sion and maintain mucosal integrity [27].

Natural immunoglobulin (Ig) M has been identified as one of contributors to I/R 
injury. Non-muscle myosin type II (NM-II) heavy chain A and C have been recog-
nized as self-targets of natural IgM and IR injury in the small intestine of mice [28]. 
Ischemia-mediated aggregation of the actin cytoskeleton leads to the deposition of 
natural IgM and the activation of complement [29]. Reperfusion of the ischemic 
tissues shows an acute inflammatory response activated by natural IgM binding to 
ischemia-specific self-antigens, which are non-muscle myosin heavy chains type II 
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(NM-II) heavy chain subtype A and C. The natural IgM-antigen complexes com-
bine with mannan-binding lectin (MBL) and activate the complement [28], a story 
part of the innate immune system which recognizes self-antigen and initiates inflam-
matory responses the way they encounter pathogens. Neoantigens or modified epit-
opes presented on the cell surface in ischemic tissues may also trigger complement 
activation via natural IgM deposition. Three pathways leading to the activation of 
the complement system have been identified: the classical, the lectin, and the alter-
native pathways. Each is activated by different initiators but all converge on C3 
activation, which is followed by a common cascade. Lectin complement pathway 
operates immediately downstream of the natural IgM-ischemic antigen interaction 
during intestinal I/R. The classical complement pathway also appears to interact 
with the natural IgM-ischemic antigen immunocomplex. But the alternative com-
plement pathway was not seen involved in I/R injury induction in the mice model 
[28]. Intracellular ROS formation and lipid peroxidation leads to an innate autoim-
mune response by natural IgM and complement [30]. It is reported that activation of 
complement C5a can deteriorate intestinal I/R-induced lung injury through 
autophagy-mediated alveolar macrophage apoptosis [31]. Inhibiting C5a activation 
significantly reduces the inflammatory cells such as polymorphonuclear leukocyte 
and macrophages near the injured site, increases proliferation of epithelial cells in 
the villi, and prevents further damage [32]. In addition, it is also reported that the 
ischemic tissue expresses a chemokine CXCL13 that attracts B cell, and accumula-
tion of B cells contributes to the intestinal ischemia/reperfusion injury through an 
antibody-independent way [33].

Paneth cells are located at the base of the crypts of Lieberkühn (intestinal 
gland) and participate in the innate immune response by secreting several antimi-
crobial compounds including ɑ-defensins and lysozyme into the gut lumen when 
exposed to bacteria or bacterial antigens. Because of its active secretory function, 
Paneth cell is vulnerable to endoplasmic reticulum (ER) stress which arises from 
a series of conditions including ischemia. Intestinal I/R results in activation of the 
unfolded protein response may also lead to Paneth cell apoptosis. Paneth cell dys-
function increases bacterial translocation and systemic inflammation in rats simul-
taneously with physical intestinal damage compared with rats with normal Paneth 
cell function [34].

3.2.2.2	 �Cellular Immune Function Impairment
Gut-associated lymphoid tissue (GALT) plays a central role in the systemic mucosal 
immune system; the reduction of GALT mass and function may disturb mucosal 
immunity. Lack of oral intake after gut I/R contributes to the reduction in GALT cell 
number [35] and also leads to intestinal mucosal T-cell dysfunction; hence, the 
mucosal resistance to infection is lowered. The goblet cell is insulted at the same 
time; its secretion of mucin is decreased, reducing the non-specific barrier function 
of gut mucosa. Severe infection, inflammation, and shock not only cause systemic 
immune dysfunction but also reduce lymphocyte in lamina propria and damage 
GALT. In addition, they also lower S-IgA secretion and induce Kupffer cell apopto-
sis and then destroy the intestinal mucosal immune barrier. Watson et  al. used 
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anti-thymocyte globulin (ATG) to deplete T cells in a ischemia/reperfusion mice 
model and found that the MPO and proinflammatory factors such as tumor necrosis 
factor-ɑ, interferon-γ, and interleukin-2 decreased with less local T-lymphocyte 
infiltration, and the epithelial cell apoptosis was also inhibited [36]. Regulatory T 
cells (Tregs), expressing CD4 and CD25, are a subset of T cells that modulate the 
immune system, maintain tolerance to self-antigen, and downregulate induction and 
proliferation of effector T cells. Partial depletion of Treg enhances secretion of 
tumor necrosis factor-ɑ, interferon-γ, and interleukin (IL)-4 and increases intestinal 
permeability, while adapted transfer of Treg can reverse this effect [37].

Mast cells (MCs) constitute 2–3% of lamina propria cells; as a part of the immune 
system of the gut, they serve as first responders to invading pathogens and cellular 
stress signals. During intestinal ischemia/reperfusion, activated mast cells move to 
the tip of villus tip area and degranulate, releasing numerous inflammatory cyto-
kines and causing tissue injury [38]. Intestinal ischemia/reperfusion may also acti-
vate macrophages, which then release cytokines, enhance myeloperoxidase activity, 
promote ROS production, and cause epithelial cell death [39]. Liu et al. reported 
that intestinal I/R injury caused a switch from M2 to M1 macrophages. Recombinant 
Trichinella spiralis cathepsin B-like protein (rTsCPB) could significantly relieve 
mucosal injury and improve intestinal function by promoting M1 to M2 macro-
phage phenotype transition. Inhibiting M1 to M2 transition could reverse the pro-
tective effects of rTsCPB.  This study provided a potential choice of therapeutic 
agent that might be used in intestinal I/R injury [40]. Kupffer cells, the hepatic 
specific macrophages, are important sources of amplification of proinflammatory 
cytokine release such as TNF-ɑ and IL-6 after intestinal ischemia, which in return 
aggravate intestinal injury [41].

3.2.3	 �Microbiota Barrier

The intestinal tract harbors the majority of microorganisms of the human body, up 
to 78% of total microbial populations, and 95% of the microbiota in gut are anaero-
bic bacteria. The anaerobic bacteria attach to the specific receptors on the epithelial 
cell surface forming microbial membrane structures, and they can restrain the 
pathogen colonization and proliferation and promote intestinal peristalsis and 
mucus flow. The intestinal resident bacteria and the host’s intestine spatial micro-
structure are interdependent and interactive with each other; they form a relatively 
stable, multilayer microecosystem in the gut lumen, biologically antagonistic to 
pathogens. Microbiota activate the immune system in the gut and enhance the secre-
tion of S-IgA and IgM. A relatively large portion of microbiota are  coated with 
S-IgA, forming microbiota S-IgA complex, and help to maintain gut homeostasis. 
Free S-IgA upregulates expression of TNF-ɑ, IL-8, and polymeric immunoglobulin 
receptor, whereas microbiota-complexed S-IgA ameliorates this effect [42]. When 
the balance between host and microflora or among different groups of microbiota 
was interrupted by exogenic factors, the intestinal biological barrier is impaired 
through the following mechanisms: First, followed by mechanical gut injury, the 
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intraluminal microflora enters submucosal tissue through the intestinal mucosa with 
increased permeability, leading to bacteria translocation, breaking the equilibrium 
of intestinal microbiota and the balance of gut microecosystem and then damaging 
intestinal biological barrier. Second, diminished bile secretion and intestinal-hepatic 
circulation disorder result in intestinal dysfunction and overgrowth of intestinal bac-
teria. Third, depressed peristalsis or oxygen uptake can lower intestinal metabolic 
rate and cause intestinal flora imbalance, G-bacteria overgrowth, and excessive pro-
duction of endotoxin which can damage the intestinal mucosa.

Hoehn et al. reported that intestinal ischemia/reperfusion lead to bacterial over-
growth in the jejunum lumen and increases concentration of ceramide in the jejunal 
villi vasculature as well as the cell membrane of proliferated bacteria [43]. Ceramide 
has been demonstrated to be related to intestinal epithelial cell apoptosis, and anti-
oxidative anesthetics like propofol and Ginkgo biloba extract can inhibit gut epithe-
lium apoptosis via reducing ceramide production [44, 45]. Wang et al. used DGGE 
fingerprints to investigate the gut microbiota pattern changes after intestinal isch-
emia/reperfusion and figured out that Escherichia coli proliferation accompanied by 
Lachnospiraceae and Lactobacilli reduction was the characteristics of dysbiosis fol-
lowed by intestinal I/R injury. Pattern changes of these three groups of bacteria are 
associated with increased proinflammatory factor secretion and pathogen adherence 
as well as decreased antimicrobial substances and tight junction assembly [46].

3.2.4	 �Chemical Barrier

The intestinal chemical barrier consists of mucus, digestive juice, and antimicrobial 
substance produced by intestinal microbiota. These components can dilute toxin, kill 
pathogenic bacteria, and combine with and limit the absorption of endotoxin. Mucus 
is mainly secreted by goblet cells, and intestinal ischemia/reperfusion significantly 
decreases goblet cell numbers in animal models [47]. In patients with severe infec-
tion or trauma, their intestinal mucosal renewal and repair ability is reduced by lack-
ing stimulation of food and digestive hormone due to fasting. Meanwhile, the 
secretion of gastric acid, bile, lysozyme, and mucopolysaccharide decreased, weak-
ening the chemical bactericidal ability of digestive juice. In some patient who under-
went continuous gastrointestinal decompression, the bactericidal, toxin dilution and 
endotoxin combination ability decreased significantly due to gastric acid, bile, and 
pancreatic juice loss. In addition, drugs used to lower stomach acidity to prevent 
stress ulcer in critically ill patients can also weaken the chemical barrier function. It 
has been demonstrated that intestinal ischemia/reperfusion can cause gastrin dys-
function, inhibit basal acid secretion and weaken the acid secretory response to pen-
tagastrin, and induce accumulation of alkalized gastric fluid rich in glucose, protein, 
and bicarbonate [48]. Liu et al. reported that elevated serum gastrin concentration 
could  ameliorate epithelial disruption, decrease disintegration of lamina propria, 
reduce proinflammatory factor production that inhibits apoptosis, and lower mortal-
ity in intestinal I/R rat models [49]. Mucin, the major protein of mucus, is disrupted 
during the early phase of ischemia [50]. I/R insult leads to oxidative modification 
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and extrusion of the mucus layer into the intestinal lumen, and the mucus is further 
degraded by pancreatic proteases; the thinned and degraded mucus layer allows pan-
creatic proteases and bacteria to cross the epithelium line and enter the submucosal 
space and triggers inflammatory response [51]. Qin et al. reported that treatment of 
the gut with the mucolytic NAC during ischemia could enhance mucosal permeabil-
ity and aggravate gut injury and that the presence of digestive proteases by them-
selves did not exacerbate gut injury, but in combination with NAC, they induced an 
even greater increase in intestinal permeability and injury [52]. Grootjans et  al. 
reported that intestinal ischemia lead to mucus layer detachment in the colon and 
bacteria penetration to the mucosa, while increasing secretory activity of goblet cells 
could expulse the bacteria out of the crypts and restore mucus layer [53].

3.2.5	 �Remote Organ Damage Due to Intestinal Injury

Impaired intestinal barrier function leads to bacteria and endotoxin translocation and 
activates the monocyte/macrophage system to release a large number of inflamma-
tory mediators and cytokines, resulting in systemic inflammation and even multiple 
organ dysfunction syndrome and multiple organ failure. Lung and heart injuries after 
intestinal I/R, the second hit, are an important prognostic factor for patient survival. 
Patients who underwent cardiopulmonary bypass or abdominal aortic aneurysm sur-
gery often experienced cognitive dysfunction, suggesting that they may have con-
comitant brain injury. To clarify whether their brain injury was associated to 
intestinal I/R or not, Zhou and Liu et al. built an intestinal I/R injury model in rats 
and found that intestinal I/R could induce brain edema and cerebral cortex and hip-
pocampus damage in rats, accompanied by reduced memory and spatial learning 
capacity, as well as decreased survival rate of the animals. Further studies demon-
strated that microglia activation aggravated inflammation response and oxidative 
stress injury in the brain tissue and promote neuronal cell apoptosis. It may be the 
major part of the mechanism of intestinal I/R-induced brain damage and memory 
dysfunction. Liu et al. investigations suggest that close attention should be given to 
cognitive dysfunction manifestations of patients with intestine I/R risk factors [54]. 
In addition, beta-defensin-2 is one of the endogenous protective factors in the human 
body, and it is one of the main factors for the body to resist exogenous stimuli. Liu 
et al. found that I/R upregulated both gene and protein expression of beta-defen-
sin-2  in rats. The expression of beta-defensin-2 was  related to the activation of 
inflammatory cytokines in the lung, and when its expression was upregulated in the 
lung, it could significantly improve pulmonary injury caused by intestinal I/R [55].

3.3	 �Prevention and Treatment

Many explorations of the strategy to prevent intestinal barrier injury have been 
made in the recent years as the knowledge on intestinal mucosal barrier functions 
deepens. Numerous regimen and therapies have been reported to be efficacious in 
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preventing or treating intestinal ischemia/reperfusion injury in experimental animal 
studies. The vast majority of animal model used in these studies was the mouse/rat 
model established by temporarily clamping and reopening of the superior mesen-
teric artery. However, the treatment options available for intestinal ischemia/reper-
fusion injury in the clinical settings are still limited.

3.3.1	 �Early Enteral Nutrition

Early enteral nutrition (EN) support is the primary measure to protect the intestinal 
mucosal barrier function; it can prevent intestinal mucosal atrophy and reduce intes-
tinal bacterial translocation. It also stimulates gastrointestinal hormone release, pro-
motes gut peristalsis, and brings quicker recovery of intestinal barrier function. 
Enteral nutrition with addition of arginine, polyunsaturated fatty acids, nucleotides, 
vitamin A, and glutamine facilitates this process. Lin et al. reported that both con-
ventional and lipid-rich EN via gavage increased the intestinal motility and the 
intestinal mucosal tight junction protein expression and decreased the serum I-FABP 
levels and reduced systemic inflammatory response after intestinal I/R injury in rats, 
while lipid-rich EN conferred better effects in controlling intestinal inflammation 
and improving mucosal barrier function than conventional EN did [56]. Wu et al. 
demonstrated that 20% dose of enteral nutrition had a significantly better protective 
effect than total parenteral nutrition did on intestinal barrier function in rat II/R 
model [57].

3.3.1.1	 �Glutamine (Gln)
Glutamine is the main energy source of intestinal epithelium and essential nutrient 
for intestinal mucosa metabolism and regeneration. It is also the precursor of 
reduced glutathione, an important component of the cellular antioxidant system. 
Under severe stress conditions, glutamine demand will exceed its production; defi-
ciency of Gln will lead to atrophy of intestinal mucosa, thinning of villi, and 
impaired intestinal barrier function. Extra-enteral nutrition with proper supplemen-
tation of glutamine or enteral nutrition can increase intestinal villus height, reduce 
intestinal mucosal permeability and enhance intestinal immunity, prevent bacterial 
translocation, and then maintain intestinal mucosal barrier function. Shu et  al. 
reported that rats fed with vegan chow with 3% Gln supplementation exerted benefi-
cial anti-inflammatory effect and improved  morphological changes in the gut 
mucosa after intestinal ischemia/reperfusion [58]. It is also found that peroxisome 
proliferator-activated receptor gamma (PPARγ), a member of the nuclear receptor 
superfamily of transcription factors which is highly expressed in intestinal epithe-
lium, played a pivotal role in enteral Gln’s protection to the postischemic gut [59].

3.3.1.2	 �Growth Factors
Epidermal growth factor (EGF) plays an important role in the growth, differentia-
tion, and tissue repair of intestinal epithelial cells. It can increase the synthesis of 
glutamine in the body and promote the absorption and utilization of glutamine in the 
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intestine and has a synergistic effect with glutamine on the intestinal tract. It has 
been found that EGF can reduce intestinal bacterial translocation and lower mortal-
ity rate in patient subject to total parenteral nutrition. Insulin-like growth factor 
(IGF) is synthesized by liver cells and contributes to cell division. Animal studies 
have shown that it can increase DNA and protein synthesis in intestinal mucosal 
cells, restrain intestinal mucosal atrophy and barrier destruction, and reduce the 
mortality rate of infection.

3.3.2	 �Anti-oxyradical Agent

The intestine is rich in xanthine oxidase (XOD), which produces oxygen-free radi-
cals (OFR) under hypoxia or ischemic conditions. Excessive OFR causes intestinal 
mucosa damage but can be antagonized by exogenous or exogenous OFR scaven-
gers. Selenium is an essential trace element known to have an antioxidant effect as 
a critical cofactor for the function of glutathione peroxidase, which is involved in 
the oxidation of glutathione. Kim et al. reported that selenium treatment might pro-
tect the intestine by increasing glutathione peroxidase activity, reducing lipid per-
oxidation, and downregulating the NF-κB pathway during intestinal I/R injury in 
rats [60]. Trapidil is a phosphodiesterase and platelet-derived growth factor inhibi-
tor. Colak et al. demonstrated that trapidil treatment could protect intestinal barrier 
function in rat intestinal I/R model via inhibiting lipid peroxidation, improving 
nitric oxide metabolism, and suppressing thromboxane A2 and proinflammatory 
cytokine production [61, 62]. Melatonin is an endogenous hormone secreted by the 
pineal gland and has strong anti-oxidative effect; pretreating melatonin or its natural 
intermediate product, N-acetylserotonin, can attenuate intestinal I/R-induced intes-
tinal and lung injuries [63–65]. Pyruvate has been proved to be a potent ROS scav-
enger, directly neutralizing peroxides and peroxynitrite and also scavenging 
hydroxyl radicals. Pyruvate-peritoneal dialysis solution (PDS) following intrave-
nous resuscitation improves intestinal barrier function in rats with hemorrhagic 
shock through eliminating free oxygen radicals, reducing neutrophil infiltration, 
and inhibiting inflammatory response [66, 67]. Resveratrol is a natural phytoalexin 
found in dietary sources such as grapes, plums, peanuts, and wine. Accumulating 
evidence indicates that resveratrol may have therapeutic potential for intestinal I/R 
injury by its antioxidant, anti-inflammatory, and antiapoptotic properties [68]. 
Resveratrol treatment yields effects of protecting myenteric neurons and limiting 
enteric glial cell proliferation in the ileum, alleviating lung injury via suppressing 
mast cell degranulation in intestinal I/R rats [69, 70].

3.3.3	 �Traditional Chinese Medicine

The traditional Chinese medicine (TCM) differentiation theory attributes microcir-
culation disorders in early intestinal ischemia/reperfusion to poor blood supply and 
blood stasis, and many medications were developed under this theory. Xuesaitong 
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injections, whose major component is panax notoginseng saponins, the active ingre-
dient of notoginseng plant, are widely used prior to clinical procedures. Xu et al. 
reported that intraperitoneal injection of Xuesaitong once a day for a week prior to 
ischemia improved gut peristalsis and reduced intestinal mucosal apoptosis after 
reperfusion in the IRI rat model [71]. Jiang et al. demonstrated that ginsenoside Rb1 
could alleviate lung histological injury, suppress inflammatory responses, and 
reduce tissue edema by activating nuclear factor erythroid 2-related factor-2 (Nrf2)/
heme oxygenase-1(HO-1) pathway in mice model of intestinal I/R-induced lung 
injury [72]. Qinghuobaiduyin (QHBDY) is a traditional Chinese medicine that has 
been used to treat burn patients for more than 20 years. Zhu et al. demonstrated 
QHBDY reduced intestinal epithelial cell apoptosis following burn at both animal 
and cellular levels [73]. Mo et al. reported that osthole, a component of a traditional 
Chinese medicine fructus cnidii extract, could inhibit inflammatory response and 
oxidative stress and attenuate the lung injury induced by II/R in rats [74].

3.3.4	 �Anesthetics

It has been demonstrated that commonly used anesthetics, like propofol, remifent-
anil, and dexmedetomidine, can attenuate intestinal I/R-induced intestinal injury. 
The gut protection effect of these drugs might be related to their antioxidant proper-
ties reducing lipid peroxidation and attenuation of apoptosis of intestinal epithelial 
cells [44, 45, 75, 76]. Gan et al. reported that propofol could inhibit intestinal I/R--
induced NADPH oxidase overexpression and suppress ROS-mediated mast cell 
degranulation [77]. The suppression of ROS and mast cell activation by propofol 
can also alleviate lung injury induced by intestinal I/R [78]. Gan et al. found that 
rats exposed to 2.3% sevoflurane for 1 h for 3 subsequent days prior to ischemia/
reperfusion procedure showed reduced inflammation and increased SOD activities 
in the intestinal mucosa as well as improved postischemic survival rate possibly by 
inhibiting oxidative stress in a mast cell-independent way [79]. Liu et al. demon-
strated that pretreatment with 0.5 MAC sevoflurane inhalation in intestinal I/R rat 
model attenuated gut injury by inhibiting intestinal mucosal epithelial apoptosis via 
activation of the PI3K/Akt pathway [80]. Kim et al. showed that 4 h of 1MAC iso-
flurane inhalation after intestinal ischemia led to inhibited epithelial cell apoptosis, 
alleviated intestinal injury, and improved renal and hepatic dysfunction by induc-
tion of intestinal epithelial TGF-beta1 [81]. Shen et al. conducted remifentanil pre-
treatment in rat model using three cycles of 5 min of remifentanil infusion alternating 
with 5 min of normal saline before ischemia and found that remifentanil pretreat-
ment inhibited intestinal epithelial cell apoptosis and ameliorated histological 
injury. The protective effect was dose independent within the range of 
0.2–1 mg kg−1 min−1 RF and was achieved by acting via intestinal delta- and mu-
opioid receptors [75]. Dexmedetomidine is a potent and highly selective α2 adreno-
receptor agonist widely used in clinical anesthesia. It has also been demonstrated to 
have anti-inflammatory and organ protective effects. Zhang et al. reported that dex-
medetomidine administration before ischemia at a dose of 5 μg kg− h− in rats, which 
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is equal to 0.8  μg  kg−  h− in humans, attenuated intestinal ischemia/reperfusion 
injury partly by inhibiting inflammatory response and intestinal mucosal epithelial 
apoptosis via activating the α2-adrenoceptors [76].

3.3.5	 �Antiendotoxin Therapy

Endotoxins are the major components of the outer membrane of most Gram-negative 
bacteria [82]. Endotoxin can be removed by peritoneal lavage, hemodialysis, or 
activated carbon adsorption. Whole-bowel irrigation can reduce the number of 
intestinal flora and drastically decrease the amount of the absorbable endotoxin pool 
in the gut. Selective decontamination of digestive tract (SDD) can be used to inhibit 
the production of intestinal endotoxin by diminishing the number of Gram-negative 
bacilli in the intestinal tract. The widely used SDD regimen is PTA (polymyxin E, 
tobramycin, and amphotericin B) in clinical settings. Lactulose, a nontoxic syn-
thetic disaccharide, reduces endotoxin absorption by reducing or altering the intes-
tinal flora. Oral application of lactulose can prevent or eliminate systemic 
endotoxemia.

3.3.6	 �Ischemic Preconditioning/Postconditioning

Ischemic preconditioning is a physiologic mechanism by which tissues and organs 
exposed to a short period of ischemia/reperfusion(I/R) prior can develop resistance 
to ischemic insults and significantly attenuate intestinal injury by inhibiting the 
neutrophil-endothelial adhesion cascade via reducing ICAM-1 and VCAM-1 
expression and TNF-α-induced NF-κB signaling pathway [83]. However, organ 
ischemia episodes are often unpredictable, and the actual treatment can only be 
applied afterward. Considering the limitations of preconditioning, here comes a 
more clinically feasible concept of ischemic postconditioning that reperfusion or 
ischemia treatment is performed immediately after the initial longer period of isch-
emia/reperfusion insult. It was found that myocardial I/R damage can be signifi-
cantly reduced by postconditioning treatment. Liu et  al. have done a series of 
investigations to explore the gut protection effect and mechanism of ischemic post-
conditioning in intestinal I/R rats. Their discoveries are as follows. First, ischemic 
preconditioning and postconditioning have similar protective effect against intesti-
nal and lung injury induced by intestinal I/R in rats, and their effects can be syner-
gistic. Second, if the postconditioning treatment were not applied until 3 min after 
reperfusion (i.e., delayed treatment), the protective effect of postconditioning disap-
peared, suggesting that the protective effect have a time window and ischemic post-
conditioning treatment should be carried out within this period in clinical practice. 
Third, both ischemic preconditioning and postconditioning play a role in intestinal 
protection by upregulating the expression of aldose reductase and inhibiting intesti-
nal mucosal cell apoptosis, and aldose reductase is the common target. Fourth, post-
conditioning treatment inhibits intestinal mucosal cell apoptosis by inhibiting 
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JAK2/STAT3 pathway [18, 84, 85]. Postconditioning also downregulates the tran-
scription of Toll-like receptor 4 (TLR-4) mRNA, reduces protein expression of 
high-mobility group box-1 (HMGB-1) and TLR-4  in the intestinal mucosa, and 
inhibits cell apoptosis and inflammatory response [86]. Besides the unpredictability 
of ischemic episode, preconditioning itself has another limitation. It might deterio-
rate organ function or cause complications, such as plaque embolization, especially 
when arteries are intermittently occluded. Recently, a more clinically applicable 
stimulus is afforded by remote ischemic preconditioning (RIPC), which has been 
noted that a brief I/R in distant tissues, usually skeletal muscle, may bring the same 
protection effect in the heart. However, this method had not been reported to improve 
the long-term outcome of the patient, neither its role in intestinal I/R injury had been 
demonstrated. Li et al. evaluated the effect of limb RIPC in providing intestinal and 
pulmonary protection after elective open infrarenal abdominal aortic aneurysm 
(AAA) repair in a single-center, prospective, double-blinded, randomized, parallel-
controlled trial. During the trial, it was demonstrated that intermittent upper limb 
ischemia as a RIPC stimulus conferred potential intestinal and pulmonary protec-
tion during elective open infrarenal AAA repair and significantly improved bowel 
and lung function while reducing postoperative hospital stay at ICU [87].

3.3.7	 �Stem Cell

Stem cells are undifferentiated biological cells and have the potential to differentiate 
into specified cells in specific organs and tissues. In humans, stem cells can be 
divided into two broad types: embryonic stem cells and adult stem cells. Stem cell 
therapy has gained much attention from researcher and physicians; many studies 
have shown encouraging effect from stem cell treatment. Because of ethical con-
cerns, adult stem cells are the overwhelming majority of stem cell sources in these 
studies. Bone marrow stem cells can migrate, colonize, and differentiate into spe-
cific injured organs in vivo to accelerate the repair of damaged tissues. In many 
animal experiments and clinical studies, exogenous stem cell transplantation had 
been used in the treatment of intestinal injury. Shen et al. reported that bone marrow 
transplantation protected intestinal mucosal barrier function against intestinal I/R 
injury by inhibiting ZO-1 downregulation and tight junction disruption [88]. 
Adipose-derived mesenchymal stem cells (ASCs) show greater proliferative poten-
tial than bone marrow stem cells, and their easier accessibility and limitless supply 
via liposuction of subcutaneous adipose tissue make them an ideal candidate for 
widespread therapeutic use. Jensen et al. demonstrated that human adipose-derived 
stromal cell treatment improved 7-day survival and mesenteric perfusion and atten-
uated the mucosal damage associated with intestinal I/R injury in rats [89]. They 
also discovered that human umbilical cord-derived mesenchymal stem cells (MSC) 
and bone marrow-derived MSCs yielded the same effect on improving survival rate 
of intestinal I/R rats [90]. Chang et  al. reported that combined melatonin and 
adipose-derived mesenchymal stem cell treatment conferred additive beneficial 
effect against intestinal IR injury and was superior to either alone [91].
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3.4	 �Conclusion

With the development of surgical operations, how to effectively protect the organs 
during the perioperative period has become a major field of surgery studies, and it 
is of great significance to improve the success rate of surgical treatment. But at pres-
ent our clinical study on perioperative intestinal injury is still facing some difficul-
ties, such as (1) an ideal clinical model is still lacking; (2) there is no uniform bowel 
dysfunction evaluation standard; and (3) the symptoms of intestinal injury itself are 
often concealed by that of parenteral organ dysfunction caused by intestinal injury. 
Therefore, the clinical study of perioperative intestinal injury will be a difficult and 
long-term process. We anesthesiologists must recognize the harmful consequences 
of perioperative intestinal injury and do our utmost to improve patients’ eventual 
outcomes.
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