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Cardiopulmonary bypass (CPB) is an essential component of cardiac surgery. As CPB technology continues to advance and innovate, it has enabled the expansion of surgical boundaries and the resolution of many previously inoperable challenges. However, the occurrence of various complications during CPB warrants attention, with their prevention and management being paramount. The gastrointestinal tract, directly connected to the external environment, is vulnerable not only to external factors but also to internal changes that may induce damage. Both preclinical and clinical research have demonstrated the incidence of gastrointestinal injuries following CPB, often accompanied by dysbiosis and abnormal metabolic outputs. Currently, interventions addressing gastrointestinal injuries following CPB remain insufficient. Although recent years have not seen notable progress in this field, emerging academic research underscores the essential role of the gut microbiome and its metabolic products in sustaining overall health and internal equilibrium. Notably, their significance as the body’s “second genome” is increasingly recognized. Consequently, reevaluating the gastrointestinal damage post-CPB, alongside the associated dysbiosis and metabolic disturbances, is imperative. This reassessment carries substantial theoretical and practical implications for enhancing treatment strategies and bettering patient outcomes after CPB. This review aims to deliver a comprehensive synthesis of the latest preclinical and clinical research on CPB, address current challenges and gaps, and explore potential future research directions.
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1 INTRODUCTION
Cardiopulmonary bypass (CPB) was first introduced in 1951, becoming a critical component in cardiac surgery, performing intricate biomechanical engineering tasks. The ongoing innovation and development of CPB technology have broadened the scope of medical procedures, enabling the resolution of previously insurmountable surgical challenges. However, as with any complex bioengineering system, CPB implementation encounters numerous challenges, including those related to safety and biomechanics, which demand substantial attention and resolution (Thomas and Beaudouin, 1951; Gerstein et al., 2022). CPB technology is tailored to meet diverse patient-specific needs and characteristics, encompassing various subcategories such as CPB for adults and for pregnant women. This level of customization not only showcases the precision and humanization of medical technology but also requires medical personnel to adapt the CPB protocols and procedures dynamically according to the unique pathophysiological conditions of each patient to ensure both safety and effectiveness of surgeries. Additionally, vigilant monitoring of patient conditions to timely identify and manage potential complications is crucial in enhancing patient survival rates and improving prognostic outcomes (Kapoor, 2014; Pouard and Bojan, 2013; Kunst et al., 2019).
The gastrointestinal tract, as an organ directly linked to the external environment, is susceptible to both external influences, such as trauma that can lead to gastrointestinal perforation, and internal changes, such as gut injury following acute brain damage (Revell et al., 2018; De Rosa et al., 2024). Notably, the intestinal microbiota and their metabolic products, termed the “second genome,” play a pivotal role as mediators in multi-organ damage. They can propagate damage from other injured organs and reciprocally impact the function of other organs through gastrointestinal disturbances (Huo and Wang, 2024; Zhou et al., 2024; Wen et al., 2020; Wang H. et al., 2013). Research indicates that gastrointestinal injuries post-CPB are predominantly caused by mucosal ischemia, leading to complications including mesenteric ischemia, pancreatitis, cholecystitis, and intestinal obstruction. Ischemia, induced by inadequate perfusion during CPB, significantly contributes to systemic inflammation, hypothermia, and mechanical stress. Additionally, non-ischemic mechanisms such as bacterial translocation, adverse drug reactions, and iatrogenic organ damage also play important roles (Allen, 2014). Given the crucial mediating role of gastrointestinal injuries in multi-organ damage post-CPB and the current inadequacy of interventions, there is a pressing need for further research to enhance these measures. This review aims to summarize the current understanding and future directions of post-CPB gastrointestinal injury from both basic and clinical perspectives, with special attention to differentiating the effects of various CPB modalities.
2 POST-CPB GASTROINTESTINAL INJURY: A CRUCIAL MEDIATOR IN MULTI-ORGAN DYSFUNCTION
2.1 Mechanisms of gastrointestinal injury in different CPB modalities
It is critical to recognize that different CPB techniques produce varying degrees and mechanisms of gastrointestinal injury. Standard CPB with aortic cross-clamping causes transient intestinal hypoperfusion and reperfusion effects, while deep hypothermic circulatory arrest (DHCA) introduces more severe ischemia-reperfusion injury due to complete circulatory cessation (Allen, 2014; Hessel, 2004). Partial bypass maintains some native perfusion but still alters intestinal microcirculation significantly (Sack et al., 2002a). CPB required for surgical repair of congenital heart disease induces a systemic inflammatory response worsening intestinal dysbiosis and leading to intestinal epithelial barrier dysfunction (Owens et al., 2024). Selective cerebral perfusion during aortic procedures reduces but does not eliminate intestinal injury (Algra et al., 2012). These distinctions are crucial for understanding the pathophysiology and developing targeted interventions.
Ischemia, the primary inducer of gastrointestinal complications, involves mechanisms including insufficient visceral perfusion and impaired oxygenation. Under normal physiological conditions, the visceral circulation receives approximately 20% of cardiac output and consumes a similar proportion of total oxygen, which is essential for normal abdominal organ function. This circulatory system utilizes key arterial branches such as the celiac, superior mesenteric, and inferior mesenteric arteries—all originating from the abdominal aorta—to establish an efficient blood supply network (Allen, 2014).
The visceral circulation acts as a sophisticated “blood reservoir,” capable of rapidly initiating compensatory mechanisms in response to emergencies such as low blood volume, elevated catecholamine levels, or sharp declines in cardiac output, thereby stabilizing vital signs. However, this compensatory ability is not limitless. Under persistent high-stress conditions during cardiac surgery, CPB operations, or cardiogenic shock, the capacity of the visceral circulation to maintain adequate perfusion may be compromised, potentially leading to visceral ischemia (Hessel, 2004) (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic illustration of the mechanisms underlying gastrointestinal injury during CPB. CPB initiates multiple pathophysiological processes that compromise intestinal integrity. Non-pulsatile flow, hypothermia, mechanical compression, decreased cardiac output, inflammatory response, and vasoactive medications collectively lead to visceral hypoperfusion, characterized by impaired mesenteric blood flow autoregulation and reduced splanchnic circulation. This hypoperfusion subsequently triggers gastrointestinal IRI, resulting in intestinal barrier dysfunction, microbiota dysbiosis, and bacterial translocation. These pathological alterations ultimately contribute to multiple organ dysfunction, affecting the heart, lungs, liver, and kidneys.
The regulatory functions of blood supply in the mesentery are predominantly managed by resistance arterioles. These arterioles dynamically adjust their diameter in response to fluctuations in mean arterial pressure and metabolite accumulation, thus precisely regulating blood flow. Normally, mesenteric blood flow is auto-regulated and can be redistributed to prioritize critical areas such as the intestinal villi. However, under extreme stress or abrupt flow changes during CPB, this auto-regulation may fail, rendering the visceral circulation particularly vulnerable (Allen, 2014; Hessel, 2004). Notably, recent studies by Maeda et al. have demonstrated that ischemia-reperfusion injury triggers a complex cascade of cellular responses including activation of inflammatory mediators, increased oxidative stress, and programmed cell death, which collectively contribute to intestinal mucosal damage (Maeda and Ruel, 2015). Abboud et al. revealed that the intestinal villi undergoes significant structural and functional alterations during ischemia-reperfusion, contributing to impaired nutrient absorption and barrier dysfunction (Abboud et al., 2008). These results further enhance our understanding of the pathological mechanisms underlying gastrointestinal ischemia-reperfusion injury (IRI) at the basic research level. A simplified schematic representation of the mechanism of gastrointestinal IRI is presented in Figure 2.
[image: Figure 2]FIGURE 2 | Integrated mechanisms of gastrointestinal injury following ischemia-reperfusion. This schematic diagram illustrates the pathophysiological cascade of gastrointestinal injury with emphasis on three interconnected components. The upper section depicts overall gastrointestinal injury as represented by affected intestinal and gastric organs. The left lower panel demonstrates two critical consequences of ischemia-reperfusion injury (IRI): intestinal barrier dysfunction, characterized by disruption of tight junctions between enterocytes (indicated by red stars), and gut microbiota dysbiosis, shown as altered microbial composition within the intestinal lumen. The right lower panel details the cellular and molecular mechanisms of IRI: initial ischemia triggers anaerobic glycolysis, lactate accumulation, and pH reduction. Upon reperfusion, paradoxical exacerbation of injury occurs through several pathways: (1) mitochondrial dysfunction with impaired ATP production and oxidative phosphorylation, (2) intracellular calcium (Ca2+) overload, (3) generation of reactive oxygen species (ROS), and (4) release of damage-associated molecular patterns (DAMPs). These events promote chemokine secretion, immune cell infiltration, and activation of multiple cell death pathways (apoptosis, pyroptosis, and necrosis), ultimately culminating in tissue damage. The bidirectional arrows between panels indicate the cyclic and self-reinforcing nature of these pathological processes, where barrier dysfunction and dysbiosis both contribute to and result from cellular injury mechanisms. Abbreviations: ATP, adenosine triphosphate; DAMPs, damage-associated molecular patterns; ROS, reactive oxygen species; IRI, ischemia-reperfusion injury.
Additional factors contributing to inadequate visceral perfusion include reductions in cardiac output, local flow obstructions, and insufficient systemic mean arterial pressure. Complicating elements like systemic inflammation, non-pulsatile blood flow, hypothermia, specific drug side effects, and mechanical compression can also exacerbate the risk of visceral ischemia (Dery et al., 2023; Sakorafas and Tsiotos, 1999; Dai et al., 2024). These interconnected factors collectively lead to gastrointestinal IRI, which not only damages the gastrointestinal tract itself but can also trigger multi-organ dysfunction.
2.2 Impact on intestinal microbiota and barrier function
During ischemic events, the reduction in blood and oxygen supply to the intestines rapidly affects tissue integrity. Subsequent reperfusion often exacerbates damage due to reactive oxygen species and inflammatory mediator accumulation, significantly compromising intestinal barrier integrity. This disruption triggers extensive changes in the intestinal microbiota composition. These changes may allow previously confined intestinal microbiota and their metabolic products to enter the bloodstream, initiating a series of reactions resulting in multi-organ damage (Chen et al., 2022).
Changes in the intestinal microbiota post-IRI are rapid and evident within just 1 h, with significant alterations observed in the colon microbiota, including increases in populations of Escherichia coli and Prevotella, as well as Lactobacilli (Wang et al., 2012). Similar changes are noted in the ileal microbiota during the early stages of intestinal IRI reperfusion, with clear differences manifesting after 12 h (Wang F. et al., 2013). Moreover, 16S rRNA and metabolomics studies have shown profound changes in the colonic bacterial community composition after intestinal IRI, with increased relative abundance of Firmicutes and Bacteroidetes, while Verrucomicrobia decreased. At the genus level, the abundance of Bacteroidetes and Distasonis increases. These microbial shifts influence metabolic activities within the microbiome, particularly affecting genes related to secondary metabolite biosynthesis and polysaccharide metabolism (Deng et al., 2022).
Recent data in pediatric patients demonstrates that microbiome dysbiosis can persist for up to 1 year following CPB procedures, highlighting the long-term consequences of these alterations (Yin et al., 2025). This prolonged dysbiosis may contribute to the 20%–40% rate of gastrointestinal complications observed in pediatric cardiac surgery patients, ranging from necrotizing enterocolitis to feeding intolerance and chronic malnutrition (Owens et al., 2024; Yin et al., 2025).
These findings illustrate that during CPB, the significant reduction in blood perfusion renders the patient’s gastrointestinal system particularly vulnerable to IRI. This IRI not only directly impairs gastrointestinal tissues but also induces significant alterations in the intestinal ecosystem. These shifts in the intestinal microbiota and their metabolic products exert profound physiological and pathological effects, influencing local gut function and potentially affecting distant organs through systemic circulation.
3 CURRENT STATE OF PRECLINICAL RESEARCH ON GASTROINTESTINAL DAMAGE POST-CPB
3.1 Disturbances in intestinal microcirculation post-CPB
Despite their relative rarity, gastrointestinal complications following CPB are significantly linked to high mortality rates. During and post-CPB, disruptions in intestinal perfusion are frequently the harbingers of severe outcomes, such as multi-organ failure. Research involving long white pigs has shown that even with stable hemodynamic parameters during CPB, implementing partial normothermic left heart bypass markedly disturbs microvascular perfusion in the small intestine and significantly reduces blood flow velocity in post-capillary venules (Sack et al., 2002a). Additional studies on CPB animal models have revealed prevalent small arterial vasoconstriction, diminished blood flow velocity, and reduced functional capillary density, occurring concurrently with increased albumin leakage and leukocyte accumulation in the intestinal wall (Dong et al., 2009). Furthermore, research involving pigs has demonstrated that both extended minimally invasive extracorporeal circulation and conventional CPB induce intestinal mucosal damage, highlighting the vulnerability of the intestine to different CPB techniques (Rimpiläinen et al., 2011).
The effect of CPB on intestinal microvessel permeability is also noteworthy. With CPB initiation, there is a moderate increase in intestinal microvessel permeability, leading to heightened intestinal tissue water content. This increase is attributed not to a rise in capillary pressure but to alterations in vascular permeability itself (Cox et al., 1999). Studies have documented significant physiological changes in mucosal perfusion, epithelial permeability, edema formation, and blood flow regulation associated with CPB, necessitating comprehensive evaluation of their combined impact on intestinal function (Tofukuji et al., 2000).
Moreover, subtle adjustments in the spatial positioning of intestinal tissues critically influence intestinal damage mechanisms. Studies have indicated that even with adequate systemic blood supply, the use of roller pumps during CPB induces significant structural and functional changes in the muscle and mucosal layers of the small intestine (Kalder et al., 2015). While traditional thinking favored roller pumps, recent propensity-matched studies comparing patients on extracorporeal membrane oxygenation (ECMO) have suggested that centrifugal pumps may actually be associated with higher complication rates (Ündar et al., 2023), highlighting the complex relationships between pump design and end-organ perfusion.
3.2 Activation of immune cells and apoptosis in the progression of intestinal damage Post-CPB
Heart surgeries, particularly those involving CPB and DHCA, are closely linked to systemic inflammatory responses that significantly influence postoperative morbidity and mortality. Abnormal intestinal perfusion is often a direct consequence of these systemic inflammatory responses. The role of intestinal mast cells is pivotal in this context. Under cellular stress, these cells rapidly secrete various pre-formed effectors that significantly influence both local and systemic inflammatory responses. Research has shown that intestinal IRI is a primary pathophysiological event in rat models of DHCA, with mast cell activation playing a central role in both intestinal damage and resulting inflammatory responses (Karhausen et al., 2013).
Studies examining leukocyte depletion effects on the horse intestine after low-flow IRI induced by extracorporeal circuits suggest that while leukocyte depletion may reduce inflammatory responses in some cases, its impact on mitigating low-flow IRI effects on the horse’s small intestine is limited (Van Hoogmoed et al., 2001). Additional research investigating neutrophils’ role in mucosal perfusion disturbances post-CPB revealed that neutrophil isolation did not correlate strongly with these disturbances (Jormalainen et al., 2009).
In complex clinical settings involving ECMO and CPB, neonates and infants are particularly vulnerable to severe physiological challenges. Prolonged exposure to the CPB environment significantly heightens their risk of developing systemic inflammatory response syndrome and multi-organ dysfunction. Elevated circulating levels of intestinal fatty acid-binding proteins (FABPs) have emerged as sensitive indicators of intestinal epithelial damage. Further research has indicated that levels of cleaved caspase-8 increase significantly in the intestinal epithelial cells of damaged piglets, suggesting that epithelial cell apoptosis may be an early and crucial factor in the intestinal mucosal damage observed in ECMO models (MohanKumar et al., 2014). Future studies are essential to fully elucidate the role of apoptosis in post-CPB intestinal damage and to provide more scientifically sound and effective guidelines for clinical practice.
3.3 Improving treatment measures for intestinal damage Post-CPB
3.3.1 Monitoring intestinal damage post-CPB
Timely and effective monitoring of intestinal damage after CPB is essential for optimizing patient outcomes. In this context, dopexamine, a weak-beta 2 agonist, initially garnered attention for its potential to enhance blood flow and support monitoring functions. However, studies across different animal models have shown variable results. In sheep models under hypothermic CPB conditions, dopexamine administration did not significantly improve intestinal conditions compared to placebo (Flynn et al., 2003; Madorin et al., 1999; Bangash et al., 2013; Stamler et al., 1998). Conversely, in pigs subjected to partial left heart bypass CPB, dopexamine significantly reduced intestinal perfusion injury (Sack et al., 2002b), and in rabbits, improved laser Doppler velocimetry readings of the jejunum and ileum (Bastien et al., 1999). These varied findings suggest that dopexamine’s impact on CPB-related intestinal injuries can be inconsistent across different preclinical CPB animal models.
Additionally, significant changes in microRNA (miRNA) expression have been observed in post-CPB intestinal injury studies, suggesting that miRNAs may serve as potential biomarkers for assessing intestinal damage. In a piglet model of DHCA, comparative analyses identified differential expression of 25 miRNAs between study and control groups, with changes in miR-122 being particularly prominent (Lin et al., 2015). The role of other miRNAs or non-coding RNAs in intestinal injury following extracorporeal circulation still requires further investigation. Future research should focus on translating these molecular markers into clinical practice to enhance the safety and outcomes of CPB procedures.
3.3.2 Intestinal microbiota and their metabolic products
The interaction between intestinal microbiota and their metabolic products with intestinal IRI has been comprehensively validated through numerous studies (Wang et al., 2023; Deng et al., 2023; Deng et al., 2021a). This relationship is particularly critical in the context of post-CPB intestinal damage. Advanced research has demonstrated that these metabolic products, including succinate, milnacipran, capsiate, indole-3-lactic acid, and pravastatin, significantly influence the intestinal damage process by modulating key biological signaling pathways such as TRPV1, Gpx4, YAP, Nrf2, and IL-13 (Wang et al., 2023; Deng et al., 2023; Deng et al., 2021a; Zhang et al., 2023; Deng et al., 2021b).
Furthermore, intestinal microbiota play a direct role in managing post-CPB intestinal damage, beyond their metabolic functions. Research has identified a significant correlation between preoperative fecal abundance of Lactobacillus murinus and postoperative intestinal IRI severity. Experimental evidence suggests that administering Lactobacillus murinus significantly reduces intestinal IRI-induced damage and improves survival rates in mice. Additionally, in vitro studies demonstrate that Lactobacillus murinus activates the TLR2 signaling pathway, promoting anti-inflammatory cytokine IL-10 release from macrophages, thereby providing protection against intestinal damage (Hu et al., 2022).
Given the significant role of intestinal microbiota and their metabolic products as the body’s “second genome” (Zhu et al., 2010), it is crucial to further explore their changes and regulatory mechanisms during CPB to enhance outcomes of post-CPB intestinal damage and improve survival rates.
3.3.3 ECMO
ECMO provides essential support for patients with severe cardiopulmonary failure by offering continuous extracorporeal respiratory and circulatory assistance (White and Fan, 2016). Recent research using a porcine post-CPB model has highlighted ECMO’s efficacy in mitigating intestinal mucosal barrier damage by reducing inflammation and cellular apoptosis (Liang et al., 2019). In studies of acute respiratory distress syndrome in porcine models post-trauma, ECMO showed potential protective effects on the intestine, though initial exacerbation of mucosal damage was observed (Ni et al., 2015). Additional research involving rabbits demonstrated ECMO’s benefits in managing prolonged hemorrhagic shock, enhancing tissue perfusion rapidly and decreasing the inflammatory response, thus mitigating long-term intestinal damage (Zhao et al., 2014).
Beyond cardiopulmonary resuscitation, ECMO enhances intestinal function during organ transplantation. Studies involving porcine models for intestinal transplantation have shown that ECMO support significantly improves intestinal absorption function compared to control groups, reducing caspase-3 expression in the intestinal mucosa and decreasing cell apoptosis (Guo et al., 2020).
Moreover, innovative research has explored the synergistic potential of ECMO with continuous renal replacement therapy (CRRT) to address complications such as intestinal villi detachment, edema, and alterations in tight junctions and epithelial cell connectivity within the intestinal mucosa (He et al., 2014). This combination therapy provides a deeper understanding of the mechanisms of intestinal damage associated with ECMO and suggests ways to further mitigate such damage post-CPB.
In summary, while ECMO is instrumental in reducing post-CPB intestinal damage, it is also associated with some level of induced intestinal injury. However, the damage from ECMO is generally less severe than that caused by CPB alone, underscoring its unique benefits in managing post-CPB intestinal injuries. The potential additive therapeutic effects of combining ECMO with CRRT warrant further investigation to confirm and refine these findings.
3.3.4 Other medicinal or treatment approaches
In addition to the primary interventions previously described, various pharmacological and non-pharmacological treatments are being explored for managing post-CPB intestinal injury. These include κ-opioid receptor agonists, penehyclidine hydrochloride, albumin, N-acetylcysteine, activated α7nAChR, cold-inducible RNA-binding protein, selectin-sialyl Lewis, and poly-ADP-ribose polymerase. Experimental studies have confirmed that these agents substantially enhance intestinal barrier function, improve mesenteric endothelial dysfunction, moderate inflammatory responses, and normalize mesenteric vascular permeability (Zhang et al., 2020; Sun et al., 2011; Doguet et al., 2012; Chen et al., 2018; Xu et al., 2014; Li et al., 2019; Cox et al., 2000; Szabó et al., 2004).
Non-pharmacological interventions also show significant benefits. For instance, research on low-temperature circulatory arrest in pigs demonstrated that a lower core temperature of 20°C was more effective than 30°C in reducing intestinal wall edema and inflammatory responses (Khaladj et al., 2011). Steroid administration such as prednisolone preserved normal capillary density and prevented arterial constriction, underscoring steroids’ potential to protect microvascular function (Sack et al., 2001).
Gas therapies have also shown promise. A study involving sheep undergoing CPB found that inhaled nitric oxide significantly supported intestinal function and structural integrity. This intervention helped restore intestinal function and crucially maintained red blood cell deformability, essential for effective blood circulation (Kamenshchikov et al., 2024). Additionally, a rabbit study on hypoxia-hyperoxia preconditioning discovered that this method effectively balanced nitric oxide metabolites and curbed excessive endothelin-1 production, thereby alleviating inflammation and enhancing organ protection (Mandel et al., 2020). Another study on pigs examined perfusion techniques during thoracoabdominal aortic aneurysm surgery, revealing that selective visceral perfusion and distal aortic perfusion each offered distinct benefits, though they did not entirely prevent intestinal tissue damage; they did reduce its severity and improved outcomes (Kalder et al., 2012).
Optimizing perfusion solutions during CPB also shows potential for advancing intestinal mucosal preservation. Research on horses demonstrated that a modified organ perfusion solution could maintain the integrity of the intestinal mucosa for up to 12 h without blood and oxygen supply, targeting specific IRI mechanisms and suggesting avenues for enhancing prophylactic strategies against post-CPB intestinal damage (Polyak et al., 2008).
In summary, preclinical CPB models have identified significant changes in intestinal mucosal integrity, vascular permeability, and barrier function post-CPB. The strategic application of treatments can improve diagnostic capabilities for early detection of intestinal damage. Intestinal microbiota and their metabolic byproducts play a critical role in treating post-CPB intestinal injuries. ECMO not only alleviates these injuries but also supports functional preservation of intestinal tissues. The current preclinical evidence regarding CPB-induced gastrointestinal injury is summarized in Table 1 and illustrated in Figure 3.
TABLE 1 | Preclinical studies investigating gastrointestinal injury following CPB.
[image: Table 1][image: Figure 3]FIGURE 3 | Comprehensive landscape of preclinical and clinical research on CPB-associated gastrointestinal injury. This schematic illustration presents a holistic view of both preclinical studies (left panel) and clinical research domains (right panel) investigating gastrointestinal injury following cardiopulmonary bypass (CPB). The preclinical studies encompass multiple animal models: Human/mouse studies demonstrate significant correlations between microbiota metabolites and post-operative outcomes, with lactobacillus murinus showing protective effects through TLR2-mediated pathways. Rat models reveal protective interventions including κ-opioid receptor agonists targeting NF-κB/HIF-1α pathways, penehyclidine hydrochloride, and α7nAChR activation, while highlighting the role of mast cells and CIRBP in intestinal barrier maintenance. Porcine studies, representing a substantial proportion of research, evaluate various CPB techniques and therapeutic strategies, particularly emphasizing microcirculatory alterations and benefits of interventions such as dopexamine and selective visceral perfusion. Additional species studies provide complementary insights: rabbit models validate preconditioning strategies and ECMO resuscitation; sheep studies assess nitric oxide and dopexamine effects; canine models investigate mechanisms of microvascular dysfunction; and equine studies examine leukocyte-mediated responses. The clinical research domains (right panel) illustrate four major areas surrounding the central focus of CPB-associated gastrointestinal injury: Adult population studies highlight investigations in mucosal blood flow alterations, hyperoxia effects, and post-operative complications; Pediatric population studies emphasize congenital heart disease risk assessment and biomarker screening using α-GST; Infant studies focus on specific monitoring protocols including I-FABP level monitoring and LFACP technique effectiveness; and Ex vivo studies showcase experimental approaches in tissue preservation and perfusion techniques. The interconnected nature of these research domains is represented through connecting pathways, emphasizing the translational continuum from preclinical models to clinical applications. Abbreviations: α7nAChR, alpha-7 nicotinic acetylcholine receptor; α-GST, alpha glutathione S-transferase; CIRBP, cold-inducible RNA-binding protein; CPB, cardiopulmonary bypass; CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane oxygenation; HIF-1α, hypoxia-inducible factor 1-alpha; I-FABP, intestinal fatty acid-binding protein; IL-10, interleukin-10; LFACP, low-flow antegrade cerebral perfusion; NF-κB, nuclear factor kappa B; PARP, poly-ADP-ribose polymerase; TLR2, Toll-like receptor 2.
4 CURRENT CLINICAL RESEARCH ON GASTROINTESTINAL INJURY POST-CPB
4.1 Clinically relevant gastrointestinal injury post-CPB
In clinical settings, gastrointestinal injuries following CPB occur with notable frequency. A retrospective analysis spanning 8 years showed that out of 4,473 patients undergoing CPB surgery, 35 experienced gastrointestinal complications. These complications contributed to 22 deaths, representing 11.5% of the 191 total mortality cases during the study period (Huddy et al., 1991). Similar findings were reported by other studies, which observed CPB-related gastrointestinal injury rates ranging from 0.26% to 1% post-cardiac surgery, with mortality rates reaching up to 52% following such injuries (Schütz et al., 1998; Aouifi et al., 1999). CPB can significantly diminish mucosal blood flow and alter mesenteric perfusion due to primary endothelial dysfunction, with vasoconstrictors further reducing mesenteric perfusion (Ohri and Velissaris, 2006).
In pediatric populations, the incidence of gastrointestinal complications is significantly higher, ranging from 20%–40% of patients undergoing cardiac surgery with CPB. These complications span a spectrum from feeding intolerance to necrotizing enterocolitis and chronic malnutrition, substantially contributing to morbidity and increased hospital stay (Owens et al., 2024).
Additionally, substantial changes in intestinal permeability post-CPB have been observed, facilitating bacterial translocation. Studies have shown that post-CPB patients exhibit significantly altered intestinal mucosal permeability, demonstrated by an increased absorption ratio of lactulose to L-rhamnose compared to control groups (Sinclair et al., 1995; Ohri et al., 1993). After significant changes in intestinal permeability post-CPB, gut flora may enter the bloodstream, primarily indicated by elevated serum peptidoglycan levels (Tsunooka et al., 2004). Further research suggests a correlation between gastrointestinal mucosal injury, increased permeability, Escherichia coli bacteremia, and self-limiting inflammatory responses in elective coronary artery bypass grafting patients (Rossi et al., 2004).
Interestingly, another study noted that intestinal injuries occurred post-coronary artery surgery regardless of CPB involvement and could persist for approximately 5 days post-surgery (Ascione et al., 2006). Children undergoing CPB for congenital heart disease are also at risk for intestinal injuries, frequently presenting preoperative evidence of compromised intestinal epithelial integrity, with more severe conditions potentially mediating late postoperative epithelial barrier dysfunction (Typpo et al., 2015). These findings suggest that intraoperative hemodynamic changes are pivotal contributors to post-CPB intestinal injuries.
4.2 Evaluation metrics for gastrointestinal injury post-CPB
4.2.1 Intestinal FABP (I-FABP)
FABPs are crucial in lipid transport systems, with specific subtypes expressed across various tissues. I-FABP, localized to the small intestine, is recognized for its sensitivity to intestinal damage and has been extensively studied as a potential clinical biomarker (Huang et al., 2022). Particularly in complex cardiac surgeries involving CPB, I-FABP serves as a significant marker. Studies have demonstrated that monitoring serum I-FABP levels during intensive care following CPB cardiac surgery provides an early, convenient, and objective predictor of patient prognosis (Zou et al., 2018). Additionally, research shows that I-FABP levels significantly increase during hypothermic circulatory arrest in aortic surgery patients undergoing CPB and quickly decrease upon reperfusion (Kano et al., 2017). Another study links intraoperative gastrointestinal injury with postoperative dysfunction and complications to 1-year mortality rates (Seilitz et al., 2021).
In the context of hemodialysis, correlations have been noted between I-FABP levels at intensive care unit admission and in-hospital mortality among CPB surgery patients undergoing hemodialysis, suggesting that inadequate intraoperative intestinal perfusion is a critical prognostic factor (Sekino et al., 2020). Elevated I-FABP levels in infants post-CPB indicate early epithelial cell injury, associated with the development of necrotizing enterocolitis within 6 h postoperatively (Watson et al., 2020).
In summary, I-FABP plays a pivotal role as a biomarker in monitoring intestinal injury following cardiac surgery, during hemodialysis, and in infants post-CPB. Changes in I-FABP levels reflect the severity and progression of intestinal damage, serving as an independent indicator of prognostic risk. Enhancing research and application of I-FABP is vital for advancing diagnostic and therapeutic standards and improving patient outcomes.
4.2.2 Other evaluation metrics
Apart from I-FABP, other indices are crucial in evaluating intestinal injury post-cardiac surgery. A retrospective analysis indicated that intestinal ischemia often necessitates multiple abdominal surgeries and is a significant predictor of severity and 30-day mortality when two or more vasopressors are used (Wiesmueller et al., 2022). Additional findings relate plasma free hemoglobin levels and nitric oxide consumption during cardiac surgery to plasma I-FABP levels, suggesting that hemolysis-driven limitations in NO bioavailability are key factors in postoperative mucosal damage (Vermeulen Windsant et al., 2014). For patients with type IV thoracoabdominal aortic aneurysms, significant predictors of acute intestinal ischemia include renal insufficiency and visceral artery disease (Kieffer et al., 2008). Poor intestinal perfusion is also identified as a predictive factor for perioperative mortality in type A aortic dissection patients (Apaydin et al., 2002).
In pediatric populations, emerging indicators for predicting post-CPB intestinal injury include α-Glutathione S-transferase (αGST), which significantly rises in patients with prolonged bypass or aortic clamping times and clinical signs of intestinal injury (McMonagle et al., 2006). Additionally, research indicates a reduction in alkaline phosphatase (AP) activity during CPB in infants, with early low AP activity associated with postoperative support needs and organ dysfunction (Davidson et al., 2017).
Investigations into the relationship between intestinal injury, postoperative inflammatory response, and organ dysfunction reveal complexities. While some studies suggest that in low-risk cardiac surgeries, intestinal injury may not significantly affect inflammatory responses and organ dysfunction (Habes et al., 2023), others show a connection between prolonged CPB, elevated markers of intestinal injury, and inflammatory cytokines, though without a direct correlation to cytokine levels or gastrointestinal symptoms (Habes et al., 2017). Variations in surgical complexity, duration, and hemodynamic changes may significantly influence systemic cytokine responses and subsequent organ dysfunction.
These insights are invaluable, pointing to new dimensions in assessment and potentially enabling earlier detection and intervention in CPB-related gastrointestinal injuries, ultimately enhancing postoperative recovery and long-term patient outcomes.
4.3 Clinical interventions for gastrointestinal injury post-CPB
In clinical medicine, various interventions have been developed to mitigate gastrointestinal injuries in patients undergoing CPB. Research focusing on pediatric CPB patients indicates that probiotic supplementation significantly ameliorates dysbiosis by the seventh postoperative day, underscoring probiotics’ role in maintaining intestinal flora balance. However, no significant differences were observed in other intestinal health indicators such as fecal organic acid concentrations, bacterial translocation rates, and I-FABP levels between treatment and control groups (Toritsuka et al., 2024).
Non-pharmacological interventions have proven notably effective. For instance, low-flow antegrade cerebral perfusion during neonatal aortic arch reconstruction has been shown to decrease early renal and intestinal damage by optimizing blood flow (Algra et al., 2012). The use of centrifugal pump technology to maintain intestinal permeability post-CPB has been shown to be beneficial (Hyde et al., 1997), although recent evidence suggests more nuanced outcomes when comparing different pump types in ECMO patients (Ündar et al., 2023). The adoption of mini-CPB systems in myocardial revascularization has shown improved outcomes in terms of hemostatic system stability, reduced bleeding and transfusion requirements, decreased systemic inflammatory responses, and reduced renal and intestinal damage (Huybregts et al., 2007). Additionally, extracorporeal hypothermic perfusion devices equipped with intestinal perfusion modules have demonstrated effectiveness in intestinal transplantation (Muñoz-Abraham et al., 2016).
Collectively, these non-pharmacological interventions reveal a spectrum of possibilities for treating CPB-related gastrointestinal injuries. They enrich our understanding of the physiological and pathological changes occurring postoperatively, offer various effective treatment strategies, and underscore the necessity for future comprehensive, systematic research to discover timely interventions that could further improve the prognoses of CPB patients. A comprehensive overview of clinical investigations concerning CPB-associated gastrointestinal complications is presented in Table 2 and depicted in Figure 3.
TABLE 2 | Clinical studies investigating gastrointestinal injury following CPB.
[image: Table 2]5 CONCLUSIONS AND PERSPECTIVES
In clinical practice, gastrointestinal injuries are commonly observed both post-CPB and among critically ill patients. Research has highlighted that gastrointestinal injuries in patients undergoing CRRT should not be overlooked (Murugan et al., 2021). Studies have shown that compromised intestinal barrier function in patients with multiple organ dysfunction syndrome strongly correlates with adverse disease outcomes. CRRT not only improves clinical conditions but also enhances intestinal barrier function by inhibiting the degradation of occludin and ZO-1 (Zhang et al., 2010). While plasma measurements of tight junction proteins such as occludin and ZO-1 are utilized in some studies, it’s important to acknowledge the limitation that these markers are not intestine-specific, as they are also expressed in vascular endothelium, making it challenging to determine the intestinal contribution to their plasma levels (Zhang et al., 2010; Zeng et al., 2018). Research indicates that high oxygen inhalation in critically ill patients undergoing peripheral venous arterial ECMO treatment may trigger intestinal injury (Dai et al., 2024). Additionally, injuries to other organs can precipitate secondary intestinal damage (Nastos et al., 2016). These studies indicate that the etiology of gastrointestinal injury is multifaceted, necessitating a holistic research approach.
Current medical research, encompassing both preclinical experiments and clinical observations, consistently reports the occurrence of gastrointestinal injuries post-CPB. Although this area of research has diversified, significant advancements have been sporadic in recent years. In clinical settings, the symptoms of post-CPB gastrointestinal injury may be overshadowed by more severe symptoms, thus receiving inadequate attention. Nevertheless, the existence of post-CPB gastrointestinal injuries, which can lead to dysbiosis and metabolic disturbances, is undeniable. Recent scholarly focus has emphasized the crucial role of the gut microbiome and its metabolic products in maintaining health and homeostasis, notably as the body’s “second genome” (Zhu et al., 2010). Reevaluating the dysbiosis and metabolic disturbances resulting from post-CPB gastrointestinal injuries is therefore vital for refining treatment protocols and enhancing patient outcomes. The high operability and specificity of interventions targeting the gut microbiome make such measures especially pivotal for improving post-CPB gastrointestinal injuries.
With ongoing technological advances, particularly in microbiome testing and imaging techniques, new avenues have opened for thorough disease diagnosis and mechanism exploration. Some interventions, such as hypothermia therapy, perfusion techniques, and device enhancements, have proven effective in alleviating post-CPB gastrointestinal injuries. However, a significant gap remains in their clinical translation. Most existing clinical studies are observational, lacking large-scale, multicenter randomized controlled trials to definitively identify effective strategies for ameliorating post-CPB gastrointestinal injuries, particularly concerning the dynamics of the gut microbiome. The existing evidence confirming post-CPB gastrointestinal injuries, which may be subtle and asymptomatic in some clinical scenarios, underscores the significance of addressing these injuries and associated dysbiosis to improve CPB patient prognosis. Promoting the translation of preclinical research findings into clinical practice is expected to enhance outcomes for many CPB patients.
AUTHOR CONTRIBUTIONS
Q-LM: Conceptualization, Data curation, Writing – original draft, Writing – review and editing. Z-HY: Investigation, Writing – original draft, Writing – review and editing. LN: Investigation, Writing – original draft, Writing – review and editing. F-XW: Investigation, Writing – original draft, Writing – review and editing. Y-HD: Conceptualization, Data curation, Writing – original draft, Writing – review and editing. X-FQ: Conceptualization, Data curation, Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article.
ACKNOWLEDGMENTS
The illustrations for this manuscript were created using figdraw (www.figdraw.com).
GENERATIVE AI STATEMENT
The authors declare that Generative AI was used in the creation of this manuscript. During the preparation of this work the authors used [ChatGPT 4.0, GPT-4, Open AI] in order to improve readability and language. After using this tool, the authors reviewed and edited the content as needed and take full responsibility for the content of the publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
αGST, Alpha-Glutathione S-transferase; AP, Alkaline phosphatase; CPB, Cardiopulmonary bypass; CRRT, Continuous renal replacement therapy; DHCA, Deep hypothermic circulatory arrest; ECMO, Extracorporeal membrane oxygenation; FABPs, Fatty acid-binding proteins; I-FABP, Intestinal fatty acid-binding protein; IRI, Ischemia-reperfusion injury; miRNAs, MicroRNAs; NO, Nitric oxide.
REFERENCES
 Abboud, B., Daher, R., and Boujaoude, J. (2008). Acute mesenteric ischemia after cardio-pulmonary bypass surgery. World J. Gastroenterol. 14 (35), 5361–5370. doi:10.3748/wjg.14.5361
 Algra, S. O., Schouten, A. N., van Oeveren, W., van der Tweel, I., Schoof, P. H., Jansen, N. J., et al. (2012). Low-flow antegrade cerebral perfusion attenuates early renal and intestinal injury during neonatal aortic arch reconstruction. J. Thorac. Cardiovasc Surg. 144 (6), 1323–1328.e13282. doi:10.1016/j.jtcvs.2012.03.008
 Allen, S. J. (2014). Gastrointestinal complications and cardiac surgery. J. Extra Corpor. Technol. 46 (2), 142–149. doi:10.1051/ject/201446142
 Aouifi, A., Piriou, V., Bastien, O., Joseph, P., Blanc, P., Chiari, P., et al. (1999). Severe digestive complications after heart surgery using extracorporeal circulation. Can. J. Anaesth. 46 (2), 114–121. doi:10.1007/BF03012544
 Apaydin, A. Z., Buket, S., Posacioglu, H., Islamoglu, F., Calkavur, T., Yagdi, T., et al. (2002). Perioperative risk factors for mortality in patients with acute type A aortic dissection. Ann. Thorac. Surg. 74 (6), 2034–2039. doi:10.1016/s0003-4975(02)04096-1
 Ascione, R., Talpahewa, S., Rajakaruna, C., Reeves, B. C., Lovell, A. T., Cohen, A., et al. (2006). Splanchnic organ injury during coronary surgery with or without cardiopulmonary bypass: a randomized, controlled trial. Ann. Thorac. Surg. 81 (1), 97–103. doi:10.1016/j.athoracsur.2005.06.038
 Bangash, M. N., Patel, N. S., Benetti, E., Collino, M., Hinds, C. J., Thiemermann, C., et al. (2013). Dopexamine can attenuate the inflammatory response and protect against organ injury in the absence of significant effects on hemodynamics or regional microvascular flow. Crit. Care 17 (2), R57. doi:10.1186/cc12585
 Bastien, O., Piriou, V., Aouifi, A., Evans, R., and Lehot, J. J. (1999). Effects of dopexamine on blood flow in multiple splanchnic sites measured by laser Doppler velocimetry in rabbits undergoing cardiopulmonary bypass. Br. J. Anaesth. 82 (1), 104–109. doi:10.1093/bja/82.1.104
 Chen, J., Wang, Y., Shi, Y., Liu, Y., Wu, C., and Luo, Y. (2022). Association of gut microbiota with intestinal ischemia/reperfusion injury. Front. Cell Infect. Microbiol. 12, 962782. doi:10.3389/fcimb.2022.962782
 Chen, K., Sun, Y., Dong, W., Zhang, T., Zhou, N., Yu, W., et al. (2018). Activated α7nachr improves postoperative cognitive dysfunction and intestinal injury induced by cardiopulmonary bypass in rats: inhibition of the proinflammatory response through the Th17 immune response. Cell Physiol. Biochem. 46 (3), 1175–1188. doi:10.1159/000489068
 Cox, C. S., Allen, S. J., Sauer, H., and Frederick, J. (2000). Effects of selectin-sialyl Lewis blockade on mesenteric microvascular permeability associated with cardiopulmonary bypass. J. Thorac. Cardiovasc Surg. 119 (6), 1255–1261. doi:10.1067/mtc.2000.105262
 Cox, C. S. Jr, Allen, S. J., and Brennan, M. (1999). Analysis of intestinal microvascular permeability associated with cardiopulmonary bypass. J. Surg. Res. 83 (1), 19–26. doi:10.1006/jsre.1998.5550
 Dai, N., Gu, J., Luo, Y., Tao, Y., Chou, Y., He, Y., et al. (2024). Impact of hyperoxia on the gut during critical illnesses. Crit. Care 28 (1), 66. doi:10.1186/s13054-024-04848-9
 Davidson, J. A., Urban, T. T., Baird, C., Tong, S., Woodruff, A., Twite, M., et al. (2017). Alkaline phosphatase in infant cardiopulmonary bypass: kinetics and relationship to organ injury and major cardiovascular events. J. Pediatr. 190, 49–55.e2. doi:10.1016/j.jpeds.2017.07.035
 Deng, F., Hu, J. J., Lin, Z. B., Sun, Q. S., Min, Y., Zhao, B. C., et al. (2023). Gut microbe-derived milnacipran enhances tolerance to gut ischemia/reperfusion injury. Cell Rep. Med. 4 (3), 100979. doi:10.1016/j.xcrm.2023.100979
 Deng, F., Hu, J. J., Yang, X., Sun, Q. S., Lin, Z. B., Zhao, B. C., et al. (2021b). Gut microbial metabolite pravastatin attenuates intestinal ischemia/reperfusion injury through promoting IL-13 release from type II innate lymphoid cells via IL-33/ST2 signaling. Front. Immunol. 12, 704836. doi:10.3389/fimmu.2021.704836
 Deng, F., Lin, Z. B., Sun, Q. S., Min, Y., Zhang, Y., Chen, Y., et al. (2022). The role of intestinal microbiota and its metabolites in intestinal and extraintestinal organ injury induced by intestinal ischemia reperfusion injury. Int. J. Biol. Sci. 18 (10), 3981–3992. doi:10.7150/ijbs.71491
 Deng, F., Zhao, B. C., Yang, X., Lin, Z. B., Sun, Q. S., Wang, Y. F., et al. (2021a). The gut microbiota metabolite capsiate promotes Gpx4 expression by activating TRPV1 to inhibit intestinal ischemia reperfusion-induced ferroptosis. Gut Microbes 13 (1), 1–21. doi:10.1080/19490976.2021.1902719
 De Rosa, S., Battaglini, D., Llompart-Pou, J. A., and Godoy, D. A. (2024). Ten good reasons to consider gastrointestinal function after acute brain injury. J. Clin. Monit. Comput. 38 (2), 355–362. doi:10.1007/s10877-023-01050-0
 Dery, K. J., Yao, S., Cheng, B., and Kupiec-Weglinski, J. W. (2023). New therapeutic concepts against ischemia-reperfusion injury in organ transplantation. Expert Rev. Clin. Immunol. 19 (10), 1205–1224. doi:10.1080/1744666X.2023.2240516
 Doguet, F., Tamion, F., Le Guillou, V., Bubenheim, M., Thuillez, C., Richard, V., et al. (2012). Albumin limits mesenteric endothelial dysfunction and inflammatory response in cardiopulmonary bypass. Artif. Organs 36 (11), 962–971. doi:10.1111/j.1525-1594.2012.01492.x
 Dong, G. H., Wang, C. T., Li, Y., Xu, B., Qian, J. J., Wu, H. W., et al. (2009). Cardiopulmonary bypass induced microcirculatory injury of the small bowel in rats. World J. Gastroenterol. 15 (25), 3166–3172. doi:10.3748/wjg.15.3166
 Flynn, M. J., Winter, D. C., Breen, P., O’Sullivan, G., Shorten, G., O'Connell, D., et al. (2003). Dopexamine increases internal mammary artery blood flow following coronary artery bypass grafting. Eur. J. Cardiothorac. Surg. 24 (4), 547–551. doi:10.1016/s1010-7940(03)00394-4
 Gerstein, N. S., Panikkath, P. V., Mirrakhimov, A. E., Lewis, A. E., and Ram, H. (2022). Cardiopulmonary bypass emergencies and intraoperative issues. J. Cardiothorac. Vasc. Anesth. 36 (12), 4505–4522. doi:10.1053/j.jvca.2022.07.011
 Guo, M., Lu, C., Li, L., Yao, D., and Li, Y. (2020). Normothermic extracorporeal membrane oxygenation support: improving the function of intestinal grafts obtained from cardiac death donors. Artif. Organs 44 (10), 1098–1106. doi:10.1111/aor.13697
 Habes, Q. L. M., Kant, N., Beunders, R., van Groenendael, R., Gerretsen, J., Kox, M., et al. (2023). Relationships between systemic inflammation, intestinal damage and postoperative organ dysfunction in adults undergoing low-risk cardiac surgery. Heart Lung Circ. 32 (3), 395–404. doi:10.1016/j.hlc.2022.12.006
 Habes, Q. L. M., Linssen, V., Nooijen, S., Kiers, D., Gerretsen, J., Pickkers, P., et al. (2017). Markers of intestinal damage and their relation to cytokine levels in cardiac surgery patients. Shock 47 (6), 709–714. doi:10.1097/SHK.0000000000000803
 He, C., Yang, S., Yu, W., Chen, Q., Shen, J., Hu, Y., et al. (2014). Effects of continuous renal replacement therapy on intestinal mucosal barrier function during extracorporeal membrane oxygenation in a porcine model. J. Cardiothorac. Surg. 9, 72. doi:10.1186/1749-8090-9-72
 Hessel, E. A. (2004). Abdominal organ injury after cardiac surgery. Semin. Cardiothorac. Vasc. Anesth. 8 (3), 243–263. doi:10.1177/108925320400800306
 Hu, J., Deng, F., Zhao, B., Lin, Z., Sun, Q., Yang, X., et al. (2022). Lactobacillus murinus alleviate intestinal ischemia/reperfusion injury through promoting the release of interleukin-10 from M2 macrophages via Toll-like receptor 2 signaling. Microbiome 10 (1), 38. doi:10.1186/s40168-022-01227-w
 Huang, X., Zhou, Y., Sun, Y., and Wang, Q. (2022). Intestinal fatty acid binding protein: a rising therapeutic target in lipid metabolism. Prog. Lipid Res. 87, 101178. doi:10.1016/j.plipres.2022.101178
 Huddy, S. P., Joyce, W. P., and Pepper, J. R. (1991). Gastrointestinal complications in 4473 patients who underwent cardiopulmonary bypass surgery. Br. J. Surg. 78 (3), 293–296. doi:10.1002/bjs.1800780309
 Huo, A., and Wang, F. (2024). Berberine alleviates ischemia reperfusion injury induced AKI by regulation of intestinal microbiota and reducing intestinal inflammation. BMC Complement. Med. Ther. 24 (1), 66. doi:10.1186/s12906-023-04323-y
 Huybregts, R. A., Morariu, A. M., Rakhorst, G., Spiegelenberg, S. R., Romijn, H. W., de Vroege, R., et al. (2007). Attenuated renal and intestinal injury after use of a mini-cardiopulmonary bypass system. Ann. Thorac. Surg. 83 (5), 1760–1766. doi:10.1016/j.athoracsur.2007.02.016
 Hyde, J. A., Riddington, D. W., Hutton, P., Wilson, I. C., Boivin, C. M., Nash, G., et al. (1997). Prevention of remote organ injury in cardiopulmonary bypass: the impact of flow generation technique. Artif. Organs 21 (7), 825–829. doi:10.1111/j.1525-1594.1997.tb03751.x
 Jormalainen, M., Vento, A. E., Wartiovaara-Kautto, U., Suojaranta-Ylinen, R., Lauronen, J., Paavonen, T., et al. (2009). Ischemic intestinal injury during cardiopulmonary bypass does not show an association with neutrophil activation: a porcine study. Eur. Surg. Res. 42 (1), 59–69. doi:10.1159/000169983
 Kalder, J., Ajah, D., Keschenau, P., Kennes, L. N., Tolba, R., Kokozidou, M., et al. (2015). Microcirculatory perfusion shift in the gut wall layers induced by extracorporeal circulation. J. Vasc. Surg. 61 (2), 497–503. doi:10.1016/j.jvs.2013.10.070
 Kalder, J., Keschenau, P., Hanssen, S. J., Greiner, A., Vermeulen Windsant, I. C., Kennes, L. N., et al. (2012). The impact of selective visceral perfusion on intestinal macrohemodynamics and microhemodynamics in a porcine model of thoracic aortic cross-clamping. J. Vasc. Surg. 56 (1), 149–158. doi:10.1016/j.jvs.2011.11.126
 Kamenshchikov, N. O., Churilina, E. A., Korepanov, V. A., Rebrova, T. Y., Sukhodolo, I. V., and Kozlov, B. N. (2024). Effect of inhaled nitric oxide on intestinal integrity in cardiopulmonary bypass and circulatory arrest simulation: an experimental study. Indian J. Anaesth. 68 (7), 623–630. doi:10.4103/ija.ija_1267_23
 Kano, H., Takahashi, H., Inoue, T., Tanaka, H., and Okita, Y. (2017). Transition of intestinal fatty acid-binding protein on hypothermic circulatory arrest with cardiopulmonary bypass. Perfusion 32 (3), 200–205. doi:10.1177/0267659116667807
 Kapoor, M. C. (2014). Cardiopulmonary bypass in pregnancy. Ann. Card. Anaesth. 17 (1), 33–39. doi:10.4103/0971-9784.124133
 Karhausen, J., Qing, M., Gibson, A., Moeser, A. J., Griefingholt, H., Hale, L. P., et al. (2013). Intestinal mast cells mediate gut injury and systemic inflammation in a rat model of deep hypothermic circulatory arrest. Crit. Care Med. 41 (9), e200–e210. doi:10.1097/CCM.0b013e31827cac7a
 Khaladj, N., Peterss, S., Pichlmaier, M., Shrestha, M., von Wasielewski, R., Hoy, L., et al. (2011). The impact of deep and moderate body temperatures on end-organ function during hypothermic circulatory arrest. Eur. J. Cardiothorac. Surg. 40 (6), 1492–1499. doi:10.1016/j.ejcts.2011.03.031
 Kieffer, E., Chiche, L., Godet, G., Koskas, F., Bahnini, A., Bertrand, M., et al. (2008). Type IV thoracoabdominal aneurysm repair: predictors of postoperative mortality, spinal cord injury, and acute intestinal ischemia. Ann. Vasc. Surg. 22 (6), 822–828. doi:10.1016/j.avsg.2008.07.002
 Kunst, G., Milojevic, M., Boer, C., De Somer, F. M. JJ, Gudbjartsson, T., van den Goor, J., et al. (2019). 2019 EACTS/EACTA/EBCP guidelines on cardiopulmonary bypass in adult cardiac surgery. Br. J. Anaesth. 123 (6), 713–757. doi:10.1016/j.bja.2019.09.012
 Li, Y., Liu, M., Gao, S., Cai, L., Zhang, Q., Yan, S., et al. (2019). Cold-inducible RNA-binding protein maintains intestinal barrier during deep hypothermic circulatory arrest. Interact. Cardiovasc Thorac. Surg. 29 (4), 583–591. doi:10.1093/icvts/ivz147
 Liang, Y., Li, C., Liu, B., Zhang, Q., Yuan, X., Zhang, Y., et al. (2019). Protective effect of extracorporeal membrane oxygenation on intestinal mucosal injury after cardiopulmonary resuscitation in pigs. Exp. Ther. Med. 18 (6), 4347–4355. doi:10.3892/etm.2019.8087
 Lin, W. B., Liang, M. Y., Chen, G. X., Yang, X., Qin, H., Yao, J. P., et al. (2015). MicroRNA profiling of the intestine during hypothermic circulatory arrest in swine. World J. Gastroenterol. 21 (7), 2183–2190. doi:10.3748/wjg.v21.i7.2183
 Madorin, W. S., Martin, C. M., and Sibbald, W. J. (1999). Dopexamine attenuates flow motion in ileal mucosal arterioles in normotensive sepsis. Crit. Care Med. 27 (2), 394–400. doi:10.1097/00003246-199902000-00048
 Maeda, K., and Ruel, M. (2015). Prevention of ischemia-reperfusion injury in cardiac surgery: therapeutic strategies targeting signaling pathways. J. Thorac. Cardiovasc Surg. 149 (3), 910–911. doi:10.1016/j.jtcvs.2014.11.067
 Mandel, I. A., Podoksenov, Y. K., Suhodolo, I. V., An, D. A., Mikheev, S. L., Podoksenov, A. Y., et al. (2020). Influence of hypoxic and hyperoxic preconditioning on endothelial function in a model of myocardial ischemia-reperfusion injury with cardiopulmonary bypass (experimental study). Int. J. Mol. Sci. 21 (15), 5336. doi:10.3390/ijms21155336
 McMonagle, M. P., Halpenny, M., McCarthy, A., Mortell, A., Manning, F., Kilty, C., et al. (2006). Alpha glutathione S-transferase: a potential marker of ischemia-reperfusion injury of the intestine after cardiac surgery?J. Pediatr. Surg. 41 (9), 1526–1531. doi:10.1016/j.jpedsurg.2006.05.017
 MohanKumar, K., Killingsworth, C. R., McIlwain, R. B., Timpa, J. G., Jagadeeswaran, R., Namachivayam, K., et al. (2014). Intestinal epithelial apoptosis initiates gut mucosal injury during extracorporeal membrane oxygenation in the newborn piglet. Lab. Invest. 94 (2), 150–160. doi:10.1038/labinvest.2013.149
 Muñoz-Abraham, A. S., Patrón-Lozano, R., Narayan, R. R., Judeeba, S. S., Alkukhun, A., Alfadda, T. I., et al. (2016). Extracorporeal hypothermic perfusion device for intestinal graft preservation to decrease ischemic injury during transportation. J. Gastrointest. Surg. 20 (2), 313–321. doi:10.1007/s11605-015-2986-x
 Murugan, R., Bellomo, R., Palevsky, P. M., and Kellum, J. A. (2021). Ultrafiltration in critically ill patients treated with kidney replacement therapy. Nat. Rev. Nephrol. 17 (4), 262–276. doi:10.1038/s41581-020-00358-3
 Nastos, C., Kalimeris, K., Papoutsidakis, N., Defterevos, G., Pafiti, A., Kalogeropoulou, E., et al. (2016). Bioartificial liver attenuates intestinal mucosa injury and gut barrier dysfunction after major hepatectomy: study in a porcine model. Surgery 159 (6), 1501–1510. doi:10.1016/j.surg.2015.12.018
 Ni, L., Chen, Q., Zhu, K., Shi, J., Shen, J., Gong, J., et al. (2015). The influence of extracorporeal membrane oxygenation therapy on intestinal mucosal barrier in a porcine model for post-traumatic acute respiratory distress syndrome. J. Cardiothorac. Surg. 10, 20. doi:10.1186/s13019-015-0211-3
 Ohri, S. K., Bjarnason, I., Pathi, V., Somasundaram, S., Bowles, C. T., Keogh, B. E., et al. (1993). Cardiopulmonary bypass impairs small intestinal transport and increases gut permeability. Ann. Thorac. Surg. 55 (5), 1080–1086. doi:10.1016/0003-4975(93)90011-6
 Ohri, S. K., and Velissaris, T. (2006). Gastrointestinal dysfunction following cardiac surgery. Perfusion 21 (4), 215–223. doi:10.1191/0267659106pf871oa
 Owens, J., Qiu, H., Knoblich, C., Gerjevic, L., Izard, J., Xu, L., et al. (2024). Feeding intolerance after pediatric cardiac surgery is associated with dysbiosis, barrier dysfunction, and reduced short-chain fatty acids. Am. J. Physiol. Gastrointest. Liver Physiol. 327 (5), G685–G696. doi:10.1152/ajpgi.00151.2024
 Polyak, M. M., Morton, A. J., Grosche, A., Matyjaszek, S., and Freeman, D. E. (2008). Effect of a novel solution for organ preservation on equine large colon in an isolated pulsatile perfusion system. Equine Vet. J. 40 (4), 306–312. doi:10.2746/042516408X295455
 Pouard, P., and Bojan, M. (2013). Neonatal cardiopulmonary bypass. Semin. Thorac. Cardiovasc Surg. Pediatr. Card. Surg. Annu. 16 (1), 59–61. doi:10.1053/j.pcsu.2013.01.010
 Revell, M. A., Pugh, M. A., and McGhee, M. (2018). Gastrointestinal traumatic injuries: gastrointestinal perforation. Crit. Care Nurs. Clin. North Am. 30 (1), 157–166. doi:10.1016/j.cnc.2017.10.014
 Rimpiläinen, R., Vakkala, M., Rimpiläinen, E., Jensen, H., Rimpiläinen, J., Erkinaro, T., et al. (2011). Minimized and conventional cardiopulmonary bypass damage intestinal mucosal integrity. Scand. Cardiovasc J. 45 (4), 236–246. doi:10.3109/14017431.2011.572996
 Rossi, M., Sganga, G., Mazzone, M., Valenza, V., Guarneri, S., Portale, G., et al. (2004). Cardiopulmonary bypass in man: role of the intestine in a self-limiting inflammatory response with demonstrable bacterial translocation. Ann. Thorac. Surg. 77 (2), 612–618. doi:10.1016/S0003-4975(03)01520-0
 Sack, F. U., Dollner, R., Reidenbach, B., Schledt, A., Taylor, S., Gebhard, M. M., et al. (2002a). Extracorporeal circulation induced microvascular perfusion injury of the small bowel. Eur. Surg. Res. 34 (6), 418–424. doi:10.1159/000065705
 Sack, F. U., Reidenbach, B., Dollner, R., Schledt, A., Gebhard, M. M., and Hagl, S. (2001). Influence of steroids on microvascular perfusion injury of the bowel induced by extracorporeal circulation. Ann. Thorac. Surg. 72 (4), 1321–1326. doi:10.1016/s0003-4975(01)02930-7
 Sack, F. U., Reidenbach, B., Schledt, A., Dollner, R., Taylor, S., Gebhard, M. M., et al. (2002b). Dopexamine attenuates microvascular perfusion injury of the small bowel in pigs induced by extracorporeal circulation. Br. J. Anaesth. 88 (6), 841–847. doi:10.1093/bja/88.6.841
 Sakorafas, G. H., and Tsiotos, G. G. (1999). Intra-abdominal complications after cardiac surgery. Eur. J. Surg. 165 (9), 820–827. doi:10.1080/11024159950189285
 Schütz, A., Eichinger, W., Breuer, M., Gansera, B., and Kemkes, B. M. (1998). Acute mesenteric ischemia after open heart surgery. Angiology 49 (4), 267–273. doi:10.1177/000331979804900404
 Seilitz, J., Edström, M., Kasim, A., Jansson, K., Axelsson, B., and Nilsson, K. F. (2021). Intestinal fatty acid-binding protein and acute gastrointestinal injury grade in postoperative cardiac surgery patients. J. Card. Surg. 36 (6), 1850–1857. doi:10.1111/jocs.15430
 Sekino, M., Okada, K., Funaoka, H., Sato, S., Ichinomiya, T., Higashijima, U., et al. (2020). Association between enterocyte injury and mortality in patients on hemodialysis who underwent cardiac surgery: an exploratory study. J. Surg. Res. 255, 420–427. doi:10.1016/j.jss.2020.05.091
 Sinclair, D. G., Haslam, P. L., Quinlan, G. J., Pepper, J. R., and Evans, T. W. (1995). The effect of cardiopulmonary bypass on intestinal and pulmonary endothelial permeability. Chest 108 (3), 718–724. doi:10.1378/chest.108.3.718
 Stamler, A., Wang, H., Weintraub, R. M., Hariawala, M. D., Fink, M. P., and Johnson, R. G. (1998). Low-dose dopexamine's effect on lung and gut function after CPB in a sheep model. J. Surg. Res. 74 (2), 165–172. doi:10.1006/jsre.1997.5238
 Sun, Y. J., Cao, H. J., Jin, Q., Diao, Y. G., and Zhang, T. Z. (2011). Effects of penehyclidine hydrochloride on rat intestinal barrier function during cardiopulmonary bypass. World J. Gastroenterol. 17 (16), 2137–2142. doi:10.3748/wjg.v17.i16.2137
 Szabó, G., Seres, L., Soós, P., Flechtenmacher, C., Zsengellér, Z., Sack, F. U., et al. (2004). Poly-ADP-ribose polymerase inhibition reduces mesenteric injury after cardiopulmonary bypass. Thorac. Cardiovasc Surg. 52 (6), 338–343. doi:10.1055/s-2004-821274
 Thomas, J. A., and Beaudouin, P. (1951). Caractéristiques physiologiques du coeur-poumon artificiel pour la perfusion au sang du corps humain. J. Physiol. Paris. 43 (2), 311–327.
 Tofukuji, M., Stahl, G. L., Metais, C., Tomita, M., Agah, A., Bianchi, C., et al. (2000). Mesenteric dysfunction after cardiopulmonary bypass: role of complement C5a. Ann. Thorac. Surg. 69 (3), 799–807. doi:10.1016/s0003-4975(99)01408-3
 Toritsuka, D., Aoki, M., Higashida, A., Fukahara, K., Nishida, N., Hirono, K., et al. (2024). Probiotics may alleviate intestinal damage induced by cardiopulmonary bypass in children. Eur. J. Cardiothorac. Surg. 65 (4), ezae152. doi:10.1093/ejcts/ezae152
 Tsunooka, N., Maeyama, K., Hamada, Y., Imagawa, H., Takano, S., Watanabe, Y., et al. (2004). Bacterial translocation secondary to small intestinal mucosal ischemia during cardiopulmonary bypass: measurement by diamine oxidase and peptidoglycan. Eur. J. Cardiothorac. Surg. 25 (2), 275–280. doi:10.1016/j.ejcts.2003.11.008
 Typpo, K. V., Larmonier, C. B., Deschenes, J., Redford, D., Kiela, P. R., and Ghishan, F. K. (2015). Clinical characteristics associated with postoperative intestinal epithelial barrier dysfunction in children with congenital heart disease. Pediatr. Crit. Care Med. 16 (1), 37–44. doi:10.1097/PCC.0000000000000256
 Ündar, A., Kunselman, A. R., Barbaro, R. P., Alexander, P., Patel, K., and Thomas, N. J. (2023). Centrifugal or roller blood pumps for neonatal venovenous extracorporeal membrane oxygenation: extracorporeal life support organization database comparison of mortality and morbidity. Pediatr. Crit. Care Med. 24 (8), 662–669. doi:10.1097/PCC.0000000000003251
 Van Hoogmoed, L. M., Snyder, J. R., Nieto, J. G., Harmon, F. A., and Timmerman, B. L. (2001). Effect of a leukocyte-depleting filter in an extracorporeal circuit used for low-flow ischemia and reperfusion of equine jejunum. Am. J. Vet. Res. 62 (1), 87–96. doi:10.2460/ajvr.2001.62.87
 Vermeulen Windsant, I. C., de Wit, N. C., Sertorio, J. T., van Bijnen, A. A., Ganushchak, Y. M., Heijmans, J. H., et al. (2014). Hemolysis during cardiac surgery is associated with increased intravascular nitric oxide consumption and perioperative kidney and intestinal tissue damage. Front. Physiol. 5, 340. doi:10.3389/fphys.2014.00340
 Wang., F., Li, Q., He, Q., Geng, Y., Tang, C., Wang, C., et al. (2013). Temporal variations of the ileal microbiota in intestinal ischemia and reperfusion. Shock 39 (1), 96–103. doi:10.1097/SHK.0b013e318279265f
 Wang, F., Li, Q., Wang, C., Tang, C., and Li, J. (2012). Dynamic alteration of the colonic microbiota in intestinal ischemia-reperfusion injury. PLoS One 7 (7), e42027. doi:10.1371/journal.pone.0042027
 Wang, H., Zhang, W., Zuo, L., Zhu, W., Wang, B., Li, Q., et al. (2013). Bifidobacteria may be beneficial to intestinal microbiota and reduction of bacterial translocation in mice following ischaemia and reperfusion injury. Br. J. Nutr. 109 (11), 1990–1998. doi:10.1017/S0007114512004308
 Wang, Y. H., Yan, Z. Z., Luo, S. D., Hu, J. J., Wu, M., Zhao, J., et al. (2023). Gut microbiota-derived succinate aggravates acute lung injury after intestinal ischaemia/reperfusion in mice. Eur. Respir. J. 61 (2), 2200840. doi:10.1183/13993003.00840-2022
 Watson, J. D., Urban, T. T., Tong, S. S., Zenge, J., Khailova, L., Wischmeyer, P. E., et al. (2020). Immediate post-operative enterocyte injury, as determined by increased circulating intestinal fatty acid binding protein, is associated with subsequent development of necrotizing enterocolitis after infant cardiothoracic surgery. Front. Pediatr. 8, 267. doi:10.3389/fped.2020.00267
 Wen, S., Li, X., Ling, Y., Chen, S., Deng, Q., Yang, L., et al. (2020). HMGB1-associated necroptosis and Kupffer cells M1 polarization underlies remote liver injury induced by intestinal ischemia/reperfusion in rats. FASEB J. 34 (3), 4384–4402. doi:10.1096/fj.201900817R
 White, A., and Fan, E. (2016). What is ECMO?Am. J. Respir. Crit. Care Med. 193 (6), P9–P10. doi:10.1164/rccm.1936P9
 Wiesmueller, F., Bryan, D. S., Krautz, C., Grützmann, R., Weyand, M., and Strecker, T. (2022). Predictors and severity of intestinal ischaemia following on-pump cardiac surgery: a retrospective, propensity-matched analysis. Eur. J. Cardiothorac. Surg. 62 (2), ezac096. doi:10.1093/ejcts/ezac096
 Xu, Z., Jiang, G., Lin, S., Guan, J., Chen, G., and Chen, G. (2014). Effect of N-acetylcysteine on intestinal injury induced by cardiopulmonary bypass in rats. Nan Fang. Yi Ke Da Xue Xue Bao 34 (8), 1171–1175.
 Yin, X., Xiao, M., Sun, J., Feng, J., Xia, S., Li, F., et al. (2025). Trajectory of gut microbiota before and after pediatric cardiopulmonary bypass surgery. Front. Cell Infect. Microbiol. 14, 1470925. doi:10.3389/fcimb.2024.1470925
 Zeng, Z., Li, Y., Pan, Y., Lan, X., Song, F., Sun, J., et al. (2018). Cancer-derived exosomal miR-25-3p promotes pre-metastatic niche formation by inducing vascular permeability and angiogenesis. Nat. Commun. 9 (1), 5395. doi:10.1038/s41467-018-07810-w
 Zhang, F. L., Chen, X. W., Wang, Y. F., Hu, Z., Zhang, W. J., Zhou, B. W., et al. (2023). Microbiota-derived tryptophan metabolites indole-3-lactic acid is associated with intestinal ischemia/reperfusion injury via positive regulation of YAP and Nrf2. J. Transl. Med. 21 (1), 264. doi:10.1186/s12967-023-04109-3
 Zhang, J. B., Du, X. G., Zhang, H., Li, M. L., Xiao, G., Wu, J., et al. (2010). Breakdown of the gut barrier in patients with multiple organ dysfunction syndrome is attenuated by continuous blood purification: effects on tight junction structural proteins. Int. J. Artif. Organs 33 (1), 5–14. doi:10.1177/039139881003300102
 Zhang, X., Sun, Y., Song, D., and Diao, Y. (2020). κ-opioid receptor agonists may alleviate intestinal damage in cardiopulmonary bypass rats by inhibiting the NF-κB/HIF-1α pathway. Exp. Ther. Med. 20 (1), 325–334. doi:10.3892/etm.2020.8685
 Zhao, L., Luo, L., Chen, J., Xiao, J., Jia, W., and Xiao, Y. (2014). Utilization of extracorporeal membrane oxygenation alleviates intestinal ischemia-reperfusion injury in prolonged hemorrhagic shock animal model. Cell Biochem. Biophys. 70 (3), 1733–1740. doi:10.1007/s12013-014-0121-3
 Zhou, X., Ji, S., Chen, L., Liu, X., Deng, Y., You, Y., et al. (2024). Gut microbiota dysbiosis in hyperuricaemia promotes renal injury through the activation of NLRP3 inflammasome. Microbiome 12 (1), 109. doi:10.1186/s40168-024-01826-9
 Zhu, B., Wang, X., and Li, L. (2010). Human gut microbiome: the second genome of human body. Protein Cell 1 (8), 718–725. doi:10.1007/s13238-010-0093-z
 Zou, L., Song, X., Hong, L., Shen, X., Sun, J., Zhang, C., et al. (2018). Intestinal fatty acid-binding protein as a predictor of prognosis in postoperative cardiac surgery patients. Med. Baltim. 97 (33), e11782. doi:10.1097/MD.0000000000011782
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 © 2025 Mao, Yu, Nie, Wang, Dong and Qi. 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/fphar-16-1542995-t002.jpg
Study focus

Adult population studies

Mucosal blood flow
Hyperoxia effects

CPB complications
Open heart surgery
High-risk cardiac surgery
Multi-organ effects
Intestinal function
Bacterial translocation

Inflammatory response

Coronary surgery
I-FABP biomarker
I-FABP monitoring
I-FABP correlation

Hemodialysis patients

Vasoactive agents

Hemolysis effects

Type IV thoracoabdominal aneurysm
Acute type A aortic dissection

Low-risk cardiac surgery

Cytokine response

Flow generation

Mini CPB system

Kidney replacement therapy

Blood purification

Pediatric population studies

Congenital heart disease
a-GST biomarker

Probiotic intervention

Infant studies

I-FABP levels

Alkaline phosphatase

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Adults

Children

Children

Children

Infants

Infants

CPB associated with severe reduction in intestinal mucosal
blood flow

Hyperoxia during critical illness adversely affects intestinal
function

Gastrointestinal complications occurred in 39 of
4,473 patients undergoing CPB surgery

Acute mesenteric ischemia occurs following open heart
surgery

Post-CPB gastrointestinal complications predominantly
occur in high-risk cardiac patients

Pulmonary and gastrointestinal injury detectable following
uncomplicated CPB

CPB impairs small intestinal transport and increases
intestinal permeability

CPB-induced intestinal mucosal hypoperfusion leads to
bacterial translocation

Correlation between mucosal injury, increased
permeability, E. coli bacteremia, and inflammatory
response activation without significant systemic circulation
changes

Intestinal injury persists until postoperative day 5 in both
on-pump and off-pump coronary surgery

I-FABP serves as predictor of acute gastrointestinal injury
after cardiac surgery

Plasma I-FABP monitoring valuable for detecting intestinal
ischemia in cardiovascular surgery patients

1-FABP correlates with acute gastrointestinal injury post-
cardiac surgery

ICU admission enterocyte damage correlates with in-
hospital mortality post-cardiac surgery in hemodialysis
patients

Administration of >2 vasoactive agents postoperatively
strongly predicts intestinal ischemia severity and 30-day
‘mortality

Cardiac surgery-associated hemolysis correlates with
increased intravascular NO consumption and perioperative
renal/intestinal injury

Renal dysfunction and visceral arterial disease predict acute
intestinal ischemia

Intestinal malperfusion identified as perioperative mortality
risk factor

Intestinal injury not significantly involved in inflammatory
response and organ dysfunction development after low-risk
cardiac surgery

ECC duration contributes to cytokine response; intestinal
injury not primary pathogenic factor

Centrifugal pump technique improves post-CPB intestinal
permeability

Miniaturized CPB reduces immediate post-operative
intestinal tissue injury

Net ultrafiltration significantly correlates with
gastrointestinal injury

Continuous blood purification reduces intestinal barrier
dysfunction in MODS patients

Risk of intestinal injury in children undergoing CPB for
congenital heart disease correction

a-GST potentially useful for screening post-cardiac surgery
intestinal ischemic injury

Probiotics mitigate CPB-induced intestinal injury in
pediatric patients

Elevated post-CPB I-FABP levels indicate carly
postoperative enterocyte damage

Early low alkaline phosphatase independently associated
with subsequent postoperative support and intestinal
dysfunction

References

Dery et al. (2023)

Dai et al. (2024)

Huddy et al. (1991)

Schiitz et al. (1998)

Aouifi et al.(1999)

Sinclair et al. (1995)

Ohri et al. (1993)

Tsunooka et al. (2004)

Rossi et al. (2004)

Ascione et al. (2006)

Zou et al. (2018)

Kano et al. (2017)

Seilitz et al. (2021)

Sekino et al. (2020)

Wiesmueller et al. (2022)

Vermeulen Windsant et al. (2014)

Kieffer et al. (2008)

Apaydin et al. (2002)

Habes et al. (2023)

Habes et al. (2017)

Hyde et al. (1997)

Huybregts et al. (2007)

Murugan et al. (2021)

Zhang et al. (2010)

Typpo et al. (2015)

McMonagle et al. (2006)

Toritsuka et al. (2024)

Watson et al. (2020)

Davidson et al. (2017)

Ex vivo studies

Hypothermic perfusion

Abbreviations: a-GST, Alpha glutathione S-transferase; CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass; ECC, extracorporeal circulation; 1-FABP, intestinal fatty acid-
jury; LFACP, low-flow antegrade cerebral perfusion; MODS, multiple organ dysfunction syndrome; NO, nitric

inding protein; ICU, intensive care unit; IR], ischemi

Human intestines

sepecinsion

Extracorporeal intestinal perfusion maintains intestinal
viability and reduces IRl in transplant grafts

Mufioz-Abraham et al. (2016)






OPS/images/fphar-16-1542995-g003.gif





OPS/images/fphar-16-1542995-t001.jpg
Species Key fi gs References
Microbiota metabolites (succinate, Human/ High correlation with post-CPB gastrointestinal injury; | Zhou et al. (2024), Deng et al. (2023), Deng
milnacipran, capsiate, indole-3-lactic acid, Mouse modulate injury progression et al. (2021a), Zhang et al. (2023), Deng et al.
pravastatin) (2021b)
Lactobacillus murinus Human/ Preoperative fecal abundance correlates with post- Hu et al. (2022)
Mouse operative intestinal IRI severity; attenuates IRI via TLR2-
mediated IL-10 release from M2 macrophages
CPB Rat Induces significant intestinal microcirculatory injury Dong et al. (2009)
through blood flow redistribution and systemic
inflammatory response
Mast cells Rat Mediate intestinal injury and systemic inflammation Karhausen et al. (2013)
during deep hypothermic circulatory arrest
K-opioid receptor agonists Rat Improve intestinal barrier function via NF-xB/HIF-la | Zhang et al. (2020)
pathway suppression
Penehydlidine hydrochloride Rat Preserves intestinal mucosal integrity post-CPB Sun et al. (2011)
a7nAChR activation Rat Ameliorates CPB-induced intestinal injury Chen et al. (2018)
N-acetyleysteine Rat Attenuates intestinal injury via oxidative stress and Xu et al. (2014)
inflammatory response inhibition
CIRBP Rat Maintains intestinal barrier function during deep Li et al. (2019)
hypothermic circulatory arrest
CPB variants Porcine Both minimized and conventional CPB induce mucosal | Rimpiliinen et al. (2011)
injury
C5a inhibition Porcine Reduces neutrophil-mediated ileal microvascular Tofukuji et al. (2000)
dysfunction; no effect on mesenteric dysfunction
Roller pump ECC Porcine Induces significant intestinal muscular and mucosal Kalder et al. (2015)
alterations affecting perfusion
CPB-induced inflammation Porcine Low correlation between neutrophil activation and Jormalainen et al. (2009)
mucosal perfusion disturbances; distinct from classical IRI
mechanisms
ECMO Newborn Early epithelial apoptosis initiates gut mucosal injury | MohanKumar et al. (2014)
porcine
Dopexamine Porcine Attenuates CPB-induced intestinal microvascular injury | Sack et al. (2002b)
HCA Porcine Induces intestinal miRNA dysregulation and barrier Lin et al. (2015)
dysfunction
Post-CPR ECMO Porcine Reduces mucosal barrier injury post-ROSC Liang et al. (2019)
ECMO therapy Porcine Exhibits late-phase protective effects on mucosal barrier | Ni et al. (2015)
Short-term ECMO Porcine Improves intestinal graft function from cardiac death | Guo et al. (2020)
donors
CRRT during ECMO Porcine Reduces mucosal dysfunction and bacterial translocation | He et al. (2014)
Albumin supplementation Porcine Attenuates mesenteric vascular dysfunction and systemic = Doguet et al. (2012)
inflammation
Deep hypothermia Porcine Superior intestinal protection compared to moderate Khaladj et al. (2011)
hypothermia during HCA
Prednisolone Porcine Prevents CPB-induced intestinal microcirculatory Sack et al. (2001)
alterations
Selective visceral perfusion Porcine Mitigates post-CPB intestinal injury Kalder et al. (2012)
Dopexamine Rabbit Improves jejunal and ileal microcirculation during CPB | Bastien et al. (1999)
ECMO resuscitation Rabbit Attenuates hemorrhagic shock-induced intestinal injury | Zhao et al. (2014)
via improved perfusion
Hyposic/hyperoxic preconditioning Rabbit Ameliorates post-CPB intestinal injury Mandel et al. (2020)
Dopexamine Sheep No improvement in intestinal function or post-CPB Stamler et al. (1998)
pulmonary pathophysiology
Nitric oxide Sheep Preserves intestinal function and erythrocyte Kamenshchikov et al. (2024)
deformability post-CPB
CPB initiation Canine Increases intestinal microvascular permeability and tissue | Cox et al. (1999)
edema
Selectin antagonist TBC 1269 Canine Reduces neutrophil infiltration without affecting Cox et al. (2000)
microvascular permeability
PARP inhibition Canine Reduces post-CPB mesenteric injury Szabo et al. (2004)
Leukocyte depletion Equine No significant effect on low-flow IRI in small intestine | Van Hoogmoed et al. (2001)
Modified organ perfusion Equine Maintains colonic mucosal integrity for 12 h without Polyak et al. (2008)

blood/oxygen supply

Abbreviations: CPB, cardiopulmonary bypass; CIRBP, cold-inducible RNA-binding protein; CRRT, continuous renal replacement therapy; ECC, extracorporeal circulation; ECMO,
extracorporeal membrane oxygenation; HCA, hypothermic circulatory arrest; IL-10, interleukin- 10; IRI,ischemia- reperfusion injury; nAChR, nicotinic acetylcholine receptor; NF-xB, nuclear
factor kappa B; PARP, poly-ADP-ribose polymerase; ROSC, return of spontaneous circulation; TLR2, Toll-like receptor 2.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Gastrointestinal injury in cardiopulmonary bypass: current insights and future directions		1 Introduction

		2 Post-CPB gastrointestinal injury: a crucial mediator in multi-organ dysfunction		2.1 Mechanisms of gastrointestinal injury in different CPB modalities

		2.2 Impact on intestinal microbiota and barrier function





		3 Current state of preclinical research on gastrointestinal damage post-CPB		3.1 Disturbances in intestinal microcirculation post-CPB

		3.2 Activation of immune cells and apoptosis in the progression of intestinal damage Post-CPB

		3.3 Improving treatment measures for intestinal damage Post-CPB





		4 Current clinical research on gastrointestinal injury post-CPB		4.1 Clinically relevant gastrointestinal injury post-CPB

		4.2 Evaluation metrics for gastrointestinal injury post-CPB

		4.3 Clinical interventions for gastrointestinal injury post-CPB





		5 Conclusions and perspectives

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		Abbreviations

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Gastrointestinal injury in
cardiopulmonary bypass:
current insights and future
directions





OPS/images/fphar-16-1542995-g001.gif





OPS/images/fphar-16-1542995-g002.gif
atoncion










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





