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The phenomenon of ischemia/reperfusion (I/R) injury is of pivotal importance in 

medicine and has been extensively studied over the last 40 years (1). I/R injury results in both 

functional and structural impairment of the affected tissue, with reperfusion injury serving as 

the primary driver of tissue damage (1). I/R injury across all tissues follows a similar 

pathomechanism. The interruption of the blood supply leads to ischemic injury, which rapidly 

damages metabolically active tissues. Paradoxically, the restoration of blood flow to ischemic 

tissue initiates a cascade of events that may cause additional cell injury, known as reperfusion 

injury (Figure 1) (2). Upon restoration of blood supply, the molecular and biochemical changes 

occurring during ischemia predispose tissues to free radical-mediated damage. The initial site 

of abnormality during ischemia has been emphasized in the cellular mitochondria, which is 

particularly vital for producing adenosine triphosphate for organ recovery (3).  

The ischemic period results in the reduction of oxidative phosphorylation in the 

mitochondria and triggers the production of ATP anaerobically, leading to lactic acid 

accumulation during anaerobic glycolysis (4). The limited cellular ATP inactivates ATP-

dependent Ca2+ reuptake by the endoplasmic reticulum (ER), leading to the lethal elevation of 

the cytoplasmic Ca2+ levels. For the reduction of intracellularly high Ca2+ levels, the 

mitochondrial Ca2+ uptake is also responsible, which leads to the opening of mitochondrial 

permeability transition pore (mPTP) in the inner mitochondrial membrane (4), resulting in ROS 

formation and further impairment of ATP supply (2, 5, 6). Excessive reactive oxygen species 

(ROS) production contributes to the increased expression of several antioxidant enzymes, such 

as catalase (CAT) and superoxide dismutase (SOD), which act as antioxidants to neutralize 

ROS (7). 

Moreover, heme oxygenase-1 (HO-1) expression is rapidly upregulated during I/R 

injury due to the increase of ROS, which plays a pivotal role in maintaining antioxidant and 

oxidant homeostasis by exerting antioxidant functions (6). It also contributes to preserving 

microcirculation, has anti-apoptotic effects, and exhibits anti-inflammatory properties (8, 9).  

Tissue damage triggers the production of cytokines and chemokines, which, along with 

ROS, promote the infiltration of leukocytes, especially neutrophil granulocytes. These cells 

further enhance the expression of these proteins, such as myeloperoxidase (MPO), interleukin- 

(IL-) 1β, IL-6, IL-10, tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) (2, 10, 11).  
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The neutrophil infiltration is a critical component in the pathogenesis of I/R injury (4, 

10, 12). Firstly, MPO, an enzyme produced by neutrophils, plays an essential role in further 

tissue damage in the I/R patomechanism by generating reactive substances deleterious to tissue 

integrity (13). On the other hand, neutrophils exacerbate tissue degradation through the release 

of toxic proteases, such as cathepsin G and matrix metalloproteinases (MMPs), which further 

compromise the structural integrity of the affected tissues (13).  

MMPs are zinc-dependent neutral endopeptidases capable of degrading nearly all 

extracellular matrix (ECM) components. They play crucial roles in both physiological and 

pathological processes, including tissue remodeling, chronic degenerative disorders, cancer 

progression, and diabetes (14, 15). Under normal conditions, MMPs regulate angiogenesis, 

tissue repair, and ECM remodeling, influencing cellular functions such as survival, 

inflammation, and intracellular signaling (14). They also control the release and activation of 

cytokines, chemokines, growth factors, and other bioactive molecules (16). MMPs are 

categorized into membrane-type MMPs, collagenases, gelatinases, stromelysins, and 

matrilysins (17). Gelatinases, specifically MMP-2 and MMP-9, are involved in cellular 

processes such as angiogenesis and neurogenesis, and they contribute to basal lamina 

disruption, resulting in cell death (17). These enzymes are synthesized as inactive proforms and 

are activated through proteolysis, a process known as zymogen activation (14). 

Tissue damage during I/R can lead to cell death. I/R-induced cell death was long 

believed to occur solely through necrosis, an unregulated and irreversible process. However, it 

has been recognized that several cells subjected to I/R die in a programmed manner via 

apoptosis (18). Furthermore, the level of apoptosis could reflect the severity of tissue injury 

(19).  
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Figure 1. Pathomechanism of I/R injury. 

Ischemia reduces oxidative phosphorylation in the mitochondria, triggering anaerobic ATP 

production and lactic acid accumulation. Limited ATP disrupts Ca²⁺ reuptake in the ER, leading to 

cytoplasmic Ca²⁺ overload during reperfusion. Mitochondrial Ca²⁺ uptake activates the 

mitochondrial permeability transition pore (mPTP), causing reactive oxygen species (ROS) 

formation and further ATP depletion. Tissue damage induces the release of cytokines and 

chemokines, promoting leukocyte infiltration—especially neutrophils—which amplify inflammation 

and contribute to cell death. Adapted from Kalogeris et al, 2016 (2).  

 

Organs exhibit varying susceptibility to I/R injury, which can be tolerated differently 

depending on the magnitude and duration of the circulation interruption (Figure 2) (20). 

Additionally, it is influenced by the type of organ affected (2, 20). The lungs are particularly 

sensitive to I/R injury, probably due to their extensive capillary surface area, which provides a 

large surface area for immune cell infiltration (21, 22). The mucosal layer of the small intestine 

is particularly susceptible to ischemic insult, the underlying mechanisms of which will be 

discussed below (2).  
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Figure 2. Association of tissue damage with duration of ischemia and reperfusion. 

Total tissue injury depends on the period of ischemia and the reperfusion component. Adapted from 

Bulkley, 1987 (20). 

 

 

I/R injury is a complex pathological process that not only affects the initially ischemic organ 

but can also lead to damage in distant organs (23). During reperfusion, ROS, inflammatory 

proteins, cytokines, and chemokines are released from the affected organ into the circulation. 

These circulating mediators may then reach distant organs. Upon arrival, they can activate 

molecular pathways that initiate inflammatory responses similar to those observed in the 

originally injured tissue (12). Immune cells released into the circulation and locally activated 

can further exacerbate damage to distant organs (12).  

It is important to emphasize the impact of I/R injury on remote organs and its critical 

association with patient survival. I/R injury of the kidney has been implicated in damage to 

various distant organs, including the lungs and liver, through the induction of systemic 

inflammation and hemodynamic alterations (21, 22). During liver surgery, I/R-induced hepatic 

injury has been observed to contribute to dysfunction in remote organs (24). Hepatic I/R injury 

can lead to severe pulmonary complications that significantly affect postoperative mortality, 

particularly following liver transplantation (24). Lung injury, driven by systemic inflammation, 

oxidative stress, and endotoxin translocation, contributes to acute respiratory distress syndrome, 

prolonging the need for ventilatory support and increasing the risk of death (25). Hepatic I/R 
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injury substantially raises the risk of acute kidney injury, which occurs in up to 95% of liver 

transplant cases, leading to elevated postoperative complications and mortality (26).  

The intestinal mucosa is highly susceptible to the effects of I/R injury (27, 28). First of all, 

the intestinal mucosa has a high need for oxygen due to its high metabolic rate, which is strongly 

damaged by the abolishment of blood supply (2). The increased sensitivity of enterocytes 

located at the tips of the villi is due to their position at the terminal end of the central arteriole’s 

distribution and the relative insufficiency of collateral blood flow, which together result in 

lower partial oxygen pressure in distal enterocytes compared to those residing in the cripts (28, 

29). The resulting mucosal damage increases permeability and facilitates bacterial translocation 

in vivo and humans (23, 30). This, along with the production of large amounts of 

proinflammatory compounds and free radicals, may lead to damage in distant organs, 

potentially resulting in systemic inflammation and MOF in humans, resulting in increased 

morbidity and mortality (23, 31, 32). 

Therefore, the impact of I/R injury on the small intestine, as a distant organ, has been 

investigated regarding I/R-induced damage in various organs. The effect of lower limb I/R on 

the small intestine has been studied in several animal models, where it was found that 

histopathological changes in the gut, along with increased permeability, were observed as early 

as two hours after limb reperfusion (33-35). Park et al. found that renal I/R injury contributed 

not only to liver injury but also to severe small intestinal damage, characterized by increased 

vascular damage and leukocyte infiltration (36). Moreover, experimental models confirm that 

liver I/R disrupts intestinal integrity, increasing permeability and the translocation of 

endotoxins, while clinical studies highlight its role in overall survival (37). 

Among the organs susceptible to I/R injury, the heart is particularly vulnerable (38). 

Recanalization of the occluded vessel is vital for survival; however, the restoration of perfusion 

induces I/R injury in the myocardium, thereby exacerbating tissue damage (38). Myocardial 

ischemia (or infarction, MI) has a high global prevalence and remains a leading cause of 

mortality worldwide. Therefore, it seems to be a logical approach to investigate the impact of 

myocardial I/R injury on remote organ damage. Nevertheless, limited literature data are 

available regarding the effects of myocardial I/R on the small intestine, even though disruption 

of the intestinal mucosal barrier may contribute to increased mortality by promoting systemic 

injury.  

Cardiopulmonary bypass (CPB) is a life-saving procedure used during open-heart surgery 

to temporarily take over the function of the heart and lungs. It makes it possible to perform 

operations on the heart without blood flow. After finishing the operation, circulation of the heart 
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is re-established, which is equivalent to cardiac ischemia/reperfusion. CPB-induced abdominal 

complications are relatively rare (0,5-1,1%), although 59-67% belong to acute mesenteric 

ischemia (AMI), which has a high mortality rate due to the late diagnosis and treatment (39-

42). Furthermore, acute heart failure, where the revascularisation of coronary arteries means 

myocardial I/R injury, can lead to hypovolemia, which diminishes blood flow to abdominal 

organs, potentially resulting in intestinal damage (43). Investigating intestinal impairment 

during cardiac I/R injury is vital for understanding the pathomechanism and developing 

strategies to reduce damage. In an animal model of MI, intestinal barrier impairment was noted 

17 days after reperfusion (44). Similarly, increased intestinal permeability was observed in 

patients with ST-segment elevation MI undergoing primary percutaneous coronary 

intervention, persisting for up to 7 days. Plasma levels of gut-derived bacterial products 

correlated with systemic inflammation and predicted adverse cardiovascular events, suggesting 

a critical role for intestinal damage in post-MI outcomes (45). 

Early detection of remote intestinal injury after cardiac I/R may provide prognostic insights 

and guide interventions aimed at preserving intestinal integrity, potentially reducing systemic 

inflammation and improving outcomes. Therefore, the first experiment examined the early 

effects of myocardial I/R on the small intestine. 

 

 

Mesenteric I/R injury is a critical condition characterized by the restoration of blood supply 

to the intestines following a period of ischemia, resulting in significant tissue damage. Acute 

mesenteric I/R injury can be subdivided into three categories (42): 

• Occlusive arterial mesenteric ischemia: This is the most prevalent form, accounting for 

approximately 68.6% of cases, commonly caused by embolism or thrombosis. 

• Non-occlusive mesenteric ischemia: Constituting roughly 15.1% of cases, this type is 

frequently associated with low blood flow conditions. 

• Mesenteric venous thrombosis: Represents about 11.5% of cases. 

• Other forms of acute mesenteric ischemia: less than 5%, which was not detailed due to 

the lack of information from the examined studies. 

The prevalence of acute mesenteric ischemia approximates 0.1%, with the risk increasing 

with advancing age (46). Despite its low prevalence, the high mortality rate, which ranges from 

24-52%, is contingent on its etiology, as well as the patient's age and overall health status (42). 

Early diagnosis remains challenging due to the atypical presentation of symptoms. 
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Non-occlusive mesenteric ischemia is typically induced by low splanchic blood flow, 

induced by hypovolemia, septic shock, cardiac insufficiency, or even intestinal transplantation 

or chronic atherosclerosis, leading progressively to stenosis (23, 43). Restoring mesenteric 

blood flow is essential for the survival of ischemic intestinal tissue. However, the reperfusion 

phase often leads to a worsening of injury, involving molecular mechanisms similar to those 

seen in reperfusion injury of other organs (23, 47). These include oxidative stress, 

inflammation, and microvascular dysfunction (23).  

Due to the high mortality rate associated with intestinal I/R (42), various therapeutic 

approaches are currently under investigation. The primary treatment modalities for intestinal 

I/R include interventional radiological revascularization and surgical intervention (48-50). 

However, no pharmacological agents are presently available to mitigate the tissue damage 

induced by reperfusion. Moreover, in surgical procedures involving substantial hemodynamic 

alterations, such as cardiopulmonary bypass or organ transplantation, the administration of a 

pharmacological agent capable of reducing potential reperfusion injury would be highly 

beneficial. Consequently, our research has focused on elucidating novel therapeutic strategies 

to address this critical need. 

 

 

Cyclooxygenase (COX) enzyme has two isoforms (51). The COX-1 isoform is 

constitutively expressed in various tissues and is involved in maintaining homeostatic functions 

(51). While the COX-2 isoform is minimally expressed or absent in most healthy tissues, but 

can be significantly upregulated during inflammatory conditions, including I/R injury (51-56). 

COX enzymes catalyze the conversion of arachidonic acid into prostaglandins (PGs), 

particularly PGE2 and PGD2, which are essential for maintaining normal physiological 

functions (51).  

COX-1-derived PGs are crucial for maintaining the integrity of the gastric mucosa. They 

stimulate mucus and bicarbonate secretion, creating a protective barrier against gastric acid, 

preventing ulcer formation, and maintaining gastric mucosa and microcirculation (52). In the 

kidneys, COX-1-derived PGs play a vital role in regulating renal hemodynamics and the 

glomerular filtration rate. PGE2 and prostacyclin (PGI2) promote vasodilation of afferent 

arterioles, counterbalancing the effects of vasoconstrictive agents such as angiotensin II, 

thereby ensuring adequate blood flow to the kidneys, supporting proper filtration processes, and 

increasing natrium and water excretion (57, 58). Although COX-1 was initially believed to be 
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the sole physiologically expressed COX isoform in the kidneys, recent studies have 

demonstrated that COX-2 is also constitutively expressed in specific renal locations and is 

highly regulated in response to changes in intravascular volume (59, 60).  

COX-1 plays a pivotal role in platelet function through the production of thromboxane A2 

(TXA2), which promotes platelet aggregation and vasoconstriction (61, 62). In contrast, COX-

2-derived PGI2 facilitates vasodilation by enhancing nitric oxide (NO) production and 

inhibiting platelet aggregation (61, 62). The balance between COX-1 and COX-2 activities is 

essential for maintaining vascular physiological functions and regulating hemostasis (61, 62). 

Agents capable of inhibiting COX enzymes were first identified by Vane in 1971 and are 

known as non-steroidal anti-inflammatory drugs (NSAIDs) (63). These anti-inflammatory 

compounds block the biosynthesis of PGs, which are involved in various physiological and 

pathophysiological processes (63). COX-2-derived PGs are responsible for initiating 

inflammation, vasodilation, edema, hyperalgesia, and fever (64). NSAIDs are among the most 

widely used medications to alleviate or prevent these symptoms (Figure 3) (65). 

Based on the isoenzyme inhibited by the drug, NSAIDs can be categorized into three types: 

1. non-selective COX inhibitors 

2. selective COX-2 inhibitors 

3. selective COX-1 inhibitors 

NSAIDs are effective for the short-term management of acute pain, inflammation, and 

fever. In contrast, long-term use is appropriate for the treatment of chronic conditions such as 

arthritis and musculoskeletal disorders, which are increasingly prevalent in aging populations 

(65). Over many years, it has been discovered that long-term administration of non-selective 

COX inhibitors is associated with several side effects, of which GI side effects are of particular 

importance. Firstly, NSAIDs have topical irritative effects on the gastric mucosa (66). 

Secondly, depletion of PGs, produced by COX-1, increases the risk of developing GI ulcers 

and bleeding (67). Namely, PGs have gastroprotective effects, helping in gastric mucosal 

regeneration, maintenance of gastric microcirculation, and maintaining balance between 

healthy acid and bicarbonate production (66). 

Consequently, significant efforts have been dedicated to developing anti-inflammatory 

agents that selectively inhibit COX-2, which are anticipated to minimize adverse effects. 

Numerous studies have demonstrated that selective COX-2 inhibitors, known as coxibs, 

resulted in reduced gastric injury compared to non-selective NSAIDs (68-70). 

Despite the initial optimism surrounding the gastroprotective properties of COX-2 

inhibitors, the introduction of these agents to the market from 2000 to 2008 corresponded with 
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an increased incidence of cardiovascular events among users (62, 71). Specifically, the 

administration of selective COX-2 inhibitors resulted in an altered TXA2/PGI2 ratio: 

prothrombotic TXA2 levels remain unaltered due to its production by COX-1, while PGI2 

levels, which inhibit platelet aggregation, are reduced, thereby inducing a prothrombotic state 

(61). Consequently, both valdecoxib and rofecoxib, associated with a high frequency of adverse 

cardiovascular effects, were withdrawn from the market (68, 72-74). However, celecoxib, 

parecoxib, and etoricoxib continued to be utilized in clinical practice (74, 75). 

Parecoxib is used primarily for the short-term management of acute postoperative pain in 

parenteral form, particularly in situations where oral administration is not feasible due to 

nausea, vomiting, or inability to swallow post-surgery (76). The treatment with parecoxib 

should not exceed three days due to the potentially increased cardiovascular risk of 

cardiovascular events (76).  

Etoricoxib is approved for the symptomatic relief of pain and inflammation in various 

conditions, including osteoarthritis, rheumatoid arthritis, ankylosing spondylitis, and chronic 

lower back pain (77). Etoricoxib is not recommended for long-term use due to its associated 

cardiovascular adverse effects, despite being primarily indicated for chronic conditions 

characterized by persistent pain. For these conditions, intermittent treatment with the lowest 

effective dose is advised (77). 

Celecoxib is used for treating chronic conditions involving joint, muscle, and bone pain, 

similar to the indications for etoricoxib (78). According to literature data, celecoxib, compared 

to other coxibs, is associated with a lower cardiovascular risk, likely due to its lower COX-2 

selectivity (78, 79). 

Even though rofecoxib has been withdrawn from the market due to its high cardiovascular 

risk (68, 72), it remains a valuable compound in preclinical studies due to its high COX-2 

selectivity. This property makes rofecoxib particularly useful for examining the 

pathophysiological roles of COX-2 inhibition, such as in cancer prevention research, thereby 

aiding the development of future therapeutic strategies (80). Thereby, several studies have 

aimed to explore the potential therapeutic value of selective COX-2 inhibitors in I/R injury of 

various organs. 
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Figure 3. The major side effects of NSAIDs and their association with the inhibition of the 

different COX isoforms. 

Cyclooxygenase (COX) -1-derived prostaglandins (PGs) are essential for maintaining gastric 

mucosal integrity, regulating renal hemodynamics, and supporting platelet function, promoting 

protective mechanisms in the stomach and kidneys. The dynamic interplay between COX-1 and 

COX-2 activities is essential for the proper functioning of the vascular system and the regulation of 

hemostasis, underscoring their physiological and pathophysiological significance in various 

biological processes (81). 

Abbreviations: GI: gastrointestinal, PGE2: prostaglandin E2, PGI2: prostacyclin, TXA2: 

thromboxane A2  
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Rapid upregulation of COX-2 in response to I/R can be observed in numerous organs, 

including the heart (53, 82, 83), kidney (84, 85), liver (86), and intestines (55, 87). There is 

evidence suggesting that COX-2 inhibitors may also attenuate remote organ injury following 

limb or renal ischemia-reperfusion (88-90). However, existing literature presents conflicting 

evidence regarding the role of COX-2 enzyme expression in local I/R injury in different organs, 

with studies indicating both protective and detrimental effects (53, 55, 83, 91-93). Namely, 

COX-2 can contribute to tissue damage by inducing cytokine and chemokine production and 

promoting immune cell migration (55, 56, 94). COX-2 also plays a crucial role in tissue 

protection. COX-2-derived PGs can enhance mucosal resilience to injury and facilitate repair 

processes (54, 95). Additionally, PGs may help reduce epithelial apoptosis during I/R-induced 

intestinal damage (93, 96). The subsequent section will elucidate the impact of selective COX-

2 inhibitors on I/R-induced damage in various organs. 

In numerous studies examining the effects of COX-2 inhibition on cardiac I/R injury, 

selective COX-2 inhibitors have been found to confer protective effects (83, 92, 97-100). Saito 

et al. identified that the generation and release of PGs play a deleterious role in cardiac I/R 

injury by upregulating the expression of inflammatory mediators (83, 97). Experimental data 

indicate that selective COX-2 inhibitors can mitigate cellular apoptosis, suggesting they may 

reduce the extent of cell death in cardiac I/R injury (92, 98, 99). Namely, the increased 

production of COX-2-derived prostanoids may represent an adaptive response that confers 

cellular protection against I/R injury (53, 91).  In contrast, other studies have demonstrated that 

selective COX-2 inhibitors exacerbated cardiac I/R injury (83, 92, 97, 98, 100). 

Ozturk et al. demonstrated that celecoxib mitigated I/R injury in the liver by modulating 

oxidative stress and reducing antioxidant levels (86). Conversely, in multiple transgenic mouse 

models with hepatocyte-specific COX-2 expression, a protective effect of COX-2 against liver 

I/R damage was observed (101, 102). Motino et al. reported that elevated COX-2 expression 

led to decreased plasma levels of proinflammatory cytokines, attenuated apoptosis during liver 

I/R injury, and diminished oxidative stress (101). Furthermore, the protective role of COX-2 

was linked to an upregulation of PGE2 expression (101). Specifically, COX-2 alleviated I/R 

injury at the mitochondrial level by preventing proteolytic cleavage and maintaining 

mitochondrial respiratory function (102).  

Selective COX-2 inhibitors have complex effects on renal I/R injury, as the inhibition 

of both COX isoenzymes can induce vasoconstriction and impair water excretion (59, 60). 
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Thus, selective COX-2 inhibition may produce both beneficial and adverse outcomes. On one 

hand, inhibiting COX-2 can attenuate the production of pro-inflammatory PGs, subsequently 

reducing inflammation and tissue damage during renal I/R injury (103). Furthermore, studies 

have demonstrated that COX-2 enzyme inhibition can mitigate oxidative stress, suppress 

neutrophil infiltration and activation, and decrease cell death in renal I/R injury (85). 

Conversely, administration of the selective COX-2 inhibitor parecoxib has been shown to 

exacerbate renal dysfunction after I/R injury, and COX-2 knockout mice exhibited more severe 

I/R-induced damage compared to their wild-type counterparts (104). 

The aforementioned evidence illustrates that the selective inhibition of COX-2 can exert 

either protective or harmful effects on I/R injury across different organ systems. Furthermore, 

within an organ subjected to I/R injury, the impact of COX-2 inhibition can be multifaceted and 

contradictory. In addition, the therapeutic efficacy of selective COX-2 inhibition in attenuating 

remote organ injury secondary to I/R events in non-target organs remains inconclusive. The 

conflicting data suggest that the effects of COX-2 inhibitors on I/R injury are highly organ-

specific and complex. 

 

 

The early upregulation of COX-2 gene expression in instances of intestinal I/R injury is 

indicative of its involvement as a therapeutic target (55, 87). However, COX-2 likely has a dual 

role in intestinal I/R injury, similar to that in other organs.  

Accordingly, the effect of selective COX-2 inhibitors on intestinal I/R injury is 

inconclusive. According to the results of most available studies, non-selective (56, 105) and 

selective COX-2 inhibitors (55, 94, 106-109) provide varying degrees of protection against I/R-

associated small intestinal inflammation and tissue damage. However, while the number of 

publications on this topic remains limited, more specific findings have emerged. 

More specifically, while the selective COX-2 inhibitors FK3311 and NS-398 were both 

shown to mitigate intestinal I/R injury (55, 106, 107), the protective effect of NS-398 was found 

to be influenced by the sex of the animals used (110). Conversely, celecoxib and firocoxib 

demonstrated only moderate protection in rat models (94, 108), whereas parecoxib exhibited 

variable results depending on the study (56, 109).  

In contrast, there is substantial evidence suggesting that PGs produced by COX-2 may 

also possess mucoprotective properties in the context of intestinal I/R injury (87, 93). For 

example, research indicates that PGs synthesized by both COX-1 and COX-2 play a crucial role 
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in the recovery of the mucosal barrier in ischemia-compromised porcine ileum (87), and the 

deletion of the COX-2 gene is associated with more severe injury and heightened epithelial 

apoptosis following intestinal I/R in murine models (93). These studies suggest that selective 

COX-2 inhibitors could exacerbate intestinal I/R injury, similar to their damaging effects in 

gastric I/R injury. Literature data demonstrate that COX-2-derived PGs are vital for preserving 

gastric mucosal integrity during I/R episodes (54), and selective COX-2 inhibitors exacerbated 

mucosal damage and hindered the healing of gastric lesions (54, 95, 108, 109).  
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2.1. As outlined in the Introduction, the intestine is highly susceptible to IR injuries occurring 

in distal organs, but little is known about the intestinal consequences of cardiac IR injury. 

Furthermore, existing literature on the impact of selective COX-2 inhibitors on local and 

remote IR injuries is conflicting. Therefore, the aim of my first study was to assess the effect 

of the highly selective COX-2 inhibitor rofecoxib on remote intestinal injury caused by cardiac 

IR. More specifically, I sought to answer the following questions: 

2.1.1. Can rofecoxib treatment reduce early mucosal damage to the intestine caused by cardiac 

IR injury? 

2.1.2. Does rofecoxib influence inflammation and oxidative stress, which are hallmarks of 

remote intestinal injury after cardiac I/R injury? 

2.1.3. Are MMPs involved in the effects of rofecoxib on cardiac I/R-induced intestinal 

damage? 

2.1.4. Does altered intestinal blood circulation contribute to cardiac I/R-induced intestinal 

damage? 

2.2. Because the role of COX-2 in mesenteric I/R injury is unclear, my second study aimed 

to evaluate and compare the effect of two selective COX-2 inhibitors, celecoxib and 

rofecoxib, on mesenteric I/R-induced intestinal damage. My questions were as follows: 

2.2.1. Can celecoxib and rofecoxib treatment reduce mesenteric I/R-induced intestinal 

inflammation?  

2.2.2. Do celecoxib and rofecoxib influence mesenteric I/R-provoked intestinal mucosal 

damage? 

2.2.3. Do the non-COX-dependent effects of celecoxib and rofecoxib explain the difference 

in their impact on intestinal injury following mesenteric I/R? 

2.2.4. Can the different COX selectivity of celecoxib and rofecoxib explain the difference in 

their impact on intestinal mucosal damage caused by mesenteric I/R? 

  



21 

 

 

Experiments were carried out on male Wistar rats (Semmelweis University, Budapest, 

Hungary, and Toxicoop Ltd., Budapest, Hungary). Animals were housed in a temperature-

controlled (22 ± 2°C) and humidity-controlled room at a 12 h light/dark cycle. Food and water 

were available ad libitum.  

 

 

All efforts were made to minimize animal suffering and to reduce the number of animals 

used in the experiments. All procedures conformed to the Directive 2010/63/EU on European 

Convention for protecting animals used for scientific purposes. The experiments were approved 

by the National Scientific Ethical Committee on Animal Experimentation and permitted by the 

government (Food Chain Safety and Animal Health Directorate of the Government Office for 

Pest County (PEI/001/1493-4/2015, PE/EA/1784-7/201 and 7PE/EA/1118-6/2020)). 

 

 

 

 Male Wistar rats were used to evaluate the effects of long-term rofecoxib treatment on 

the remote intestinal effects of myocardial I/R injury. The experimental protocol consists of 

two studies, whose implementation is discussed in separate subsections for the sake of clarity 

(111, 112). 

 

 

Male Wistar rats, weighing between 180-280 g, were allocated into groups of 7-11 

animals each. They were administered intragastrically with either a vehicle (1% 

hydroxyethylcellulose) or rofecoxib (5 mg/kg) [4-(4’ -methylsulfonylphenyl)-3-phenyl-2-(5H)-

furanone] (MedChem Express, Sollentuna, Sweden) in a volume of 0.33 ml/100 g once daily 

for 28 days. The dosage of rofecoxib was selected based on previous animal studies (110), 

pharmacokinetic similarities between rats and humans (113), and extrapolation from the 

maximum recommended daily dose (50 mg) used in clinical practice for a 60-kg individual, as 

per Reagan-Shaw et al. (114). Additionally, the efficacy and COX-2 selectivity of this rofecoxib 
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dose were confirmed, as it inhibited COX-2-derived PGE2 synthesis by nearly 100% without 

affecting gastrointestinal PGE2 levels produced by COX-1 (112). Noteworthy, chronic 

rofecoxib treatment did not increase the mortality of animals, and did not reduce the cardiac 

level of 6-keto prostaglandin F1 (6-keto-PGF1α, the stable metabolite of PGI2), which has been 

associated with rofecoxib-induced cardiotoxicity (vehicle: 40.6 ± 6.3 pg/mg tissue, rofecoxib: 

49.4 ± 7.3 pg/mg tissue, n=7/group, p=0.38) (62). 

On the 29th day, 24 hours after the final rofecoxib administration, all rats were 

anesthetized with pentobarbital (60 mg/kg intraperitoneally) and underwent thoracotomy. The 

rats were ventilated using a rodent ventilator (Ugo-Basile, Gemonio, Italy) with a tidal volume 

of 6.2 ml/kg at a rate of 69 ± 3 breaths/min according to body weight. Blood pressure was 

continuously monitored via the carotid artery (AD Instruments, Bella Vista, Australia), and 

body temperature was maintained at 37°C using a heating pad. The right carotid artery was 

cannulated for mean arterial blood pressure (MAP) measurement (AD Instruments, Bella Vista, 

Australia) and fluid supplementation with saline containing 10 IU/kg heparin. The completion 

of these procedures marked the start of the experiment (0 min). Forty minutes later, two groups 

of rats treated with either vehicle or rofecoxib underwent a sham operation, where the left 

anterior descending coronary artery (LAD) was isolated but not occluded (groups 1 and 3, VEH 

SHAM and ROF SHAM). In the other two groups (groups 2 and 4, VEH I/R and ROF I/R), 

cardiac I/R injury was induced by occluding the LAD for 30 minutes, followed by 120 minutes 

of reperfusion. Additionally, all animals received intraperitoneal injections of 100 IU/kg 

heparin three times during the surgical procedure, at 35, 65, and 185 minutes. The study design 

and experimental protocol are illustrated in Figure 4.  
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Figure 4. Protocol of cardiac I/R-induced remote intestinal injury. 

Male Wistar rats were treated with vehicle (VEH, 1% hydroxyethylcellulose) or rofecoxib (ROF, 5 

mg/kg) for 28 days once daily (q.d.). On the 29th day, rats were subjected to sham operation (groups 

1 and 3, VEH SHAM and ROF SHAM) or cardiac ischemia (ISC) followed by reperfusion (groups 

2 and 4, VEH ischemia/reperfusion [I/R] and ROF I/R). Number of animals surviving the whole 

protocol: 5-8/group. White arrow: intraperitoneal injection of 100 IU/kg heparin; black arrow: 

termination of animals and tissue sampling. 

 

At the end of the reperfusion phase, the rats were euthanized, and plasma samples were 

collected. The small intestines were excised, and the mucosa was flushed with cold saline and 

photographed for subsequent macroscopic analysis. Full-thickness sections of the distal 

jejunum were snap-frozen in liquid nitrogen and stored at -80°C for further biochemical assays. 

Additional segments of intestinal tissue were fixed in 10% formalin for histological 

examination. 

Intestinal tissue and plasma samples were obtained exclusively from animals that 

survived the entire experimental protocol. While all animals in the VEH SHAM and ROF 

SHAM groups (n=8/group) survived, one of the seven animals in the VEH-treated I/R group 

succumbed to ventricular fibrillation, resulting in a 14% mortality rate. In contrast, treatment 

with rofecoxib following cardiac I/R was associated with an increased mortality rate, with four 

out of nine animals (44%) dying due to arrhythmias (111). 

 

 

This study was conducted on a separate cohort of rats with body weights matching those 

of the vehicle-treated animals in Study I on the day of surgery (320-440 g). The animals 
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underwent the same anesthesia and surgical procedures as previously described, including a 

median laparotomy to gently expose the distal jejunum. Small intestinal microcirculation was 

assessed using a PeriScan PIM II laser Doppler perfusion imager (Perimed, Stockholm, 

Sweden) positioned 12 cm above the jejunal surface. Each scan covered an area of 31 x 31 

sampling points within 59 seconds, followed by a 1-second pause. Consequently, imaging was 

performed every minute. To minimize fluid and heat loss and prevent tissue desiccation during 

the reperfusion period, the opened abdomen was intermittently covered with saline-moistened 

gauze for 5-minute intervals from the 95th to the 180th minute (i.e., from 95 to 100 minutes, 

from 105 to 110 minutes, and so forth) (115). Perfusion values during these intervals were not 

recorded. Perfusion patterns were analyzed using LDPIwin 2.6 software (Perimed, Stockholm, 

Sweden), and values were expressed as a percentage of the basal (pre-occlusion) values 

recorded at 10 minutes. 

 

 

Two in vivo experiments were conducted involving 48 rats, each weighing between 250-

350 g. The rats were randomly assigned to three groups and treated once daily for 8 days with 

either celecoxib (10 and 100 mg/kg) [2,3,5,6-tetradeuterio-4-[5-(4-methyl phenyl)-3-

(trifluoromethyl)pyrazol-1-yl]benzenesulfonamide)] (Merck Millipore, Burlington MA, USA) 

or its vehicle (1% hydroxyethylcellulose) via gavage. The 10 mg/kg dose of celecoxib was 

reported to be selective for COX-2 over COX-1 (116), and our preliminary studies confirmed 

the high efficacy and COX-2 selectivity of celecoxib at this dosage.  

The higher dose was selected based on studies indicating that celecoxib can also elicit 

COX-independent effects at this concentration (117, 118). On the 8th day, 2 hours after the final 

drug administration, the animals in each group were further divided into two subgroups, with 8 

rats in each, and anesthetized by intraperitoneal injection of pentobarbital (60 mg/kg). 

Following an upper median laparotomy, the animals were subjected to either a sham operation, 

where the SMA was isolated but not occluded, or to I/R injury by occluding the SMA for 30 

minutes followed by 120 minutes of reperfusion (Figure 5). 
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Figure 5. Experimental protocol of mesenteric I/R injury. 

Male Wistar rats were treated with vehicle (1% hydroxyethylcellulose), celecoxib (CEL, 10 and 100 

mg/kg), or rofecoxib (ROF, 5 and 50 mg/kg) for 8 days once daily. On the 8th day, 2 h after the last 

drug administration, rats were subjected to either sham operation or mesenteric 

ischemia/reperfusion (I/R). n=7-8/group. Black arrow: termination of animals and tissue sampling. 

 

During surgery, the animals' body temperature was maintained at 37°C using a heating 

pad, and the depth of anesthesia was monitored by periodically assessing pedal reflexes. At the 

end of the reperfusion period, the rats were euthanized, and their small intestines were excised. 

The mucosa of the small intestine was flushed with cold saline, and three samples, each 1-2 cm 

in length, were taken from the same region of the distal jejunum, 13-15 cm from the ileocecal 

junction. The first two specimens were snap-frozen in liquid nitrogen and stored at -80°C for 

subsequent measurement of protein and gene expressions. The third specimen was fixed in 10% 

formalin for histological analysis. 

In the second experiment, essentially the same protocol was followed, except that the rats 

were treated with rofecoxib instead of celecoxib (Figure 5). The doses of rofecoxib were 

selected based on previous studies conducted by other groups and our research (112, 116). 

This I/R injury protocol was chosen based on the results of our preliminary experiments 

aimed at inducing sufficient intestinal injury and inflammation without significant mortality 

(Figure 6) (119). 
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Figure 6. Analysis of mortality and jejunal MPO level in I/R models with different ischemic  and 

reperfusion time periods  

Panel A: Experimental protocol and mortality rate of different time intervals of ischemia and 

reperfusion compared to respective SHAM-groups (n=3-6/group). Panel B: Intestinal inflammation 

was measured according to jejunal MPO level via Western blot. Circles represent the data of each 

rat, bars indicate the mean + SEM.  For statistical analysis, one-way ANOVA was used, followed 

by Fisher’s LSD post hoc test. p<0.001 vs respective SHAM (Laszlo et al, 2024). 

 

 

In the remote I/R injury model, high-resolution photographs of the entire small intestinal 

mucosa were meticulously analyzed and scored in a blinded manner as follows: 0, no visible 

morphological alteration; 1, small (1-2 mm) hyperemic area at one site; 2, small (1-2 mm) 

hyperemic areas at two or more sites; 3, extensive (>2 mm) hyperemic area at one site; 4, 

extensive (>2 mm) hyperemic areas at two or more sites (112).  

 

 

Samples from the distal jejunum were excised, fixed in 10% formalin, embedded in 

paraffin, sectioned at 4-5 µm, and stained with hematoxylin and eosin. In the local intestinal 

I/R model, the Swiss-roll technique was employed to obtain histological samples, facilitating 

the examination of a longer segment of the small intestine. Digital micrographs were captured 

using an Olympus BX51 microscope and an Olympus DP50 camera. In both experiments, 

histological injury was assessed in a blinded manner by two histopathologists. Intestinal 

samples from cardiac I/R-induced intestinal injury were evaluated using a modified version of 
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the scoring system described by Mantyh et al. (Table 1) (120). The total histological score, 

ranging from 0 to 9, was calculated based on the sum of partial scores. 

 

Table 1. Criteria for quantitative estimation of the small intestinal injury after cardiac I/R. 

 0 1 2 3 

Epithelial 

damage 

none destruction of villus 

tips 

destruction of up to 

one half of villus 

complete villus 

destruction 

Congestion 

and edema 

none minimal increase in 

crypt spacing, rare 

RBC-containing 

vessels 

moderate increase in 

crypt spacing, up to 

one-half of vessels 

contain RBCs 

widely spaced 

crypts, numerous 

RBC-containing 

vessels in the 

lamina propria 

Cellular 

infiltration 

none mild cellular 

infiltration 

moderate cellular 

infiltration 

numerous 

leukocytes 

throughout the 

lamina propria 

RBC–red blood cell 

 

The intestinal samples from the intestinal I/R injury model were assessed according to 

the Chiu/Park classification (Table 2) (121, 122). Histological injury was graded on an eight-

point scale, ranging from 0 (normal mucosa) to 8 (transmural infarction). Representative 

pictures were captured by Eclipse E200 microscope and scanned by a Panoramic 1000 Digital 

Slide Scanner. 
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Table 2. Criteria for quantitative estimation of the mucosal damage after mesenteric I/R 

according to Park/Chiu grading system (121, 122). 

Grade Park-Chiu 

0 Normal mucosa 

1 Subepithelial space at villus tips 

2 Extension of the subepithelial space with moderate lifting 

3 Massive lifting down the sides of the villi, some denuded tips 

4 Denuded villi, dilated capillaries 

5 Disintegration of lamina propria 

6 Crypt layer injury 

7 Transmucosal infarction 

8 Transmural infarction 

 

 

In the myocardial I/R-induced injury, the jejunal levels of various cytokines were 

quantified using either Luminex xMAP technology or ELISA. Excised and snap-frozen jejunal 

tissues were pulverized and homogenized following the manufacturer’s instructions. The 

ELISA kit (Invitrogen, Camarillo, CA, USA) was used to measure the protein levels of TNF-

α, while the Milliplex Multiplex assay (Merck Millipore, Burlington, MA, USA) was used to 

determine the levels of IL-1β and IL-10 using a customized Milliplex Rat Cytokine/Chemokine 

Magnetic Bead Panel. The total protein concentration of the samples was determined using a 

bicinchoninic acid assay kit (Thermo Scientific Pierce Protein Research Products, Rockford, 

IL, USA) with bovine serum albumin (BSA) as a standard, and cytokine amounts were 

expressed in pg/mg of total protein. 

 

 

Distal jejunal tissues were homogenized using a TissueLyser (Qiagen, Venlo, 

Netherlands) in a lysis buffer supplemented with a protease inhibitor cocktail (cOmplete 

ULTRA Tablets, Roche, Basel, Switzerland) and PMSF (Sigma, St. Louis, MO, USA). The 

homogenates were centrifuged twice at 1500×g for 15 minutes at 4 °C, and the supernatants 
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were collected. Protein concentration was measured using the bicinchoninic acid assay (BCA, 

Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of protein (20 μg) were mixed 

with Pierce Lane Marker reducing sample buffer (Thermo Fisher Scientific, Waltham, MA, 

USA), loaded, and separated on a 4-20% precast Tris-glycine SDS polyacrylamide gel (Bio-

Rad, Hercules, CA, USA). Proteins were then transferred electrophoretically onto a 

polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA) at 200 mA overnight. 

Membranes were blocked with either 5% nonfat dry milk (Bio-Rad, Hercules, CA, USA) 

or 5% bovine serum albumin (BSA, a9647, Merck Millipore, Burlington, MA, USA) in Tris-

buffered saline containing 0.05% Tween-20 (0.05% TBS-T; Sigma, St. Louis, MO, USA) at 

room temperature for 2 hours. They were then incubated overnight at 4 °C with primary 

antibodies against COX-2 (#12282, 1:500, Cell Signaling Technology, Danvers, MA, USA), 

COX-1 (4841, 1:500, Cell Signaling Technology, Danvers, MA, USA), myeloperoxidase 

(MPO, AF3667, 1:1000, R&D Systems, Minneapolis, MN, USA), pentraxin 3 (PTX3, 

ab125007, 1:1000, Abcam, Cambridge, UK), claudin-1 (ab15098, 1:1000, Abcam, Cambridge, 

UK), occludin (ABT146-25UG, 1:1000, Merck Millipore, Burlington, MA, USA), phospho-

Akt (#9271, 1:1000, Cell Signaling Technology, Danvers, MA, USA), and Akt (#9272, 1:1000, 

Cell Signaling Technology, Danvers, MA, USA). This was followed by a 2-hour incubation at 

room temperature with an appropriate HRP-linked secondary antibody. GAPDH (D16H11, 

1:1000, Cell Signaling Technology, Danvers, MA, USA) and Akt (for phospho-Akt) were used 

as loading controls. Membranes were trimmed before antibody treatment if the bands of interest 

were far apart. Each experiment was repeated at least twice. 

Signals were detected using a chemiluminescence kit (Bio-Rad, Hercules, CA, USA) and 

visualized with a Chemidoc XRS+ system (Bio-Rad, Hercules, CA, USA). Relative protein 

levels were quantified by densitometric analysis using Image Lab Software version 6.1.0 (Bio-

Rad, Hercules, CA, USA). The intensity of each band was quantified and normalized to the 

intensity of the respective loading control (GAPDH or Akt). 

 

 

Total RNA was extracted from 10 to 30 mg of small intestine tissue using the QIAzol 

extraction method (Qiagen, Hilden, Germany). The RNA concentration was measured with a 

Nanophotometer (Implen GmbH, Munich, Germany). Reverse transcription was performed on 

1 μg of total RNA using the Sensifast cDNA synthesis kit (Bioline, London, UK) following the 

manufacturer’s protocol. Target genes were amplified using the LightCycler® 480 II instrument 
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(Roche, Germany) with the SensiFAST SYBR Green master mix (Bioline, UK). Expression 

levels were calculated using the 2–ΔΔCT method, with Rpl13a serving as the reference gene. The 

sequences of the primers used for determination were as follows: heme oxygenase-1 (HO-1) 

forward AAG AGG CTA AGA CCG CCT TC, HO-1 reverse 

GCA TAA ATT CCC ACT GCC AC (Accession number: NM_012580.2), peroxisome 

proliferator-activated receptor-γ (PPAR-γ) forward CCC ACC AAC TTC GGA ATC AG, 

PPAR-γ reverse GGA ATG GGA GTG GTC ATC CA (Accession number: NM_013124), 

interleukin 1β (IL-1β) forward TGG CAA CTG TCC CTG AAC TC, IL-1β reverse 

GGG CTT GGA AGC AAT CCT TAA TC (Accession number: NM_031512.2), interleukin-

10 (IL-10) forward GAA CCA CCC GGC ATC TAC TG, IL-10 reverse 

AGG AGT TGC TCC CGT TAG C (Accession number: NM_012854.2), B cell lymphoma-2 

(Bcl-2) forward TGA GTA CCT GAA CCG GCA TC, Bcl-2 reverse 

TAT AGT TCC ACA AAG GCA TCC CAG (Accession number: NM_009741.5), Bcl-2 

associated X-protein (Bax) forward AGT GTC TCC GGC GAA TTG G, Bax reverse 

CAC GTC AGC AAT CAT CCT CTG C (Accession number: NM_007524.4) and Rpl13a 

forward GGA TCC CTC CAC CCT ATG ACA, Rpl13a reverse 

CTG GTA CTT CCA CCC GAC CTC (Accession number: NM_173340.2). At least two 

repetitions were performed for each experiment. 

 

 

The total COX enzyme activity of homogenized intestinal samples (10 μl) was measured 

by a fluorescent COX-activity assay kit (700200, Cayman Chemical, Ann Arbor, MI, USA) 

according to the manufacturer’s instructions. Sample homogenization was performed as 

described in Section 2.4. The fluorescence (λexcitation= 535 nm and λemission = 590 nm) was 

recorded at 5 min by a Varioskan™ LUX Multimode Microplate Reader (Thermo Fisher 

Scientific, Waltham, MA, USA). All samples were measured in duplicates. To assess the 

contribution of COX-1 and COX-2 isoforms to total COX enzyme activity, the highly selective 

COX-1 inhibitor SC-560 was added to separate sample aliquots (final well concentration: 

3.47 μM). Enzyme activities were expressed as percentage of the mean activity of the vehicle-

treated sham-operated groups. 

 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=148747381
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=148747381
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=148747381
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The quantification of 6-keto PGF1α levels in jejunal tissue was performed using an 

ELISA, following the protocol provided by the manufacturer (Cayman Chemical, Ann Arbor, 

MI, USA). In brief, the tissues were homogenized in precooled acetone containing 10 µM 

indomethacin and subsequently centrifuged at 10,000 g for 10 minutes at 4 °C. Acetone was 

then evaporated from the supernatants using a vacuum centrifuge, and the resulting residues 

were reconstituted in assay buffer for the determination of 6-keto PGF1α. 

 

 

The enzymatic activities of SOD and CAT in the jejunum were quantified using assay 

kits following the manufacturer's protocols (Cayman Chemical, Ann Arbor, MI, USA). The 

SOD assay employs a tetrazolium salt to detect superoxide radicals generated by xanthine 

oxidase and hypoxanthine, measuring the activity of all three SOD isoforms (Cu/Zn, Mn, and 

Fe-SOD). One unit of SOD is defined as the amount of enzyme required to achieve 50% 

dismutation of the superoxide radical. The total protein concentration of the supernatants was 

determined, and SOD activity was expressed in units per milligram of protein. 

The CAT assay quantifies the peroxidative function of CAT to determine enzyme 

activity, based on its reaction with methanol in the presence of an optimal concentration of 

hydrogen peroxide (H2O2). The produced formaldehyde was quantified spectrophotometrically 

using 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole as the chromogen. One unit of CAT is 

defined as the amount of enzyme that produces 1 nmol of formaldehyde per minute at 25°C, 

with CAT activity expressed in nmol/min/mg tissue. 

 

 

The activity of MMP-2 and MMP-9 was evaluated using gelatin zymography on plasma 

samples collected after 120 minutes of reperfusion. Gelatinolytic activities of MMPs were 

analyzed as previously described (123). Briefly, 8% polyacrylamide gels were copolymerized 

with gelatin (2 mg/ml, type A from porcine skin), and 50 µg of protein per lane was loaded. An 

internal standard (American Type Culture Collection, Manassas, Virginia) was included in each 

gel to normalize activities between gels. Following electrophoresis (90 V, 90 min), gels were 

washed with zymogram renaturation buffer (Novex, Carlsbad, CA, USA) for 40 minutes. 
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Samples were then incubated for 20 hours at 37°C in zymogram development buffer (Novex, 

Carlsbad, CA, USA). 

In a separate experiment, one plasma sample from each group was loaded into the gel 

in four replicates. After renaturation, the gel was divided into four sections, each incubated in 

a development buffer containing vehicle or rofecoxib at concentrations of 0.1, 1, or 10 μM, 

respectively, to determine whether rofecoxib directly inhibits MMP activity. The 1 µM 

concentration of rofecoxib was selected based on the peak plasma concentration (Cmax) 

observed after a single 5 mg/kg oral dose in rats (123, 124). 

Gels were subsequently stained with 0.05% Coomassie brilliant blue in a methanol-

acetic acid-water mixture [2.5:1:6.5 (v/v)] and destained in an aqueous solution of 4% methanol 

and 8% acetic acid (v/v) to remove nonspecific Coomassie binding. For positive controls, a 

gelatinase zymography standard containing human MMP-2 and MMP-9 (Chemicon Europe 

Ltd., Southampton, UK) was used. For negative controls, lanes containing tissue samples were 

excised after gel renaturation and incubated for 20 hours at 37°C in development buffer with 

the calcium chelator EGTA (10 mM). Gelatinolytic activities were visualized as clear bands 

against a dark blue background. Gels were scanned using a transilluminator, and band 

intensities were quantified with Quantity One software (BioRad, Hercules, CA, USA), 

normalized to the internal standard, and expressed in arbitrary units. 

 

 

Data are expressed as mean + SEM. Statistical analysis of the data was performed with 

one-way or two-way ANOVA, followed by Fisher’s LSD post hoc test and uncorrected Dunn’s 

post hoc test (in case of histological score of mesenteric I/R injury). In case of nonparametric 

values, statistical data analysis was performed with Mann-Whitney (pairwise comparison) or 

Kruskal-Wallis tests, followed by Dunn’s post hoc test. Two-way repeated measures ANOVA 

was used to compare the time course of blood pressure and jejunal blood flow changes, followed 

by Holm-Sidak post hoc test. Correlations between MMP-values and histological scores were 

calculated by Spearman test. Outliers detected by Grubb’s test were excluded from the analyses. 

In the in vitro assays, all samples were measured at least in duplicates, and most measurements 

were repeated two times. In all cases, a probability of p<0.05 was considered statistically 

significant. 
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Ischemia induced by a 30-minute occlusion of the LAD, followed by a 2-hour 

reperfusion period, did not produce any observable macroscopic changes in the small intestines 

of either vehicle- or rofecoxib-administered rats. (Figure 7A). Conversely, histopathological 

examination revealed early substantial modifications in the jejunal mucosa of vehicle-

administered rats subjected to myocardial I/R injury compared to sham-operated controls 

(Figure 7B). This was predominantly characterized by subepithelial edema with dilated vessels 

containing numerous erythrocytes and was noted in the majority of specimens (5 out of 6 rats). 

Additionally, in half of the I/R-treated animals, an increased infiltration of leukocytes 

(including lymphocytes, macrophages, and granulocytes) in the lamina propria, including 

extravasated ones, was detected, indicating augmented vascular permeability (Figure 7C). The 

epithelial integrity and villous architecture were largely preserved, although early signs of 

epithelial disruption at the apices of some villi were observed in 5 out of 6 specimens (Figure 

7C). Overall, the histological score was significantly elevated in the I/R group relative to the 

sham-operated group. However, such morphological alterations were absent in the I/R group 

treated with rofecoxib, suggesting that COX-2 inhibition mitigated remote intestinal damage 

post-cardiac I/R (Figures 7B and 7C). Histopathological evaluation was conducted according 

to the criteria outlined in Table 1. 
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Figure 7. Panels A, B: The effects of 4-week treatment with vehicle (VEH) and rofecoxib (ROF, 5 

mg/kg) on macroscopic (A) and histological scores (B) of jejunum. Data are expressed as mean + 

SEM. For pairwise comparison of respective treatment groups, Mann-Whitney test was used, n=5-

8/group (*p<0.05 vs. respective VEH, #p<0.05 vs. respective SHAM). Panel C demonstrates 

representative histological micrographs (scale bar: 100 µM, hematoxylin and eosin staining). 

Cardiac ischemia/reperfusion (I/R) injury induced histological alterations in vehicle-treated (VEH) 

rats. White arrows demonstrate dilated capillaries with numerous red blood cells in the lumen, 

whereas increased cellularity of the lamina propria with increased number of granulocytes, 

including extravasated ones, is marked by asterisk. 

 

 

Given that histological analysis indicated mild intestinal inflammation in the vehicle-

treated I/R group, our subsequent objective was to support this by quantifying various 

inflammatory mediators implicated in I/R injury. Initially, the intestinal protein expression of 

COX-2 was evaluated by Western blot, as its upregulation is a prompt reaction to I/R. In 



35 

contrast to sham-operated animals with negligible COX-2 expression, vehicle-treated rats after 

cardiac I/R exhibited markedly elevated COX-2 protein levels in the jejunum. Conversely, in 

rofecoxib-treated animals, cardiac I/R did not augment intestinal COX-2 expression relative to 

the respective sham group (Figure 8A). The protein levels of the constitutive isoform COX-1, 

unlike COX-2, remained consistent across all groups regardless of treatment (Figure 8B). 

The expression of COX-2 can be stimulated by various pro-inflammatory cytokines, 

such as TNF-α (11). TNF-α plays a crucial role in orchestrating the inflammatory response to 

I/R injury in most tissues (2). However, no differences in intestinal TNF-α protein levels were 

observed between the groups using ELISA (Figure 8C). 

The tissue concentrations of the anti-inflammatory cytokine IL-10 were also quantified 

by ELISA, since it is known to be produced during acute inflammation by various cell types in 

parallel with pro-inflammatory cytokines to modulate immune responses (125). As depicted in 

Figure 8D, there were only moderate variations in IL-10 levels, though these somewhat 

reflected the alterations in histological scores and COX-2 concentrations. Specifically, the 

highest IL-10 protein levels were observed in the vehicle-treated I/R group, whereas 

significantly lower levels were found in rofecoxib-treated animals subjected to I/R. 

Likewise, the highest concentration of 6-keto PGF1α (the stable metabolite of PGI2), 

predominantly synthesized by COX-2 during inflammation, was observed in the vehicle-treated 

I/R group (Figure 8E) (126), although the differences between the groups did not achieve 

statistical significance. 
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Figure 8. Jejunal protein levels of cyclooxygenase-2 (COX-2, A), COX-1 (B), tumor necrosis factor-

α (TNF-α, C), interleukin-10 (IL-10) (D) and 6-keto prostaglandin F1α (6-keto PGF1α, E) in rats 

treated with vehicle (VEH) or rofecoxib (ROF, 5 mg/kg) for 4 weeks and subjected to sham operation 

or cardiac ischemia/reperfusion (I/R) injury. Results are expressed as mean + SEM. For statistical 

analysis, two-way ANOVA was used, followed by Fisher’s LSD post hoc test, n=5-8/group (*p<0.05 

vs. respective VEH, #p<0.05 vs. respective SHAM). 

 

Finally, given that oxidative stress and reactive oxygen and nitrogen species (RONS) 

are well-known contributors to the pathogenesis of I/R injury, it was aimed to assess the tissue 

activities of SOD and CAT, two primary antioxidant enzymes involved in neutralizing toxic 
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oxygen metabolites and alleviating cellular damage (7, 127, 128). While CAT activities were 

consistent across all groups, total SOD activity showed a tendency to increase in the vehicle-

treated I/R group and significantly rose in the rofecoxib-treated I/R group (Figures 9A and 9B). 

Superoxide anion, along with nitric oxide, is one of the primary RONS generated during 

I/R (27), and SOD catalyzes its dismutation into H2O2 and molecular oxygen. Therefore, the 

elevated SOD activity in rofecoxib-treated animals may reflect an augmented defensive 

response to heightened intracellular superoxide levels (7).  

Collectively, these findings suggest that 2 hours of reperfusion following cardiac 

ischemia induced only mild responses in the small intestine, which were mitigated by rofecoxib 

treatment. 

 

 

Figure 9. Jejunal activities of the antioxidant superoxide dismutase (SOD, A) and catalase (CAT, 

B) in rats treated with vehicle (VEH) or rofecoxib (ROF, 5 mg/kg) for 4 weeks and subjected to 

sham operation or cardiac ischemia/reperfusion (I/R) injury. Results are expressed as mean + SEM. 

For statistical analysis, two-way ANOVA was used, followed by Fisher’s LSD post hoc test, n=5-

8/group (*p<0.05 vs. respective VEH, ##p<0.01 vs. respective SHAM). 

 

 

The crucial involvement of specific types of MMPs, particularly MMP-2 and MMP-9, 

in I/R injury has been evidenced in various organs, including the heart (129, 130) and 

gastrointestinal tract (131). Additionally, according to the literature data, they contribute to 

remote I/R injury as well (132). In the next step, it was aimed to determine activities of MMP-

2 and MMP-9, the predominant MMP types in the myocardium, using plasma samples analyzed 

via gelatin zymography. Gelatin zymography revealed two distinct bands for both MMP-2 (72 

and 75 kDa) and MMP-9 (86 and 92 kDa) (Figure 10), representing different zymogen and 

active forms (123). Analysis of band intensities demonstrated that cardiac I/R elevated the 
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plasma activity of both MMP-2 isoforms in the vehicle-treated group, which was mitigated by 

rofecoxib treatment (Figures 11A and 11B). Moreover, plasma MMP-2 activities exhibited a 

relatively weak but statistically significant positive correlation with the histological scores of 

intestines (Figures 11C and 11D). 

In contrast, although plasma MMP-9 activities showed similar trends, they neither 

differed significantly between the groups (Figures 11E and 11F) nor correlated with the 

histological scores (Figures 11G and 11H). 

These findings suggest that increased MMP-2 activity, but not MMP-9, in the 

circulation is associated with early intestinal injury following cardiac I/R, and the protective 

effect of rofecoxib could be linked to reduced MMP-2 activity. 

 

 

Figure 10. Representative zymograms of plasma matrix metalloproteinase-2 (MMP-2) (72 and 75 

kDa) and MMP-9 activities (86 and 92 kDa) in vehicle- (VEH, 1% hydroxyethylcellulose) and 

rofecoxib-treated (ROF, 5 mg/kg) rats subjected to sham operation or cardiac ischemia/reperfusion 

(I/R). 
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Figure 11. Panels A, B, E and F: Gelatinolytic activities of matrix metalloproteinase-2 (MMP-2, 

72 kDa, A; 75 kDa, B) and of MMP-9 (86k Da, E; 92 kDa, F) in plasma samples of animals treated 

with vehicle (VEH) or rofecoxib (ROF, 5 mg/kg) for 4 weeks and subjected to sham operation or 

cardiac ischemia-reperfusion (I/R) injury. Results are expressed as mean + SEM. For statistical 

analysis, two-way ANOVA was used, followed by Fisher’s LSD post hoc test, n=4-5/group (*p<0.05 

and ***p<0.001 vs. respective VEH, ##p<0.01 vs. respective SHAM). Panels C, D, G and H: 

Correlations between MMP-2 (72 kDa, C; 75 kDa, D) and of MMP-9 (86 kDa, G; 92 kDa, H) and 

histological scores of rats in the VEH SHAM (empty black circles), VEH I/R (grey filled black 

circles), ROF SHAM (empty red circles) and ROF I/R (grey filled red circles) groups. Correlations 

were calculated by Spearman test. 

 

To determine whether the reduced MMP-2 activity observed in the rofecoxib-treated 

I/R group results from direct inhibition of MMP-2 activity by rofecoxib or from diminished 

protein expression, the gelatinolytic activities of plasma samples from each group were assessed 

using gels incubated with varying concentrations of rofecoxib.  

As shown in Figure 12, none of the tested rofecoxib concentrations inhibited the activity 

of either MMP isoform in vitro, suggesting that the decreased plasma MMP-2 activity in 

rofecoxib-treated I/R rats may be due to reduced enzyme synthesis at the level of the heart. 
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Figure 12. The effects of different concentrations of rofecoxib (ROF, 0.1, 1, and 10 µM) in vitro on 

the gelatinolytic activities of matrix metalloproteinase-2 (MMP-2 72 kDa, A; 75 kDa, B) and MMP-

9 (86 kDa, C; 92 kDa, D). Data are expressed as mean + SEM. For statistical analysis, one-way 

ANOVA was used, followed by Fisher’s LSD post hoc test, n=5/group. 

 

 

We investigated whether the mild mucosal damage observed in the small intestine 

following cardiac I/R could be attributed to decreased small intestinal perfusion. Therefore, in 

a separate study, we assessed jejunal microcirculation using laser Doppler perfusion imaging 

in weight-matched rats while simultaneously measuring systemic blood pressure. In sham-

operated animals, both MAP and jejunal blood flow remained stable throughout the observation 

period (Figure 13). A 30-minute occlusion of LAD induced a prompt reduction in blood 

pressure, partly due to transient arrhythmias, which was accompanied by impaired jejunal 

microcirculation. However, this impairment was moderate (averaging a 15.5% reduction, 

peaking at 31.6%) and transient, with microcirculation normalizing within 15 minutes. 

Meanwhile, the systemic blood pressure of the animals failed to recover completely and 

remained lower until the end of the experiment.  
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Our findings demonstrate that cardiac I/R caused only mild and temporary impairment 

of intestinal microcirculation, indicating that the histological damage in the intestine following 

I/R was unlikely due to intestinal ischemia. 

 

 

Figure 13. The effects of sham operation and occlusion of left anterior descending (LAD) coronary 

artery for 30 min followed by 120 min of reperfusion on the mean arterial pressure (MAP, A) and 

jejunal blood flow (B). Results are expressed as percentages of the baseline values registered at 10 

min (i.e., 30 min before LAD occlusion). Filled circles represent p<0.05 vs. respective SHAM values. 

Circles and error bars represent mean + SEM. For statistical analysis, two-way repeated measures 

ANOVA was used, followed by Holm-Sidak post hoc test, n=6-9/group.  
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There were no observable macroscopic alterations in the small intestines of the sham-

operated rats. In contrast, the intestines of rats subjected to mesenteric I/R were characterized 

by lividity, edema, and hemorrhages. Our primary objective was to evaluate the severity of 

intestinal inflammation induced by mesenteric I/R in both control (vehicle-treated) and COX-2 

inhibitor-treated animals. As the recruitment and activation of neutrophils are crucial 

components of I/R-induced inflammation and mucosal injury (10), the tissue levels of the 

neutrophil marker MPO were quantified via Western blot analysis. Intestinal I/R was associated 

with an upregulation of MPO, which was partially mitigated by celecoxib treatment. However, 

a significant reduction in MPO was only achieved in animals receiving the higher dose of 

celecoxib. Conversely, rofecoxib failed to mitigate the I/R-induced increase in MPO levels; 

notably, at a lower dose, it further augmented this effect (Figures 14A and 14C). 

Subsequently, the protein levels of pentraxin 3 (PTX3) were measured, a long pentraxin 

family member released by various cell types in response to proinflammatory cytokines and 

other inflammatory signals. PTX3 plays a pivotal role in regulating I/R-induced intestinal 

inflammation (133). Among the treatments tested, only the highest dose of celecoxib prevented 

the I/R-induced increase in PTX3 (Figures 14B and 14D). 

Treatment with celecoxib, but not with rofecoxib, also attenuated the intestinal 

upregulation of COX-2 protein in animals subjected to mesenteric I/R (Figures 14E and 4G) as 

well as the increase of IL-1β mRNA levels (Figures 14F and 14H), as quantified by qRT-PCR, 

a well-established inducer of COX-2 expression (134). 

Collectively, of the two pharmacological agents tested, only celecoxib diminished the 

severity of intestinal inflammation provoked by mesenteric I/R. However, even the higher dose 

of celecoxib resulted in only a partial reduction of the inflammatory mediators measured. There 

were no signs of inflammation in any of the sham-operated rats, suggesting that 8-day 

administrations of celecoxib and rofecoxib had no significant impact on intestinal mucosal 

integrity. 



43 

 

 

 



44 

 

Figure 14. Small intestinal levels of myeloperoxidase (MPO, A, C), pentraxin 3 (PTX3, B, D), 

cyclooxygenase-2 proteins (COX-2, E, G), and mRNA levels of interleukin-1β (IL-1β, F, H) in rats 

treated with vehicle (VEH), celecoxib (CEL, 10 and 100 mg/kg) or rofecoxib (ROF, 5 and 50 mg/kg) 

for 8 days and then subjected to sham operation or mesenteric ischemia/reperfusion (I/R). Circles 

represent the data of each rat, bars indicate the mean + SEM. For statistical analysis two-way 

ANOVA was used, followed by Fisher’s LSD post hoc test, n=4-8/group (*p<0.05, **p<0.01, 

***p<0.001 vs respective SHAM, #p<0.05, ##p<0.01, ###p<0.001 vs VEH I/R, +p<0.05, +++p<0.001 

vs CEL 10 I/R). 

 

 

 

In the next step, it was examined whether treatment with celecoxib and rofecoxib could 

mitigate mucosal injury induced by intestinal I/R. No significant mucosal damage was observed 

in any of the sham-operated rats, although, in some animals treated with the higher dose of 

celecoxib, we observed some mild changes, such as slightly dilated villi and epithelial 

detachment (subepithelial Gruenhagen’s space) (Figures 15 and 16). Mesenteric I/R elicited 

various morphological alterations, ranging from Gruenhagen’s space or destruction of the 

epithelium to more severe damage to the villi and occasionally even the crypts. Interestingly, 

celecoxib treatment did not influence I/R-induced histological injury at the tested doses, despite 

its effect in reducing mucosal inflammation (Figure 15). Similarly, neither dose of rofecoxib 

impacted the I/R-induced histological changes in the mucosa (Figure 16). 

  



45 

 

Figure 15. The effect of vehicle (VEH) and celecoxib (CEL, 10 and 100 mg/kg) on the 

histomorphology of the small intestinal mucosa in sham-operated and mesenteric 

ischemia/reperfusion (I/R)-exposed rats. Panel A: Histological scores. Circles represent the data of 

each rat, bars indicate the mean + SEM. For statistical analysis, Kruskal-Wallis test was performed, 

followed by uncorrected Dunn’s test, n=7-8/group (*p<0.05, ***p<0.001 vs respective SHAM). 

Panel B: Representative histological images of the small intestines of VEH- and CEL-treated rats. 

Hematoxylin and eosin staining, low magnification scale bar (lower left images): 5 mm, high 

magnification scale bar: 200 μm. White arrows mark denuded villi with exposed lamina propria and 

capillaries, asterisks show moderate lifting of the epithelial layer from the lamina propria 

(Gruenhagen’s space). 
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Figure 16. The effect of vehicle (VEH) and rofecoxib (ROF, 5 and 50 mg/kg) on the histomorphology 

of the small intestinal mucosa in sham-operated and ischemia/reperfusion (I/R) -exposed rats. Panel 

A: Histological scores. Circles represent the data of each rat, bars indicate the mean + SEM. For 

statistical analysis, Kruskal-Wallis test was performed, followed by uncorrected Dunn’s test, n=7-

8/group (**p<0.01, ***p<0.001 vs respective SHAM). Panel B: Representative histological images 

of the small intestines of VEH- and ROF-treated rats. Hematoxylin and eosin staining, low 

magnification scale bar (lower left images): 5 mm, high magnification scale bar: 200 μm. White 

arrows mark denuded villi with exposed lamina propria and capillaries. 
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According to most literature data, I/R-induced mucosal damage is associated with the 

disruption of tight junction proteins, such as claudin-1 and occludin (135). Consequently, we 

evaluated their expression using Western blot analysis. The jejunal level of claudin-1 was 

significantly decreased in response to I/R in both cohorts, and this effect was abrogated by the 

higher dose of celecoxib, but not by rofecoxib (Figures 17A and 17C). The measurement of 

occludin provided essentially similar results; the reduction in occludin expression elicited by 

I/R was mitigated by celecoxib, whereas it was not abolished by rofecoxib (Figures 17B and 

17D). 

 

 

Figure 17. Small intestinal expressions of claudin-1 (A, C) and occludin proteins (B, D) in rats 

treated with vehicle (VEH), celecoxib (CEL, 10 and 100 mg/kg) or rofecoxib (ROF, 5 and 50 mg/kg) 

for 8 days and then subjected to sham operation or mesenteric ischemia/reperfusion (I/R). 

Representative bands of claudin-1 (A, C) and occludin (B, D) are derived from the same animals; 

therefore, images of GAPDH proteins are identical. Circles represent the data of each rat, bars 
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indicate the mean + SEM. For statistical analysis, two-way ANOVA was used, followed by Fisher’s 

LSD post hoc test, n=4-8/group (*p<0.05, **p<0.01 vs respective SHAM, #p<0.05 vs VEH SHAM).  
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Given that celecoxib and rofecoxib exhibited differential effects on intestinal 

inflammation and tight junction proteins despite both nearly completely inhibiting COX-2 

activity at the administered doses (112, 136), it was hypothesized that the observed difference 

might be independent of COX inhibition, and we evaluated the levels of some known off-targets 

of COX-2 inhibitors. 

Initially, the expression of the stress-inducible gene HO-1 was quantified. This gene has 

previously been shown to be upregulated by celecoxib in vitro, but not by rofecoxib (137, 138). 

HO-1 is known to be induced during intestinal I/R, where it contributes to tissue protection (9). 

Although our findings confirmed that I/R increases HO-1 expression, no differences were 

observed between the HO-1 levels of vehicle- and drug-treated animals, either in the sham-

operated or I/R-injured groups (Figures 18A and 18C). 

Next, the expression of peroxisome proliferator-activated receptor gamma (PPAR-γ), a 

nuclear receptor, was assessed, which is able to mediate anti-inflammatory effects in intestinal 

I/R injury and activated by several COX inhibitors (139), including celecoxib and rofecoxib 

(140, 141). Mesenteric I/R significantly reduced intestinal PPAR-γ expression, but neither the 

basal nor the I/R-induced expression levels of PPAR-γ were significantly affected by celecoxib 

or rofecoxib (Figures 18B and 18D). 

Since celecoxib can activate the phosphoinositide 3-kinase (PI3K)/Akt pathway (137), 

which has been shown to reduce inflammation and barrier damage in intestinal I/R injury (142), 

the phosphorylation of Akt was also determined. Contrary to expectations, celecoxib treatment 

had no effect on phospho-Akt levels in either the sham-operated or I/R-injured groups, while 

rofecoxib prevented the I/R-induced elevation of phospho-Akt in a dose-dependent manner 

(Figures 18E and 18G).  

Finally, it is known that apoptosis is a major form of epithelial cell death induced by I/R 

injury (18). Celecoxib has also been shown to increase epithelial apoptosis (143). Therefore, 

we investigated whether the inability of celecoxib to mitigate I/R-induced mucosal injury, 

despite its anti-inflammatory effect, might be related to increased apoptosis. Consequently, the 

gene expression of Bax and Bcl-2 was measured and the Bax/Bcl-2 ratio, an important marker 

of apoptosis, was calculated (144). The Bax/Bcl-2 ratio exhibited a modest, non-significant 

increase in response to I/R, which was enhanced by celecoxib but unaffected by rofecoxib 

(Figures 18F and 18H). 
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Collectively, celecoxib augmented I/R-induced apoptosis, whereas rofecoxib reduced 

the I/R-induced elevation of phospho-Akt. 
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Figure 18. Gene expression of heme oxygenase-1 (HO-1, A, C) and peroxisome proliferator-

activated receptor-γ (PPAR-γ, B, D), and the ratio of phosphorylated to total Akt protein (p-Akt/Akt, 

E, G) and Bax to Bcl-2 mRNA (F, H) in the small intestine of rats treated with vehicle (VEH), 

celecoxib (CEL, 10 and 100 mg/kg) or rofecoxib (ROF, 5 and 50 mg/kg) for 8 days and then 

subjected to sham operation or mesenteric ischemia/reperfusion (I/R). Circles represent the data of 

each rat, bars indicate the mean + SEM. For statistical analysis two-way ANOVA was used, 

followed by Fisher’s LSD post hoc test, n=4-8/group (*p<0.05, **p<0.01, ***p<0.001 vs respective 

SHAM, #p<0.05, ##p<0.01, ###p<0.001 vs VEH I/R, ++p<0.01 vs ROF 5 I/R). 

 

 

 Finally, considering that both COX-2 and COX-1 can mediate prostanoid release during 

inflammatory processes (64), it was investigated whether the differential effects of high-dose 

celecoxib and rofecoxib on intestinal I/R inflammation could be attributed to their distinct 

influence on COX-1 activity. To this end, the total COX activities were quantified in the small 

intestines of celecoxib- and rofecoxib-treated animals using an assay kit, and the contribution 

of COX-1 to total COX activity was evaluated by measuring the COX activities of the same 

samples both in the presence and absence of SC-560, a highly selective COX-1 inhibitor. 

Mesenteric I/R significantly augmented intestinal total COX activity in vehicle-treated 

rats (VEH SHAM vs VEH I/R, p=0.009) (Figure 19A). In contrast, COX activity in celecoxib- 

and rofecoxib-treated I/R-exposed animals remained comparable to that of the vehicle-treated 

sham-operated group (VEH SHAM vs CEL I/R and ROF I/R, p=0.85 and p=0.21, respectively), 

indicating that both celecoxib and rofecoxib treatments could abrogate the I/R-induced 

elevation of COX activity. However, celecoxib, but not rofecoxib, also reduced total COX 
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activity in sham-operated animals (VEH SHAM vs CEL SHAM, p=0.003) (Figure 19B). 

Additionally, giving the COX-1 inhibitor SC-560 into the samples decreased total COX activity 

in both vehicle- and rofecoxib-treated sham-operated rats (VEH SHAM vs VEH SHAM + SC-

560, p=0.002, ROF SHAM vs ROF SHAM + SC-560, p=0.006), but it did not further reduce 

the COX activity in celecoxib-treated sham-operated animals. 

These findings imply that high-dose celecoxib attenuated COX-1 activity in the small 

intestine, whereas rofecoxib maintained selectivity for COX-2 at its elevated dose. 

 

 

Figure 19. Panel A: Total cyclooxygenase (COX) activity in the small intestine of rats treated with 

vehicle (VEH), celecoxib (CEL, 100 mg/kg), or rofecoxib (ROF, 50 mg/kg) for 8 days and then 

subjected to sham operation or mesenteric I/R. Panel B: COX activity of some samples was also 

measured in the presence of SC-560, a highly selective COX-1 inhibitor, to assess the contribution 

of COX-1 and COX-2 to total COX activity. Circles represent the data of each rat, bars indicate the 

mean + SEM. For statistical analysis, two-way ANOVA was used, followed by Fisher’s LSD post 

hoc test, n=3-14/group (**p<0.05 vs VEH SHAM, +p<0.05 vs VEH I/R,  ##p<0.01 vs ROF 50 

SHAM). 
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The small intestinal mucosa is highly susceptible to I/R injury (27, 28). Despite its 

crucial physiological role in nutrient absorption and the potentially life-threatening 

consequences of extensive damage, relatively little research has been conducted on protective 

strategies against I/R-induced injury in the small intestine. Furthermore, no known 

pharmacological agents are currently capable of effectively preserving small intestinal tissue. 

Moreover, significant damage to the small intestine facilitates the translocation of 

aggressive luminal factors and bacteria into the circulation, potentially leading to systemic 

tissue injury and increasing the risk of sepsis and MOF (23, 30-32). In light of these concerns, 

our research aimed to assess whether COX-2 inhibitors provide protective effects in local and 

remote intestinal I/R models. 

COX-2 is rapidly upregulated during inflammatory processes and plays a key role in 

producing pro-inflammatory cytokines and chemokines (55, 64, 87). Therefore, we 

hypothesized that inhibiting COX-2 activity could mitigate both local and remote intestinal 

damage by reducing the inflammatory cascade associated with I/R injury. 

 

 

 

A key finding of the present study is that chronic administration of rofecoxib can 

alleviate histological damage in the small intestine following cardiac I/R. It is crucial to 

emphasize that rofecoxib reduced cardiac I/R injury in these rats (111), in line with previous 

studies, which indicated that different COX-2 inhibitors provide cardioprotection after both 

permanent and transient myocardial ischemia (92, 97-100). However, it is worth noting that the 

infarct size-reducing effect of rofecoxib has limited clinical relevance (111), as this compound 

was withdrawn from the market due to serious adverse cardiovascular effects observed in the 

VIGOR and APPROVe trials (68, 72). Nevertheless, it has proven to be a valuable test 

compound for analyzing the remote intestinal effects of selective COX-2 inhibition on 

myocardial protection after cardiac I/R.  

Importantly, this study provides the first evidence of significant histopathological 

changes in the rat small intestine as early as 2 hours following reperfusion of the ischemic 

myocardium. Recent investigations have reported that secondary intestinal damage can also 
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occur in response to both transient and permanent coronary artery occlusion in rodent models, 

as well as in MI patients, as well as in MI patients (44, 45, 145). Furthermore, intestinal injury 

may increase the risk of adverse cardiovascular outcomes post-MI, highlighting the critical need 

for early detection and preventive interventions to reduce remote intestinal damage following 

cardiac I/R (45). In these studies, based on the time points of analysis and the identification of 

morphological and functional changes, intestinal injury was expected to develop over days to 

weeks (44, 45). However, our findings reveal that structural mucosal histological changes in 

the intestine occur two hours after reperfusion of the ischemic myocardium, indicating a much 

more rapid onset, similar to I/R-induced injury in the limbs or the kidney (34-36). At this early 

stage, remote intestinal histopathological changes are primarily characterized by mild 

subepithelial edema, increased vascular permeability, and cellular infiltration of leukocytes. 

 

 

The histological alterations were associated with a significant increase in COX-2 protein 

expression in the jejunum, indicating an early cellular response to I/R across various organ 

systems (53, 54, 84), including the small intestine (55, 56). Furthermore, COX-2 upregulation 

has been observed in tissues distant from the primary site of ischemic injury (90, 146). 

However, the role of selective COX-2 inhibition on ischemia reperfusion injury is controversial. 

In some models, selective COX-2 inhibition has been shown to exert a protective effect (55, 56, 

88-90, 92, 98, 99), whereas in other experiments it has demonstrated a deleterious effect (53, 

54, 93, 95). 

The local overproduction of RONS has been extensively documented in I/R injury (2, 

5), increasing the production of antioxidant enzymes such as CAT and SOD also in the intestine 

(128). However, activity of antioxidant enzymes in I/R models has demonstrated contradictory 

results, varying according to species, tissue type, and the specific experimental design. For 

instance, CAT and SOD activities are frequently reported to decrease immediately following 

reperfusion in cerebral and renal I/R models (147-149). In contrast, elevated CAT and SOD 

activities have been observed during a 4-hour reperfusion period following 4 hours of ischemia 

in limb tissues (150), and after 30 minutes of ischemia followed by 60 minutes of reperfusion 

in cardiac tissue (151). 

During I/R injury, increased expression of COX-2 may play a role in enhancing 

antioxidant defenses by modulating the expression or activity of antioxidant enzymes (53, 91). 

However, the inhibition or genetic deletion of COX-2 may abrogate these protective effects, 
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resulting in aggravated tissue injury and diminished antioxidant response (53, 91). Our results 

show a significant increase in SOD activity in the rofecoxib-treated I/R group, indicating that 

rofecoxib may enhance SOD enzyme activity under conditions of oxidative stress. Celecoxib 

has been demonstrated to enhance SOD activity following renal and hepatic I/R injury (89, 152-

154). In an intestinal I/R model, Li and Zheng reported that I/R exposure led to increased 

mucosal concentrations of malondialdehyde and NO (94). Whereas the treatment with the 

selective COX-2 inhibitor parecoxib resulted in a dose-dependent attenuation of intestinal 

RONS levels, along with a concomitant elevation in SOD enzymatic activity (90). Collectively, 

these findings suggest that COX-2 inhibitors can exert a positive modulatory effect on tissue 

antioxidant capacity, probably via the inhibition of PG synthesis (155). To the best of my 

knowledge, there is no published evidence whether rofecoxib directly upregulates SOD 

expression or increases the SOD activity through off-target mechanisms. 

In the remote intestinal I/R injury model, we noted an early, mild upregulation of 

intestinal COX-2 following cardiac I/R injury. Despite the histopathological evidence of tissue 

injury, jejunal cytokine levels and oxidative stress markers exhibited either no significant 

changes or only minor fluctuations after cardiac I/R. These findings suggest that the cardiac I/R 

model utilized in this study resulted in only mild intestinal injury, which was insufficient to 

trigger substantial cytokine release or oxidative damage, unlike other remote intestinal I/R 

models with comparable reperfusion durations (1–5 hours) (36). Notably, a 6-minute episode 

of cardiac arrest followed by cardiopulmonary resuscitation in rats caused histopathological 

injury in the jejunum within 6 hours, while a significant increase in tissue cytokine levels was 

detected only after 24 hours (156). These data show that the severity and onset of intestinal 

inflammation may largely depend on the I/R model employed, and histological analysis could 

reveal early morphological changes preceding significant cytokine elevation. In conclusion, 

these results suggest that the protective effect of rofecoxib was likely not due to inhibition of 

COX-2 at the intestinal level but was initiated at a remote site, most probably in the heart, which 

thereafter prevented the development of intense inflammation and higher upregulation of COX-

2 in the gut. 

 

 

Various circulating mediators have been implicated in the pathophysiological 

mechanisms underlying remote organ dysfunction following I/R. MMP-2 and MMP-9, which 

are responsible for the degradation of EMC, are primarily involved in breaking down collagen 



56 

type IV, a major component of the basement membrane (15, 16). They can be activated by 

oxidative stress and cytokine signaling during I/R, leading to increased vascular permeability, 

enhanced neutrophil infiltration, and the release of pro-inflammatory cytokines, which 

exacerbate tissue damage (157, 158). 

MMPs are crucial in cardiovascular diseases, contributing to conditions such as 

aneurysm formation, coronary artery disease, atherosclerosis, MI, and heart failure (159-161). 

MMP-2 and MMP-9 particularly facilitate ECM degradation, supporting both tissue repair and 

remodeling following cardiac injury (107, 130, 161). MMP-2 plays a vital role in 

cardiomyocyte contractility, proliferation, apoptosis, and transcriptional regulation in different 

organs (162, 163). MMP-9 is primarily synthesized by inflammatory cells such as macrophages 

and neutrophil granulocytes (130). MMP-9 influences early-stage arterial remodeling in the 

heart, increases arterial pressure, and contributes to cardiac failure (164). Examination of MMP-

2 and -9 may be useful in the investigation of remote I/R damage, as they are involved in the 

pathogenesis of remote pulmonary injury following limb I/R (132, 165). 

However, their role in remote intestinal injury remains underexplored. Our study 

provides the first evidence that MMP-2, but not MMP-9, contributes to early-stage remote 

intestinal damage following cardiac injury. A significant correlation was observed between the 

gelatinolytic activity of plasma MMP-2 and intestinal histopathological scores, while no such 

correlation was found for MMP-9. This suggests that only specific MMP isoforms are involved 

in the pathogenesis of intestinal injury after cardiac I/R, at least within the present experimental 

conditions. 

Rofecoxib prevented the elevation of plasma MMP-2 activity in response to cardiac I/R, 

and the decrease in plasma MMP-2 activity correlated with a reduction in intestinal histological 

scores.  The low plasma MMP-2 activity observed in rofecoxib-treated I/R animals likely results 

from the inhibition of MMP-2 release or synthesis rather than direct inhibition of MMP-2 

enzymatic activity since rofecoxib did not inhibit MMP-2 gelatinolytic activity in vitro. These 

findings are consistent with previous studies showing that COX-2 and PGE2 upregulate MMP-

2 expression in tumor cells and atherosclerotic plaques (166, 167). Moreover, pharmacological 

inhibition of COX-2 has been shown to reduce MMP-2 activity by suppressing its gene 

transcription (166, 167). Therefore, the protective effect of rofecoxib in mitigating remote 

intestinal injury following cardiac I/R may be due to its cardioprotective properties, potentially 

linked to reduced MMP-2 release from the heart.  

Given that circulating MMP-2 during myocardial I/R may significantly contribute to 

remote intestinal injury, MMP-2 inhibitors could serve as potential therapeutic targets. MMP 
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inhibitors, such as doxycycline and o-phenanthroline, can mitigate myocardial damage during 

I/R injury (129, 168-170). This aligns with our finding that cardiac-derived MMP-2, but not 

MMP-9 release, may contribute to small intestinal damage. 

Additionally, there are endogenous MMP inhibitors known as tissue inhibitors of 

metalloproteinases (TIMPs) (171). TIMPs regulate the pericellular proteolysis of ECM and cell 

surface proteins by inhibiting MMP activity and are an important component of ECM turnover 

regulation (172). Elevated levels of TIMPs are believed to result in ECM accumulation, leading 

to fibrosis, whereas the loss of TIMP responses results in enhanced matrix proteolysis (173). 

TIMP-2 and MMP-2 exhibit a dual regulatory interaction involving both activation and 

inhibition, with structural and functional nuances critical to ECM dynamics (174). TIMP-2 

facilitates the activation of pro-MMP-2 by forming a trimolecular complex with MMP-14 

(MT1-MMP) (174). While at higher concentrations, TIMP-2 binds to the catalytic site of active 

MMP-2, blocking its proteolytic activity (174). A broad-spectrum MMP inhibitor, such as 

ilomastat, was evaluated in cardiac I/R models, resulting in infarct size reduction (175, 176), 

but its application is limited due to off-target effects in clinical use. Certain synthetic MMP-2 

inhibitors, such as MMPI-1154, have been tested in acute MI, where they reduced the infarct 

area by 50% (175). 

 

 

To investigate whether compromised intestinal microcirculation plays a role in the 

pathogenesis of remote intestinal injury induced by cardiac I/R, we assessed jejunal perfusion 

using laser Doppler imaging. Our findings indicate that the impairment of local 

microcirculation is unlikely to be a primary driver of remote intestinal injury. Namely, cardiac 

I/R resulted in only a moderate (30%) and transient decline in jejunal perfusion in our 

experiment. Importantly, previous studies suggest that the small intestine can tolerate ischemic 

episodes lasting up to 2 hours without sustaining significant injury (177). This protection is 

maintained as long as blood flow remains above 50% of baseline levels (177). Under these 

conditions, oxygen consumption is preserved (177). 

 

 

In the first study, we identified that the administration of COX-2 inhibitor rofecoxib 

attenuated mucosal injury in the small intestine elicited by myocardial I/R insult. Due to these 
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observations, the subsequent phase of our research was designed to evaluate whether 

pharmacological inhibition of COX-2 confers a protective effect in the local mesenteric I/R-

induced tissue damage. Rofecoxib was selected due to its previously established efficacy in 

mitigating cardiac I/R-associated remote intestinal injury. Celecoxib was chosen due to its 

clinical availability and its high pKa-value (pKa: 11,1) (112). Non-acidic character promotes 

avoiding the direct topical, irritative effects of coxibs (112). 

According to the available literature, the role of COX-2 in mesenteric ischemia-

reperfusion remains inconclusive. Based on the majority of available, though limited, studies, 

both non-selective and selective COX-2 inhibitors appear to confer varying degrees of 

protection against I/R–induced inflammation and tissue injury in the small intestine (55, 56, 94, 

105, 106, 178-180). Although COX-2 knockout mice exhibited more severe tissue injury 

following mesenteric I/R (93). Moreover, variations in COX-2 inhibitors may contribute to the 

observed differences in outcomes. Selective COX-2 inhibitors like FK3311 and NS-398 were 

shown to reduce intestinal injury caused by I/R (55, 105, 180), although the protective effect of 

NS-398 was also found to vary depending on sex (107). On the other hand, celecoxib and 

firocoxib showed only limited protection in rats (56, 106), and the results with parecoxib have 

been mixed across different studies (94, 178). 

These discrepancies may arise from variations in research methodologies, such as 

differences in the experimental animal models employed or the I/R protocols utilized. 

Alternatively, they might be attributed to the distinct pharmacological characteristics of the 

COX-2 inhibitors. Consistent with this, our present data indicate that celecoxib, but not 

rofecoxib, alleviated I/R-induced intestinal inflammation, reinforcing the hypothesis that COX-

2 inhibitors can exhibit divergent efficacy in mitigating intestinal I/R injury. 

 

 

This study highlights the contrasting effects of two selective COX-2 inhibitors, 

celecoxib and rofecoxib, on small intestinal inflammation induced by mesenteric I/R in rats. 

Celecoxib, administered at a dose (10 mg/kg) sufficient to nearly completely and selectively 

inhibit COX-2 activity (116), demonstrated only a marginal effect in alleviating I/R-induced 

intestinal inflammation. In contrast, a higher dose of celecoxib (100 mg/kg) significantly 

reduced tissue inflammation in rats exposed to mesenteric I/R. Conversely, rofecoxib, which 

has a greater selectivity for COX-2 than celecoxib (181), was ineffective in alleviation of 
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inflammation. These findings imply that selective inhibition of COX-2 alone may not be able 

to alleviate I/R-induced small intestinal inflammation, and the variability in the protective 

effects of certain COX-2 inhibitors may be influenced by additional mechanisms. 

 

 

Celecoxib, administered at a dose of 10 mg/kg, showed only limited effectiveness in 

preventing the I/R-induced loss of intestinal tight junction proteins and had no significant 

impact on the extent of histological damage. These findings align partially with previous 

studies, which demonstrated that celecoxib at the same dosage provided only partial protection 

against intestinal injury in a comparable experimental protocol using female rats (56). However, 

while high-dose celecoxib prevented the mesenteric I/R-provoked loss of tight junction 

proteins, it still failed to mitigate mucosal injury. 

In addition, rofecoxib, which is more selective for COX-2 than celecoxib (181), was 

ineffective in mitigating histological injury, even at high doses. Additionally, rofecoxib did not 

prevent the mesenteric I/R-induced disruption of tight junction proteins. Taken together, these 

results imply that selective COX-2 inhibition alone does not suffice to protect the small intestine 

from I/R-induced histological damage. A possible explanation for this may involve the complex 

role of COX-derived PGs in the gut, which have both proinflammatory and mucoprotective 

functions (64, 66). Inhibition of COX-2 and its PG products can mitigate inflammation by 

reducing vasodilation, vascular permeability, and immune cell activation. However, the 

decreased PG levels resulting from COX-2 inhibition may also impair mucosal circulation, 

further delaying the healing of already compromised tissues (64, 66). 

 

 

Previous studies have revealed several non-COX molecular targets that can be 

influenced by COX inhibitors, potentially affecting both their therapeutic outcomes and adverse 

effects (182, 183). Notably, different COX inhibitors exhibit distinct abilities to modulate these 

signaling pathways. For example, celecoxib, unlike rofecoxib, has been found to upregulate the 

expression of HO-1, an enzyme that plays a cytoprotective and anti-inflammatory role, by 

reducing ROS production and activating Akt (117, 137, 138). In contrast, both celecoxib and 

rofecoxib have been shown to increase the expression of PPAR-γ (140, 184). Activation of HO-
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1, Akt, and PPAR-γ has been shown to confer protection against intestinal I/R injury (9, 139, 

142). Additionally, PPAR-γ has been implicated in modulating the protective effects of the 

selective COX-2 inhibitor NS-398 against I/R injury (105). Based on these findings, we 

hypothesized that the differential effects observed between celecoxib and rofecoxib may, at 

least in part, reflect the contribution of COX-independent molecular pathways. However, our 

analysis revealed no significant alterations in HO-1 or PPAR-γ gene expression, nor Akt 

phosphorylation, in the intestinal tissue of celecoxib-treated animals. Notably, while rofecoxib 

exhibited no impact on these molecular markers under sham conditions, it significantly 

attenuated the I/R-induced activation of Akt. The PI3K/Akt signaling cascade plays a pivotal 

role in regulating cell survival and inflammatory responses (185). Therefore, it is plausible that 

the limited anti-inflammatory efficacy of rofecoxib may stem from its inability to sustain Akt 

activation following I/R insult. Nevertheless, this interpretation requires further experimental 

validation. 

The dual role of PGs may explain the phenomenon that celecoxib had anti-inflammatory 

effects but did not protect against mesenteric I/R-induced mucosal damage. PGs have been 

shown to protect against I/R-induced intestinal damage by reducing epithelial apoptosis (93, 

96), whereas a reduction in COX-2 expression in mice lacking Toll-like receptor 4 (TLR4), 

MyD88, or lysophosphatidic acid type 2 receptor (LPA2R) was associated with diminished 

inflammation but enhanced mucosal damage in various gut injury models (93, 186, 187). The 

potential involvement of increased apoptosis in limiting celecoxib's protective effect is further 

supported by the significantly elevated Bax to Bcl-2 ratio in celecoxib-treated I/R-exposed rats. 

Notably, rofecoxib had no effect on this ratio, consistent with previous studies reporting that 

celecoxib induces a more pronounced apoptotic response than rofecoxib (143, 188). This also 

suggests that the pro-apoptotic impact of celecoxib in this model is independent of COX-2 

inhibition. 

 

 

In rats exposed to mesenteric I/R, the 100 mg/kg dose of celecoxib significantly reduced 

inflammation and prevented the loss of tight junction proteins, in contrast to all doses of 

rofecoxib. Previous studies examining whole blood TXA2 synthesis or PGE2 levels in the dorsal 

skin or small intestine as indicators of COX-1 activity suggested that 100 mg/kg dose of 

celecoxib retains selectivity for COX-2 (116, 189, 190). However, our observations indicate 
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that high-dose celecoxib may have partially inhibited intestinal COX-1 activity. Specifically, 

total COX activity in the small intestine of celecoxib-treated sham-operated rats was lower 

compared to vehicle-treated rats and more similar to the activity observed in samples treated 

with the COX-1 inhibitor SC-560. The histological analysis revealed mild morphological 

alterations in the mucosa of sham-operated rats treated with high-dose celecoxib (Figures 15A 

and 15B), suggesting a partial inhibitory effect on COX-1. This observation is consistent with 

the understanding that mucosal injury typically requires concurrent inhibition of both COX-1 

and COX-2 (191, 192). Thus, the enhanced efficacy of high-dose celecoxib in our model may 

be explained by COX-1 inhibition. Evidence suggests that COX-1-preferential drugs, such as 

flunixin and flurbiprofen, can also reduce I/R-induced intestinal inflammation (56, 179), 

supporting the conception that COX-1-derived prostanoids contribute to inflammatory 

processes (64). Additionally, drugs with lower selectivity for COX-2, such as piroxicam and 

meloxicam, were found to be more effective than parecoxib in reducing intestinal I/R damage 

(178). These findings suggest that inhibiting both COX isoforms may be crucial for effectively 

alleviating severe inflammation induced by intestinal I/R. 
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Some limitations should be considered in the study of remote intestinal injury following 

cardiac I/R. Rofecoxib was chosen due to its physicochemical properties, specifically, its 

relatively high pKa value (8.6), in contrast to more acidic COX-2 inhibitors, such as etoricoxib 

(pKa: 4.6) and parecoxib (pKa: 4.9) (112, 193). This characteristic of rofecoxib may reduce the 

risk of direct, topical GI mucosal damage often associated with acidic NSAIDs. However, it 

has been withdrawn from the market, as the results have less translational value. 

Furthermore, the association between MMP-2 and remote intestinal damage is based on 

correlation analysis, and further studies are required to determine whether MMP-2 activity 

plays a direct role in intestinal injury. Moreover, since heart samples from infarcted animals 

were used for other studies, we do not have data on cardiac COX-2 and MMP-2 expression. 

Both studies were conducted on male Wistar rats, despite known sex-based differences 

in I/R injury outcomes (194-196). While COX-2 inhibition has shown protective effects in both 

sexes (56, 98), the results cannot be directly extrapolated to females, and further research is 

necessary to evaluate sex-specific responses. Lastly, the I/R models utilized - 30 minutes of 

ischemia followed by 120 minutes of reperfusion - are commonly used in experimental 

protocols but may not completely replicate clinical cardiac or mesenteric I/R conditions. 
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7.1. In the initial experiment, the findings are summarized as follows: 

7.1.1. Early histopathological alterations were observed in the rat small intestine as early as 

two hours after cardiac I/R injury. 

7.1.2. Remote intestinal damage was accompanied by mild mucosal inflammation, which was 

mitigated by rofecoxib administration. Furthermore, rofecoxib treatment enhanced the 

activity of SOD in rats subjected to I/R injury. These findings suggest that prolonged 

rofecoxib administration effectively ameliorates remote intestinal injury resulting from 

cardiac I/R. 

7.1.3. The observed intestinal changes were correlated with an increase in circulating MMP-

2 activity, but not MMP-9, indicating that plasma MMP-2 activity may serve as a potential 

biomarker for the early detection and assessment of intestinal damage induced by cardiac I/R. 

7.1.4. The transient and moderate (15-30%) reduction in small bowel circulation is unlikely 

to have contributed significantly to the observed intestinal injury. 

 

 

Figure 20. Rofecoxib attenuates cardiac I/R-induced remote intestinal injury by reducing MMP-

2 activity.  

Rofecoxib mitigates cardiac ischemia/reperfusion (I/R)-induced remote intestinal injury, likely by 

reducing matrix-metalloprotease-2 (MMP-2) activity at the cardiac level, potentially through 

decreased synthesis and/or release of MMP-2 as a result of a smaller myocardial infarct size. This 

figure contains artworks produced by Servier Medical Art (http://smart.servier.com). 

 

7.2. Since rofecoxib was shown to protect against I/R damage to the small intestine in the 

previous model, it was used in the local intestinal I/R experiment. Celecoxib, a clinically 

approved selective COX-2 inhibitor, was included in the second model. This second 
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investigation evaluated the effects of two selective COX-2 inhibitors on mesenteric I/R-induced 

injury, with the following key findings: 

7.2.1. Celecoxib was more effective compared to rofecoxib in mitigating I/R-induced small 

intestinal inflammation in rats. 

7.2.2. Although celecoxib effectively inhibited intestinal inflammation, even at high doses, it 

failed to prevent the histomorphological alterations observed in the I/R-affected mucosa. 

7.2.3. The pro-apoptotic properties of celecoxib may contribute to its inability to protect against 

tissue damage, despite its anti-inflammatory effects. Additionally, rofecoxib reduced Akt 

phosphorylation during I/R, which may account for its limited anti-inflammatory efficacy. 

7.2.4. Celecoxib exhibited anti-inflammatory effects only at the higher dose, at which it lost 

selectivity for COX-2, suggesting that COX-2 alone is not responsible for I/R-induced intestinal 

damage. It indicates that COX-1 may also contribute to the pathological process. 

 

 

Figure 21. High-dose celecoxib, but not rofecoxib, alleviated mesenteric I/R-induced intestinal 

inflammation. 

120 minutes of reperfusion following 30 minutes of upper mesenteric artery (SMA) occlusion 

induced jejunal inflammation and histopathological injury. Treatment with the selective 

cyclooxigenase-2 (COX-2) inhibitors celecoxib and rofecoxib did not mitigate the histopathological 

injury. However, administration of high-dose celecoxib attenuated small intestinal inflammation, 

via inhibition of COX-1 activity, potentially due to the reduction of proinflammatory and pro-

apoptotic effects mediated by prostaglandins (PGs). Figure 21 contains artworks produced by 

Servier Medical Art (http://smart.servier.com).  
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Myocardial I/R can induce remote organ injury, including that of the small intestine, which 

may contribute to its overall morbidity and mortality. Therefore, we investigated whether 

cardiac I/R elicits early remote alterations in the intestinal tissue and whether prolonged 

administration of rofecoxib - a selective COX-2 inhibitor - can attenuate these effects. Notably, 

histopathological examination revealed mild mucosal inflammation in the small intestine as 

early as two hours following cardiac I/R, which was independent of cardiac I/R-induced altered 

mesenteric perfusion. The intestinal involvement and the protective effect of rofecoxib were 

correlated with elevated plasma activity of MMP-2 but not MMP-9. Rofecoxib appears to exert 

protective effects on remote intestinal tissues, potentially through cardioprotection via infarct 

size reduction. These findings suggest that plasma MMP-2 may serve as an early biomarker for 

cardiac I/R-induced intestinal injury. 

As rofecoxib was shown to be protective in remote I/R-induced small intestinal injury in 

the previous model, it was chosen as a test compound in the study of mesenteric I/R, which still 

has a high mortality rate in clinical practice. We also applied celecoxib as a clinically used 

selective COX-2 inhibitor in the local intestinal I/R injury model. 

Celecoxib was more effective compared to rofecoxib in alleviating I/R-induced small 

intestinal inflammation in rats. Celecoxib demonstrated anti-inflammatory effects only at 

higher doses, at which it lost its selectivity for COX-2. This suggests that COX-2 inhibition 

alone may not be sufficient to prevent I/R-induced intestinal damage, and that COX-1 may also 

play a role in the pathological process. However, neither celecoxib, even at high doses, nor 

rofecoxib was able to prevent the histological damage induced by mesenteric I/R. The pro-

apoptotic properties of celecoxib may explain its lack of protective effect against tissue injury, 

despite its anti-inflammatory actions. Moreover, rofecoxib was found to reduce Akt 

phosphorylation during I/R, which may account for its limited anti-inflammatory efficacy. 

  



66 

 

1. Soares ROS, Losada DM, Jordani MC, Evora P, Castro ESO. Ischemia/Reperfusion 

Injury Revisited: An Overview of the Latest Pharmacological Strategies. Int J Mol Sci. 

2019;20(20). 

2. Kalogeris T, Baines CP, Krenz M, Korthuis RJ. Ischemia/Reperfusion. Compr Physiol. 

2016;7(1):113-70. 

3. Jassem W, Fuggle SV, Rela M, Koo DD, Heaton ND. The role of mitochondria in 

ischemia/reperfusion injury. Transplantation. 2002;73(4):493-9. 

4. Kalogeris T, Baines CP, Krenz M, Korthuis RJ. Cell biology of ischemia/reperfusion 

injury. Int Rev Cell Mol Biol. 2012;298:229-317. 

5. Kalogeris T, Bao Y, Korthuis RJ. Mitochondrial reactive oxygen species: a double 

edged sword in ischemia/reperfusion vs preconditioning. Redox Biol. 2014;2:702-14. 

6. Katori M, Busuttil RW, Kupiec-Weglinski JW. Heme oxygenase-1 system in organ 

transplantation. Transplantation. 2002;74(7):905-12. 

7. Shull S, Heintz NH, Periasamy M, Manohar M, Janssen YM, Marsh JP, et al. 

Differential regulation of antioxidant enzymes in response to oxidants. J Biol Chem. 

1991;266(36):24398-403. 

8. Willis D, Moore AR, Frederick R, Willoughby DA. Heme oxygenase: a novel target for 

the modulation of the inflammatory response. Nat Med. 1996;2(1):87-90. 

9. Attuwaybi BO, Kozar RA, Moore-Olufemi SD, Sato N, Hassoun HT, Weisbrodt NW, 

et al. Heme oxygenase-1 induction by hemin protects against gut ischemia/reperfusion injury. 

J Surg Res. 2004;118(1):53-7. 

10. Kurtel H, Fujimoto K, Zimmerman BJ, Granger DN, Tso P. Ischemia-reperfusion-

induced mucosal dysfunction: role of neutrophils. Am J Physiol. 1991;261(3 Pt 1):G490-6. 

11. Yamamoto K, Arakawa T, Ueda N, Yamamoto S. Transcriptional roles of nuclear factor 

kappa B and nuclear factor-interleukin-6 in the tumor necrosis factor alpha-dependent induction 

of cyclooxygenase-2 in MC3T3-E1 cells. J Biol Chem. 1995;270(52):31315-20. 

12. Carden DL, Granger DN. Pathophysiology of ischaemia-reperfusion injury. J Pathol. 

2000;190(3):255-66. 

13. Hansen PR. Role of neutrophils in myocardial ischemia and reperfusion. Circulation. 

1995;91(6):1872-85. 

14. Yong VW, Power C, Forsyth P, Edwards DR. Metalloproteinases in biology and 

pathology of the nervous system. Nat Rev Neurosci. 2001;2(7):502-11. 



67 

15. Cabral-Pacheco GA, Garza-Veloz I, Castruita-De la Rosa C, Ramirez-Acuna JM, Perez-

Romero BA, Guerrero-Rodriguez JF, et al. The Roles of Matrix Metalloproteinases and Their 

Inhibitors in Human Diseases. Int J Mol Sci. 2020;21(24). 

16. Loffek S, Schilling O, Franzke CW. Series "matrix metalloproteinases in lung health 

and disease": Biological role of matrix metalloproteinases: a critical balance. Eur Respir J. 

2011;38(1):191-208. 

17. Sternlicht MD, Werb Z. How matrix metalloproteinases regulate cell behavior. Annu 

Rev Cell Dev Biol. 2001;17:463-516. 

18. Ikeda M, Zhang ZW, Srianujata S, Hussamin N, Banjong O, Chitchumroonchokchai C, 

et al. Prevalence of hepatitis B and C virus infection among working women in Bangkok. 

Southeast Asian J Trop Med Public Health. 1998;29(3):469-74. 

19. Daemen MA, van 't Veer C, Denecker G, Heemskerk VH, Wolfs TG, Clauss M, et al. 

Inhibition of apoptosis induced by ischemia-reperfusion prevents inflammation. J Clin Invest. 

1999;104(5):541-9. 

20. Bulkley GB. Free radical-mediated reperfusion injury: a selective review. Br J Cancer 

Suppl. 1987;8:66-73. 

21. Iida T, Takagi T, Katada K, Mizushima K, Fukuda W, Kamada K, et al. Rapamycin 

Improves Mortality Following Intestinal Ischemia-Reperfusion via the Inhibition of Remote 

Lung Inflammation in Mice. Digestion. 2015;92(4):211-9. 

22. Duranti S, Vivo V, Zini I, Milani C, Mangifesta M, Anzalone R, et al. Bifidobacterium 

bifidum PRL2010 alleviates intestinal ischemia/reperfusion injury. PLoS One. 

2018;13(8):e0202670. 

23. Mallick IH, Yang W, Winslet MC, Seifalian AM. Ischemia-reperfusion injury of the 

intestine and protective strategies against injury. Dig Dis Sci. 2004;49(9):1359-77. 

24. Kong SE, Blennerhassett LR, Heel KA, McCauley RD, Hall JC. Ischaemia-reperfusion 

injury to the intestine. Aust N Z J Surg. 1998;68(8):554-61. 

25. Kim DJ, Park SH, Sheen MR, Jeon US, Kim SW, Koh ES, et al. Comparison of 

experimental lung injury from acute renal failure with injury due to sepsis. Respiration. 

2006;73(6):815-24. 

26. Teoh NC, Farrell GC. Hepatic ischemia reperfusion injury: pathogenic mechanisms and 

basis for hepatoprotection. J Gastroenterol Hepatol. 2003;18(8):891-902. 

27. Granger DN. Role of xanthine oxidase and granulocytes in ischemia-reperfusion injury. 

Am J Physiol. 1988;255(6 Pt 2):H1269-75. 



68 

28. Zheng L, Kelly CJ, Colgan SP. Physiologic hypoxia and oxygen homeostasis in the 

healthy intestine. A Review in the Theme: Cellular Responses to Hypoxia. Am J Physiol Cell 

Physiol. 2015;309(6):C350-60. 

29. Takeyoshi I, Zhang S, Nakamura K, Ikoma A, Zhu Y, Starzl TE, et al. Effect of ischemia 

on the canine large bowel: a comparison with the small intestine. J Surg Res. 1996;62(1):41-8. 

30. Sileri P, Morini S, Schena S, Rastellini C, Abcarian H, Benedetti E, et al. Intestinal 

ischemia/reperfusion injury produces chronic abnormalities of absorptive function. Transplant 

Proc. 2002;34(3):984. 

31. Marshall JC. The gut as a potential trigger of exercise-induced inflammatory responses. 

Can J Physiol Pharmacol. 1998;76(5):479-84. 

32. Ceppa EP, Fuh KC, Bulkley GB. Mesenteric hemodynamic response to circulatory 

shock. Curr Opin Crit Care. 2003;9(2):127-32. 

33. Turoczi Z, Fulop A, Czigany Z, Varga G, Rosero O, Tokes T, et al. Improvement of 

small intestinal microcirculation by postconditioning after lower limb ischemia. Microvasc Res. 

2015;98:119-25. 

34. Yassin MM, Barros D'Sa AA, Parks TG, Soong CV, Halliday MI, McCaigue MD, et al. 

Lower limb ischaemia-reperfusion injury causes endotoxaemia and endogenous antiendotoxin 

antibody consumption but not bacterial translocation. Br J Surg. 1998;85(6):785-9. 

35. Corson RJ, Paterson IS, O'Dwyer ST, Rowland P, Kirkman E, Little RA, et al. Lower 

limb ischaemia and reperfusion alters gut permeability. Eur J Vasc Surg. 1992;6(2):158-63. 

36. Park SW, Chen SW, Kim M, Brown KM, Kolls JK, D'Agati VD, et al. Cytokines induce 

small intestine and liver injury after renal ischemia or nephrectomy. Lab Invest. 2011;91(1):63-

84. 

37. Filos KS, Kirkilesis I, Spiliopoulou I, Scopa CD, Nikolopoulou V, Kouraklis G, et al. 

Bacterial translocation, endotoxaemia and apoptosis following Pringle manoeuvre in rats. 

Injury. 2004;35(1):35-43. 

38. He J, Liu D, Zhao L, Zhou D, Rong J, Zhang L, et al. Myocardial ischemia/reperfusion 

injury: Mechanisms of injury and implications for management (Review). Exp Ther Med. 

2022;23(6):430. 

39. Bolcal C, Iyem H, Sargin M, Mataraci I, Sahin MA, Temizkan V, et al. Gastrointestinal 

complications after cardiopulmonary bypass: sixteen years of experience. Can J Gastroenterol. 

2005;19(10):613-7. 



69 

40. Mangi AA, Christison-Lagay ER, Torchiana DF, Warshaw AL, Berger DL. 

Gastrointestinal complications in patients undergoing heart operation: an analysis of 8709 

consecutive cardiac surgical patients. Ann Surg. 2005;241(6):895-901; discussion -4. 

41. Edwards M, Sidebotham D, Smith M, Leemput JV, Anderson B. Diagnosis and outcome 

from suspected mesenteric ischaemia following cardiac surgery. Anaesth Intensive Care. 

2005;33(2):210-7. 

42. Tamme K, Reintam Blaser A, Laisaar KT, Mandul M, Kals J, Forbes A, et al. Incidence 

and outcomes of acute mesenteric ischaemia: a systematic review and meta-analysis. BMJ 

Open. 2022;12(10):e062846. 

43. Bala M, Catena F, Kashuk J, De Simone B, Gomes CA, Weber D, et al. Acute 

mesenteric ischemia: updated guidelines of the World Society of Emergency Surgery. World J 

Emerg Surg. 2022;17(1):54. 

44. Arseneault-Breard J, Rondeau I, Gilbert K, Girard SA, Tompkins TA, Godbout R, et al. 

Combination of Lactobacillus helveticus R0052 and Bifidobacterium longum R0175 reduces 

post-myocardial infarction depression symptoms and restores intestinal permeability in a rat 

model. Br J Nutr. 2012;107(12):1793-9. 

45. Zhou X, Li J, Guo J, Geng B, Ji W, Zhao Q, et al. Gut-dependent microbial translocation 

induces inflammation and cardiovascular events after ST-elevation myocardial infarction. 

Microbiome. 2018;6(1):66. 

46. Karkkainen JM, Acosta S. Acute mesenteric ischemia (part I) - Incidence, etiologies, 

and how to improve early diagnosis. Best Pract Res Clin Gastroenterol. 2017;31(1):15-25. 

47. Sasaki M, Joh T. Oxidative stress and ischemia-reperfusion injury in gastrointestinal 

tract and antioxidant, protective agents. J Clin Biochem Nutr. 2007;40(1):1-12. 

48. Yanar H, Taviloglu K, Ertekin C, Ozcinar B, Yanar F, Guloglu R, et al. Planned second-

look laparoscopy in the management of acute mesenteric ischemia. World J Gastroenterol. 

2007;13(24):3350-3. 

49. Bukhari HA, Kumar A. Early Surgical Intervention Improves Survival in Acute 

Intestinal Ischemia in the Intensive Care Unit. Biomed Res Int. 2021;2021:6672591. 

50. Gries JJ, Sakamoto T, Chen B, Virk HUH, Alam M, Krittanawong C. Revascularization 

Strategies for Acute and Chronic Mesenteric Ischemia: A Narrative Review. J Clin Med. 

2024;13(5). 

51. Vane JR, Bakhle YS, Botting RM. Cyclooxygenases 1 and 2. Annu Rev Pharmacol 

Toxicol. 1998;38:97-120. 



70 

52. Kam PC, See AU. Cyclo-oxygenase isoenzymes: physiological and pharmacological 

role. Anaesthesia. 2000;55(5):442-9. 

53. Shinmura K, Tang XL, Wang Y, Xuan YT, Liu SQ, Takano H, et al. Cyclooxygenase-

2 mediates the cardioprotective effects of the late phase of ischemic preconditioning in 

conscious rabbits. Proc Natl Acad Sci U S A. 2000;97(18):10197-202. 

54. Brzozowski T, Konturek PC, Konturek SJ, Sliwowski Z, Drozdowicz D, Stachura J, et 

al. Role of prostaglandins generated by cyclooxygenase-1 and cyclooxygenase-2 in healing of 

ischemia–reperfusion-induced gastric lesions. European Journal of Pharmacology. 

1999;385(1):47-61. 

55. Moses T, Wagner L, Fleming SD. TLR4-mediated Cox-2 expression increases intestinal 

ischemia/reperfusion-induced damage. J Leukoc Biol. 2009;86(4):971-80. 

56. Arumugam TV, Arnold N, Proctor LM, Newman M, Reid RC, Hansford KA, et al. 

Comparative protection against rat intestinal reperfusion injury by a new inhibitor of sPLA2, 

COX-1 and COX-2 selective inhibitors, and an LTC4 receptor antagonist. Br J Pharmacol. 

2003;140(1):71-80. 

57. Eskildsen MP, Hansen PB, Stubbe J, Toft A, Walter S, Marcussen N, et al. Prostaglandin 

I2 and prostaglandin E2 modulate human intrarenal artery contractility through prostaglandin 

E2-EP4, prostacyclin-IP, and thromboxane A2-TP receptors. Hypertension. 2014;64(3):551-6. 

58. Imanishi M, Abe Y, Okahara T, Yukimura T, Yamamoto K. Effects of prostaglandin I2 

and E2 on renal hemodynamics and function and renin release. Jpn Circ J. 1980;44(11):875-82. 

59. Kirkby NS, Sampaio W, Etelvino G, Alves DT, Anders KL, Temponi R, et al. 

Cyclooxygenase-2 Selectively Controls Renal Blood Flow Through a Novel PPARbeta/delta-

Dependent Vasodilator Pathway. Hypertension. 2018;71(2):297-305. 

60. Zhang MZ, Wang S, Wang Y, Zhang Y, Ming Hao C, Harris RC. Renal Medullary 

Interstitial COX-2 (Cyclooxygenase-2) Is Essential in Preventing Salt-Sensitive Hypertension 

and Maintaining Renal Inner Medulla/Papilla Structural Integrity. Hypertension. 

2018;72(5):1172-9. 

61. Cheng Y, Austin SC, Rocca B, Koller BH, Coffman TM, Grosser T, et al. Role of 

prostacyclin in the cardiovascular response to thromboxane A2. Science. 2002;296(5567):539-

41. 

62. Fitzgerald GA. Coxibs and cardiovascular disease. N Engl J Med. 2004;351(17):1709-

11. 

63. Vane JR. Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like 

drugs. Nat New Biol. 1971;231(25):232-5. 



71 

64. Ricciotti E, FitzGerald GA. Prostaglandins and inflammation. Arterioscler Thromb 

Vasc Biol. 2011;31(5):986-1000. 

65. Wongrakpanich S, Wongrakpanich A, Melhado K, Rangaswami J. A Comprehensive 

Review of Non-Steroidal Anti-Inflammatory Drug Use in The Elderly. Aging Dis. 

2018;9(1):143-50. 

66. Wallace JL. Prostaglandins, NSAIDs, and gastric mucosal protection: why doesn't the 

stomach digest itself? Physiol Rev. 2008;88(4):1547-65. 

67. Sostres C, Gargallo CJ, Arroyo MT, Lanas A. Adverse effects of non-steroidal anti-

inflammatory drugs (NSAIDs, aspirin and coxibs) on upper gastrointestinal tract. Best Pract 

Res Clin Gastroenterol. 2010;24(2):121-32. 

68. Bombardier C, Laine L, Reicin A, Shapiro D, Burgos-Vargas R, Davis B, et al. 

Comparison of upper gastrointestinal toxicity of rofecoxib and naproxen in patients with 

rheumatoid arthritis. VIGOR Study Group. N Engl J Med. 2000;343(21):1520-8, 2 p following 

8. 

69. Silverstein FE, Faich G, Goldstein JL, Simon LS, Pincus T, Whelton A, et al. 

Gastrointestinal toxicity with celecoxib vs nonsteroidal anti-inflammatory drugs for 

osteoarthritis and rheumatoid arthritis: the CLASS study: A randomized controlled trial. 

Celecoxib Long-term Arthritis Safety Study. JAMA. 2000;284(10):1247-55. 

70. Hippisley-Cox J, Coupland C, Logan R. Risk of adverse gastrointestinal outcomes in 

patients taking cyclo-oxygenase-2 inhibitors or conventional non-steroidal anti-inflammatory 

drugs: population based nested case-control analysis. BMJ. 2005;331(7528):1310-6. 

71. Abraham NS, El-Serag HB, Hartman C, Richardson P, Deswal A. Cyclooxygenase-2 

selectivity of non-steroidal anti-inflammatory drugs and the risk of myocardial infarction and 

cerebrovascular accident. Aliment Pharmacol Ther. 2007;25(8):913-24. 

72. Bresalier RS, Sandler RS, Quan H, Bolognese JA, Oxenius B, Horgan K, et al. 

Cardiovascular events associated with rofecoxib in a colorectal adenoma chemoprevention trial. 

N Engl J Med. 2005;352(11):1092-102. 

73. Atukorala I, Hunter DJ. Valdecoxib : the rise and fall of a COX-2 inhibitor. Expert Opin 

Pharmacother. 2013;14(8):1077-86. 

74. Gunter BR, Butler KA, Wallace RL, Smith SM, Harirforoosh S. Non-steroidal anti-

inflammatory drug-induced cardiovascular adverse events: a meta-analysis. J Clin Pharm Ther. 

2017;42(1):27-38. 

75. Schug SA, Parsons B, Li C, Xia F. The safety profile of parecoxib for the treatment of 

postoperative pain: a pooled analysis of 28 randomized, double-blind, placebo-controlled 



72 

clinical trials and a review of over 10 years of postauthorization data. J Pain Res. 2017;10:2451-

9. 

76. Dalpiaz AS, Peterson D. Parecoxib: a shift in pain management? Expert Rev Neurother. 

2004;4(2):165-77. 

77. Brooks P, Kubler P. Etoricoxib for arthritis and pain management. Ther Clin Risk 

Manag. 2006;2(1):45-57. 

78. McCormack PL. Celecoxib: a review of its use for symptomatic relief in the treatment 

of osteoarthritis, rheumatoid arthritis and ankylosing spondylitis. Drugs. 2011;71(18):2457-89. 

79. Shin S. Safety of celecoxib versus traditional nonsteroidal anti-inflammatory drugs in 

older patients with arthritis. J Pain Res. 2018;11:3211-9. 

80. Fischer SM, Hawk ET, Lubet RA. Coxibs and other nonsteroidal anti-inflammatory 

drugs in animal models of cancer chemoprevention. Cancer Prev Res (Phila). 2011;4(11):1728-

35. 

81. McGettigan P, Henry D. Current problems with non-specific COX inhibitors. Curr 

Pharm Des. 2000;6(17):1693-724. 

82. Wong SC, Fukuchi M, Melnyk P, Rodger I, Giaid A. Induction of cyclooxygenase-2 

and activation of nuclear factor-kappaB in myocardium of patients with congestive heart 

failure. Circulation. 1998;98(2):100-3. 

83. Saito T, Rodger IW, Shennib H, Hu F, Tayara L, Giaid A. Cyclooxygenase-2 (COX-2) 

in acute myocardial infarction: cellular expression and use of selective COX-2 inhibitor. Can J 

Physiol Pharmacol. 2003;81(2):114-9. 

84. Matsuyama M, Nakatani T, Hase T, Kawahito Y, Sano H, Kawamura M, et al. The 

expression of cyclooxygenases and lipoxygenases in renal ischemia-reperfusion injury. 

Transplant Proc. 2004;36(7):1939-42. 

85. Suleyman B, Albayrak A, Kurt N, Demirci E, Gundogdu C, Aksoy M. The effect of 

etoricoxib on kidney ischemia-reperfusion injury in rats: a biochemical and 

immunohistochemical assessment. Int Immunopharmacol. 2014;23(1):179-85. 

86. Ozturk H, Gezici A, Ozturk H. The effect of celecoxib, a selective COX-2 inhibitor, on 

liver ischemia/reperfusion-induced oxidative stress in rats. Hepatol Res. 2006;34(2):76-83. 

87. Blikslager AT, Zimmel DN, Young KM, Campbell NB, Little D, Argenzio RA. 

Recovery of ischaemic injured porcine ileum: evidence for a contributory role of COX-1 and 

COX-2. Gut. 2002;50(5):615-23. 

88. Malek HA, Saleh DM. Cyclooxygenase-2 inhibitor celecoxib in a rat model of hindlimb 

ischemia reperfusion. Can J Physiol Pharmacol. 2009;87(5):353-9. 



73 

89. Farag MM, Khalifa AA, Elhadidy WF, Rashad RM. Hepatorenal protection in renal 

ischemia/reperfusion by celecoxib and pentoxifylline. J Surg Res. 2016;204(1):183-91. 

90. Wang L, Shan Y, Ye Y, Jin L, Zhuo Q, Xiong X, et al. COX-2 inhibition attenuates lung 

injury induced by skeletal muscle ischemia reperfusion in rats. Int Immunopharmacol. 

2016;31:116-22. 

91. Camitta MG, Gabel SA, Chulada P, Bradbury JA, Langenbach R, Zeldin DC, et al. 

Cyclooxygenase-1 and -2 knockout mice demonstrate increased cardiac ischemia/reperfusion 

injury but are protected by acute preconditioning. Circulation. 2001;104(20):2453-8. 

92. Carnieto A, Jr., Dourado PM, Luz PL, Chagas AC. Selective cyclooxygenase-2 

inhibition protects against myocardial damage in experimental acute ischemia. Clinics (Sao 

Paulo). 2009;64(3):245-52. 

93. Watanabe T, Kobata A, Tanigawa T, Nadatani Y, Yamagami H, Watanabe K, et al. 

Activation of the MyD88 signaling pathway inhibits ischemia-reperfusion injury in the small 

intestine. American Journal of Physiology-Gastrointestinal and Liver Physiology. 

2012;303(3):G324-G34. 

94. Li M, Zheng Z. Protective effect of parecoxib sodium against ischemia 

reperfusion‑induced intestinal injury. Mol Med Rep. 2021;24(5):776. 

95. Maricic N, Ehrlich K, Gretzer B, Schuligoi R, Respondek M, Peskar BM. Selective 

cyclo-oxygenase-2 inhibitors aggravate ischaemia-reperfusion injury in the rat stomach. Br J 

Pharmacol. 1999;128(8):1659-66. 

96. Topcu I, Vatansever S, Var A, Cavus Z, Cilaker S, Sakarya M. The effect of 

Misoprostol, a prostaglandin E1 analog, on apoptosis in ischemia-reperfusion-induced 

intestinal injury. Acta Histochem. 2007;109(4):322-9. 

97. Saito T, Rodger IW, Hu F, Shennib H, Giaid A. Inhibition of cyclooxygenase-2 

improves cardiac function in myocardial infarction. Biochem Biophys Res Commun. 

2000;273(2):772-5. 

98. Lada-Moldovan L, Kaloustian S, Bah TM, Girard SA, Dery MA, Rousseau G. Chronic 

pretreatment with celecoxib reduces infarct size. J Cardiovasc Pharmacol. 2009;54(1):31-7. 

99. Salloum FN, Chau VQ, Hoke NN, Abbate A, Varma A, Ockaili RA, et al. 

Phosphodiesterase-5 inhibitor, tadalafil, protects against myocardial ischemia/reperfusion 

through protein-kinase g-dependent generation of hydrogen sulfide. Circulation. 2009;120(11 

Suppl):S31-6. 



74 

100. Zhao M, He X, Zhao M, Bi XY, Zhang HL, Yu XJ, et al. Low-dose celecoxib improves 

coronary function after acute myocardial ischaemia in rabbits. Clin Exp Pharmacol Physiol. 

2012;39(3):233-40. 

101. Motino O, Frances DE, Casanova N, Fuertes-Agudo M, Cucarella C, Flores JM, et al. 

Protective Role of Hepatocyte Cyclooxygenase-2 Expression Against Liver Ischemia-

Reperfusion Injury in Mice. Hepatology. 2019;70(2):650-65. 

102. Fuertes-Agudo M, Luque-Tevar M, Cucarella C, Brea R, Bosca L, Quintana-Cabrera R, 

et al. COX-2 Expression in Hepatocytes Improves Mitochondrial Function after Hepatic 

Ischemia-Reperfusion Injury. Antioxidants (Basel). 2022;11(9). 

103. Feitoza CQ, Camara NO, Pinheiro HS, Goncalves GM, Cenedeze MA, Pacheco-Silva 

A, et al. Cyclooxygenase 1 and/or 2 blockade ameliorates the renal tissue damage triggered by 

ischemia and reperfusion injury. Int Immunopharmacol. 2005;5(1):79-84. 

104. Patel NS, Cuzzocrea S, Collino M, Chaterjee PK, Mazzon E, Britti D, et al. The role of 

cycloxygenase-2 in the rodent kidney following ischaemia/reperfusion injury in vivo. Eur J 

Pharmacol. 2007;562(1-2):148-54. 

105. Sato N, Kozar RA, Zou L, Weatherall JM, Attuwaybi B, Moore-Olufemi SD, et al. 

Peroxisome proliferator-activated receptor gamma mediates protection against 

cyclooxygenase-2-induced gut dysfunction in a rodent model of mesenteric 

ischemia/reperfusion. Shock. 2005;24(5):462-9. 

106. Gugliandolo E, Cordaro M, Siracusa R, D'Amico R, Peritore AF, Genovese T, et al. 

Novel Combination of COX-2 Inhibitor and Antioxidant Therapy for Modulating Oxidative 

Stress Associated with Intestinal Ischemic Reperfusion Injury and Endotoxemia. Antioxidants 

(Basel). 2020;9(10):930. 

107. Wu M, Rowe JM, Fleming SD. Eicosanoid production varies by sex in mesenteric 

ischemia reperfusion injury. Clin Immunol. 2020;220:108596. 

108. Hiratsuka T, Futagami S, Tatsuguchi A, Suzuki K, Shinji Y, Kusunoki M, et al. COX-

1 and COX-2 conversely promote and suppress ischemia-reperfusion gastric injury in mice. 

Scand J Gastroenterol. 2005;40(8):903-13. 

109. Kotani T, Kobata A, Nakamura E, Amagase K, Takeuchi K. Roles of cyclooxygenase-

2 and prostacyclin/IP receptors in mucosal defense against ischemia/reperfusion injury in 

mouse stomach. J Pharmacol Exp Ther. 2006;316(2):547-55. 

110. Laudanno OM, Cesolari JA, Esnarriaga J, Rista L, Piombo G, Maglione C, et al. 

Gastrointestinal damage induced by celecoxib and rofecoxib in rats. Dig Dis Sci. 

2001;46(4):779-84. 



75 

111. Brenner GB, Makkos A, Nagy CT, Onodi Z, Sayour NV, Gergely TG, et al. Hidden 

Cardiotoxicity of Rofecoxib Can be Revealed in Experimental Models of 

Ischemia/Reperfusion. Cells. 2020;9(3). 

112. Lázár B, Brenner GB, Makkos A, Balogh M, László SB, Al-Khrasani M, et al. Lack of 

Small Intestinal Dysbiosis Following Long-Term Selective Inhibition of Cyclooxygenase-2 by 

Rofecoxib in the Rat. Cells. 2019;8(3):251. 

113. Davies NM, Teng XW, Skjodt NM. Pharmacokinetics of rofecoxib: a specific cyclo-

oxygenase-2 inhibitor. Clin Pharmacokinet. 2003;42(6):545-56. 

114. Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to human studies 

revisited. FASEB J. 2008;22(3):659-61. 

115. Rhodes GJ. Surgical preparation of rats and mice for intravital microscopic imaging of 

abdominal organs. Methods. 2017;128:129-38. 

116. Gambero A, Becker TL, Zago AS, de Oliveira AF, Pedrazzoli J. Comparative study of 

anti-inflammatory and ulcerogenic activities of different cyclo-oxygenase inhibitors. 

Inflammopharmacology. 2005;13(5-6):441-54. 

117. Al-Rashed F, Calay D, Lang M, Thornton CC, Bauer A, Kiprianos A, et al. Celecoxib 

exerts protective effects in the vascular endothelium via COX-2-independent activation of 

AMPK-CREB-Nrf2 signalling. Sci Rep. 2018;8(1):6271. 

118. Fan X, Takahashi-Yanaga F, Morimoto S, Zhan D-Y, Igawa K, Tomooka K, et al. 

Celecoxib and 2,5-dimethyl-celecoxib prevent cardiac remodeling inhibiting Akt-mediated 

signal transduction in an inherited dilated cardiomyopathy mouse model. J Pharmacol Exp 

Ther. 2011;338(1):2-11. 

119. Laszlo SB, Hutka B, Toth AS, Hegyes T, Demeter ZO, Haghighi A, et al. Celecoxib and 

rofecoxib have different effects on small intestinal ischemia/reperfusion injury in rats. Front 

Pharmacol. 2024;15:1468579. 

120. Mantyh CR, Pappas TN, Lapp JA, Washington MK, Neville LM, Ghilardi JR, et al. 

Substance P activation of enteric neurons in response to intraluminal Clostridium difficile toxin 

A in the rat ileum. Gastroenterology. 1996;111(5):1272-80. 

121. Chiu CJ, McArdle AH, Brown R, Scott HJ, Gurd FN. Intestinal mucosal lesion in low-

flow states. I. A morphological, hemodynamic, and metabolic reappraisal. Arch Surg. 

1970;101(4):478-83. 

122. Park PO, Haglund U, Bulkley GB, Fält K. The sequence of development of intestinal 

tissue injury after strangulation ischemia and reperfusion. Surgery. 1990;107(5):574-80. 



76 

123. Bencsik P, Bartekova M, Gorbe A, Kiss K, Paloczi J, Radosinska J, et al. MMP Activity 

Detection in Zymograms. Methods Mol Biol. 2017;1626:53-70. 

124. Halpin RA, Geer LA, Zhang KE, Marks TM, Dean DC, Jones AN, et al. The absorption, 

distribution, metabolism and excretion of rofecoxib, a potent and selective cyclooxygenase-2 

inhibitor, in rats and dogs. Drug Metab Dispos. 2000;28(10):1244-54. 

125. Braat H, Peppelenbosch MP, Hommes DW. Interleukin-10-based therapy for 

inflammatory bowel disease. Expert Opin Biol Ther. 2003;3(5):725-31. 

126. Reuter BK, Asfaha S, Buret A, Sharkey KA, Wallace JL. Exacerbation of inflammation-

associated colonic injury in rat through inhibition of cyclooxygenase-2. J Clin Invest. 

1996;98(9):2076-85. 

127. Razack S, D'Agnillo F, Chang TM. Crosslinked hemoglobin-superoxide dismutase-

catalase scavenges free radicals in a rat model of intestinal ischemia-reperfusion injury. Artif 

Cells Blood Substit Immobil Biotechnol. 1997;25(1-2):181-92. 

128. Yilmaz AS, Badak B, Erkasap N, Ozkurt M, Colak E. The Effect of Antioxidant 

Astaxanthin on Intestinal Ischemia Reperfusion Damage in Rats. J Invest Surg. 

2023;36(1):2182930. 

129. Cheung PY, Sawicki G, Wozniak M, Wang W, Radomski MW, Schulz R. Matrix 

metalloproteinase-2 contributes to ischemia-reperfusion injury in the heart. Circulation. 

2000;101(15):1833-9. 

130. Lindsey M, Wedin K, Brown MD, Keller C, Evans AJ, Smolen J, et al. Matrix-

dependent mechanism of neutrophil-mediated release and activation of matrix 

metalloproteinase 9 in myocardial ischemia/reperfusion. Circulation. 2001;103(17):2181-7. 

131. Rosario HS, Waldo SW, Becker SA, Schmid-Schonbein GW. Pancreatic trypsin 

increases matrix metalloproteinase-9 accumulation and activation during acute intestinal 

ischemia-reperfusion in the rat. Am J Pathol. 2004;164(5):1707-16. 

132. Roach DM, Fitridge RA, Laws PE, Millard SH, Varelias A, Cowled PA. Up-regulation 

of MMP-2 and MMP-9 leads to degradation of type IV collagen during skeletal muscle 

reperfusion injury; protection by the MMP inhibitor, doxycycline. Eur J Vasc Endovasc Surg. 

2002;23(3):260-9. 

133. Souza DG, Amaral FA, Fagundes CT, Coelho FM, Arantes RME, Sousa LP, et al. The 

long pentraxin PTX3 is crucial for tissue inflammation after intestinal ischemia and reperfusion 

in mice. Am J Pathol. 2009;174(4):1309-18. 

134. Tsatsanis C, Androulidaki A, Venihaki M, Margioris AN. Signalling networks 

regulating cyclooxygenase-2. Int J Biochem Cell Biol. 2006;38(10):1654-61. 



77 

135. Li Q, Zhang Q, Wang C, Liu X, Qu L, Gu L, et al. Altered distribution of tight junction 

proteins after intestinal ischaemia/reperfusion injury in rats. J Cell Mol Med. 

2009;13(9B):4061-76. 

136. Fornai M, Antonioli L, Colucci R, Pellegrini C, Giustarini G, Testai L, et al. NSAID-

induced enteropathy: are the currently available selective COX-2 inhibitors all the same? J 

Pharmacol Exp Ther. 2014;348(1):86-95. 

137. Hou C-C, Hung S-L, Kao S-H, Chen TH, Lee H-M. Celecoxib induces heme-oxygenase 

expression in glomerular mesangial cells. Ann N Y Acad Sci. 2005;1042:235-45. 

138. Hamdulay SS, Wang B, Birdsey GM, Ali F, Dumont O, Evans PC, et al. Celecoxib 

activates PI-3K/Akt and mitochondrial redox signaling to enhance heme oxygenase-1-mediated 

anti-inflammatory activity in vascular endothelium. Free Radic Biol Med. 2010;48(8):1013-23. 

139. Nakajima A, Wada K, Miki H, Kubota N, Nakajima N, Terauchi Y, et al. Endogenous 

PPAR gamma mediates anti-inflammatory activity in murine ischemia-reperfusion injury. 

Gastroenterology. 2001;120(2):460-9. 

140. Konturek PC, Konturek SJ, Bielanski W, Kania J, Zuchowicz M, Hartwich A, et al. 

Influence of COX-2 inhibition by rofecoxib on serum and tumor progastrin and gastrin levels 

and expression of PPARgamma and apoptosis-related proteins in gastric cancer patients. Dig 

Dis Sci. 2003;48(10):2005-17. 

141. López-Parra M, Clària J, Titos E, Planagumà A, Párrizas M, Masferrer JL, et al. The 

selective cyclooxygenase-2 inhibitor celecoxib modulates the formation of vasoconstrictor 

eicosanoids and activates PPARgamma. Influence of albumin. J Hepatol. 2005;42(1):75-81. 

142. Huang C-Y, Hsiao J-K, Lu Y-Z, Lee T-C, Yu LCH. Anti-apoptotic PI3K/Akt signaling 

by sodium/glucose transporter 1 reduces epithelial barrier damage and bacterial translocation 

in intestinal ischemia. Lab Invest. 2011;91(2):294-309. 

143. Kazanov D, Dvory-Sobol H, Pick M, Liberman E, Strier L, Choen-Noyman E, et al. 

Celecoxib but not rofecoxib inhibits the growth of transformed cells in vitro. Clin Cancer Res. 

2004;10(1 Pt 1):267-71. 

144. Oltvai ZN, Milliman CL, Korsmeyer SJ. Bcl-2 heterodimerizes in vivo with a conserved 

homolog, Bax, that accelerates programmed cell death. Cell. 1993;74(4):609-19. 

145. Wu ZX, Li SF, Chen H, Song JX, Gao YF, Zhang F, et al. The changes of gut microbiota 

after acute myocardial infarction in rats. PLoS One. 2017;12(7):e0180717. 

146. Scully M, Gang C, Condron C, Bouchier-Hayes D, Cunningham AJ. Protective role of 

cyclooxygenase (COX)-2 in experimental lung injury: evidence of a lipoxin A4-mediated 

effect. J Surg Res. 2012;175(1):176-84. 



78 

147. Islekel S, Islekel H, Guner G, Ozdamar N. Alterations in superoxide dismutase, 

glutathione peroxidase and catalase activities in experimental cerebral ischemia-reperfusion. 

Res Exp Med (Berl). 1999;199(3):167-76. 

148. Homi HM, Freitas JJ, Curi R, Velasco IT, Junior BA. Changes in superoxide dismutase 

and catalase activities of rat brain regions during early global transient ischemia/reperfusion. 

Neurosci Lett. 2002;333(1):37-40. 

149. Singh I, Gulati S, Orak JK, Singh AK. Expression of antioxidant enzymes in rat kidney 

during ischemia-reperfusion injury. Mol Cell Biochem. 1993;125(2):97-104. 

150. Tuncel N, Erden S, Uzuner K, Altiokka G, Tuncel M. Ischemic-reperfused rat skeletal 

muscle: the effect of vasoactive intestinal peptide (VIP) on contractile force, oxygenation and 

antioxidant enzyme systems. Peptides. 1997;18(2):269-75. 

151. Cabigas EB, Ding G, Chen T, Saafir TB, Pendergrass KD, Wagner MB, et al. Age- and 

chamber-specific differences in oxidative stress after ischemic injury. Pediatr Cardiol. 

2012;33(2):322-31. 

152. Senbel AM, AbdelMoneim L, Omar AG. Celecoxib modulates nitric oxide and reactive 

oxygen species in kidney ischemia/reperfusion injury and rat aorta model of 

hypoxia/reoxygenation. Vascul Pharmacol. 2014;62(1):24-31. 

153. Abdel-Gaber SA, Ibrahim MA, Amin EF, Ibrahim SA, Mohammed RK, Abdelrahman 

AM. Effect of selective versus non-selective cyclooxygenase inhibitors on ischemia-

reperfusion-induced hepatic injury in rats. Life Sci. 2015;134:42-8. 

154. Kianian F, Seifi B, Kadkhodaee M, Sajedizadeh A, Ahghari P. Protective effects of 

celecoxib on ischemia reperfusion-induced acute kidney injury: comparing between male and 

female rats. Iran J Basic Med Sci. 2019;22(1):43-8. 

155. Zhang Y, Liu Y, Sun J, Zhang W, Guo Z, Ma Q. Arachidonic acid metabolism in health 

and disease. MedComm (2020). 2023;4(5):e363. 

156. Schroeder DC, Maul AC, Mahabir E, Koxholt I, Yan X, Padosch SA, et al. Evaluation 

of small intestinal damage in a rat model of 6 Minutes cardiac arrest. BMC Anesthesiol. 

2018;18(1):61. 

157. Okamoto T, Akaike T, Nagano T, Miyajima S, Suga M, Ando M, et al. Activation of 

human neutrophil procollagenase by nitrogen dioxide and peroxynitrite: a novel mechanism for 

procollagenase activation involving nitric oxide. Arch Biochem Biophys. 1997;342(2):261-74. 

158. Oviedo-Orta E, Bermudez-Fajardo A, Karanam S, Benbow U, Newby AC. Comparison 

of MMP-2 and MMP-9 secretion from T helper 0, 1 and 2 lymphocytes alone and in coculture 

with macrophages. Immunology. 2008;124(1):42-50. 



79 

159. Sierevogel MJ, Pasterkamp G, de Kleijn DP, Strauss BH. Matrix metalloproteinases: a 

therapeutic target in cardiovascular disease. Curr Pharm Des. 2003;9(13):1033-40. 

160. Hopps E, Caimi G. Matrix metalloproteases as a pharmacological target in 

cardiovascular diseases. Eur Rev Med Pharmacol Sci. 2015;19(14):2583-9. 

161. Radosinska J, Barancik M, Vrbjar N. Heart failure and role of circulating MMP-2 and 

MMP-9. Panminerva Med. 2017;59(3):241-53. 

162. Schulz R. Intracellular targets of matrix metalloproteinase-2 in cardiac disease: rationale 

and therapeutic approaches. Annu Rev Pharmacol Toxicol. 2007;47:211-42. 

163. Cauwe B, Opdenakker G. Intracellular substrate cleavage: a novel dimension in the 

biochemistry, biology and pathology of matrix metalloproteinases. Crit Rev Biochem Mol Biol. 

2010;45(5):351-423. 

164. Lehoux S, Lemarie CA, Esposito B, Lijnen HR, Tedgui A. Pressure-induced matrix 

metalloproteinase-9 contributes to early hypertensive remodeling. Circulation. 

2004;109(8):1041-7. 

165. Cowled PA, Khanna A, Laws PE, Field JB, Fitridge RA. Simvastatin plus nitric oxide 

synthase inhibition modulates remote organ damage following skeletal muscle ischemia-

reperfusion injury. J Invest Surg. 2008;21(3):119-26. 

166. Pan MR, Hung WC. Nonsteroidal anti-inflammatory drugs inhibit matrix 

metalloproteinase-2 via suppression of the ERK/Sp1-mediated transcription. J Biol Chem. 

2002;277(36):32775-80. 

167. Cipollone F, Rocca B, Patrono C. Cyclooxygenase-2 expression and inhibition in 

atherothrombosis. Arterioscler Thromb Vasc Biol. 2004;24(2):246-55. 

168. Nip LH, Uitto VJ, Golub LM. Inhibition of epithelial cell matrix metalloproteinases by 

tetracyclines. J Periodontal Res. 1993;28(5):379-85. 

169. Sawicki G, Salas E, Murat J, Miszta-Lane H, Radomski MW. Release of gelatinase A 

during platelet activation mediates aggregation. Nature. 1997;386(6625):616-9. 

170. Wang W, Schulze CJ, Suarez-Pinzon WL, Dyck JR, Sawicki G, Schulz R. Intracellular 

action of matrix metalloproteinase-2 accounts for acute myocardial ischemia and reperfusion 

injury. Circulation. 2002;106(12):1543-9. 

171. Brew K, Nagase H. The tissue inhibitors of metalloproteinases (TIMPs): an ancient 

family with structural and functional diversity. Biochim Biophys Acta. 2010;1803(1):55-71. 

172. Brew K, Dinakarpandian D, Nagase H. Tissue inhibitors of metalloproteinases: 

evolution, structure and function. Biochim Biophys Acta. 2000;1477(1-2):267-83. 



80 

173. Arpino V, Brock M, Gill SE. The role of TIMPs in regulation of extracellular matrix 

proteolysis. Matrix Biol. 2015;44-46:247-54. 

174. Costanzo L, Soto B, Meier R, Geraghty P. The Biology and Function of Tissue Inhibitor 

of Metalloproteinase 2 in the Lungs. Pulm Med. 2022;2022:3632764. 

175. Bencsik P, Kupai K, Gorbe A, Kenyeres E, Varga ZV, Paloczi J, et al. Development of 

Matrix Metalloproteinase-2 Inhibitors for Cardioprotection. Front Pharmacol. 2018;9:296. 

176. Gomori K, Szabados T, Kenyeres E, Pipis J, Foldesi I, Siska A, et al. Cardioprotective 

Effect of Novel Matrix Metalloproteinase Inhibitors. Int J Mol Sci. 2020;21(19). 

177. Bulkley GB, Kvietys PR, Parks DA, Perry MA, Granger DN. Relationship of blood flow 

and oxygen consumption to ischemic injury in the canine small intestine. Gastroenterology. 

1985;89(4):852-7. 

178. Schildberg FA, Liu B, Afify M, Steitz J, Paschenda P, Schäfer N, et al. Cyclooxygenase 

Inhibitors as a New Therapeutic Strategy in Small Bowel Transplantation. Transplantation. 

2016;100(11):2324-31. 

179. Ucar BI, Erikci A, Kosemehmetoglu K, Ozkul C, Iskit AB, Ucar G, et al. Effects of 

endothelin receptor blockade and COX inhibition on intestinal I/R injury in a rat model: 

Experimental research. Int J Surg. 2020;83:89-97. 

180. Kawata K, Takeyoshi I, Iwanami K, Sunose Y, Tsutsumi H, Ohwada S, et al. The effects 

of a selective cyclooxygenase-2 inhibitor on small bowel ischemia-reperfusion injury. 

Hepatogastroenterology. 2003;50(54):1970-4. 

181. Warner TD, Giuliano F, Vojnovic I, Bukasa A, Mitchell JA, Vane JR. Nonsteroid drug 

selectivities for cyclo-oxygenase-1 rather than cyclo-oxygenase-2 are associated with human 

gastrointestinal toxicity: a full in vitro analysis. Proc Natl Acad Sci U S A. 1999;96(13):7563-

8. 

182. Tegeder I, Pfeilschifter J, Geisslinger G. Cyclooxygenase-independent actions of 

cyclooxygenase inhibitors. FASEB J. 2001;15(12):2057-72. 

183. Little D, Jones SL, Blikslager AT. Cyclooxygenase (COX) inhibitors and the intestine. 

J Vet Intern Med. 2007;21(3):367-77. 

184. Cui W, Yu CH, Hu KQ. In vitro and in vivo effects and mechanisms of celecoxib-

induced growth inhibition of human hepatocellular carcinoma cells. Clin Cancer Res. 

2005;11(22):8213-21. 

185. Hawkins PT, Stephens LR. PI3K signalling in inflammation. Biochimica et Biophysica 

Acta (BBA) - Molecular and Cell Biology of Lipids. 2015;1851(6):882-97. 



81 

186. Fukata M, Chen A, Klepper A, Krishnareddy S, Vamadevan AS, Thomas LS, et al. Cox-

2 is regulated by Toll-like receptor-4 (TLR4) signaling: Role in proliferation and apoptosis in 

the intestine. Gastroenterology. 2006;131(3):862-77. 

187. Hutka B, Várallyay A, László SB, Tóth AS, Scheich B, Paku S, et al. A dual role of 

lysophosphatidic acid type 2 receptor (LPAR2) in nonsteroidal anti-inflammatory drug-induced 

mouse enteropathy. Acta Pharmacol Sin. 2024;45(2):339-53. 

188. Winfield LL, Payton-Stewart F. Celecoxib and Bcl-2: emerging possibilities for 

anticancer drug design. Future Med Chem. 2012;4(3):361-83. 

189. Sigthorsson G, Simpson RJ, Walley M, Anthony A, Foster R, Hotz–Behoftsitz C, et al. 

COX-1 and 2, intestinal integrity, and pathogenesis of nonsteroidal anti-inflammatory drug 

enteropathy in mice. Gastroenterology. 2002;122(7):1913-23. 

190. King VL, Trivedi DB, Gitlin JM, Loftin CD. Selective cyclooxygenase-2 inhibition with 

celecoxib decreases angiotensin II-induced abdominal aortic aneurysm formation in mice. 

Arterioscler Thromb Vasc Biol. 2006;26(5):1137-43. 

191. Wallace JL, McKnight W, Reuter BK, Vergnolle N. NSAID-induced gastric damage in 

rats: requirement for inhibition of both cyclooxygenase 1 and 2. Gastroenterology. 

2000;119(3):706-14. 

192. Tanaka A, Hase S, Miyazawa T, Ohno R, Takeuchi K. Role of cyclooxygenase (COX)-

1 and COX-2 inhibition in nonsteroidal anti-inflammatory drug-induced intestinal damage in 

rats: relation to various pathogenic events. J Pharmacol Exp Ther. 2002;303(3):1248-54. 

193. Kim TW, Vercelli C, Briganti A, Re G, Giorgi M. The pharmacokinetics and in vitro/ex 

vivo cyclooxygenase selectivity of parecoxib and its active metabolite valdecoxib in cats. Vet 

J. 2014;202(1):37-42. 

194. Cross HR, Lu L, Steenbergen C, Philipson KD, Murphy E. Overexpression of the 

cardiac Na+/Ca2+ exchanger increases susceptibility to ischemia/reperfusion injury in male, 

but not female, transgenic mice. Circ Res. 1998;83(12):1215-23. 

195. Cross HR, Murphy E, Steenbergen C. Ca(2+) loading and adrenergic stimulation reveal 

male/female differences in susceptibility to ischemia-reperfusion injury. Am J Physiol Heart 

Circ Physiol. 2002;283(2):H481-9. 

196. Deitch EA, Chu H, Xu DZ. Organ blood flow and the central hemodynamic response 

are better preserved in female, as opposed to the male rats, after trauma-hemorrhagic shock. J 

Trauma. 2008;65(3):566-72. 

  



82 

 

Laszlo SB, Lazar B, Brenner GB, Makkos A, Balogh M, Al-Khrasani M, et al. Chronic 

treatment with rofecoxib but not ischemic preconditioning of the myocardium ameliorates early 

intestinal damage following cardiac ischemia/reperfusion injury in rats. Biochem Pharmacol. 

2020;178:114099. 

Laszlo SB, Hutka B, Toth AS, Hegyes T, Demeter ZO, Haghighi A, et al. Celecoxib and 

rofecoxib have different effects on small intestinal ischemia/reperfusion injury in rats. Front 

Pharmacol. 2024;15:1468579. 

 

 

Gyires K, Laszlo SB, Lazar B, Zadori ZS. Similar and Distinct Mechanisms in the Protective 

Processes of Upper and Lower Gastrointestinal Tract. Curr Pharm Des. 2018;24(18):1936-46. 

Balogh M, Zadori ZS, Lazar B, Karadi D, Laszlo SB, Mousa SA, et al. The Peripheral Versus 

Central Antinociception of a Novel Opioid Agonist: Acute Inflammatory Pain in Rats. 

Neurochem Res. 2018;43(6):1250-7. 

Lazar B, Brenner GB, Makkos A, Balogh M, Laszlo SB, Al-Khrasani M, et al. Lack of Small 

Intestinal Dysbiosis Following Long-Term Selective Inhibition of Cyclooxygenase-2 by 

Rofecoxib in the Rat. Cells. 2019;8(3). 

Furst S, Zadori ZS, Zador F, Kiraly K, Balogh M, Laszlo SB, et al. On the Role of Peripheral 

Sensory and Gut Mu Opioid Receptors: Peripheral Analgesia and Tolerance. Molecules. 

2020;25(11). 

Zador F, Mohammadzadeh A, Balogh M, Zadori ZS, Kiraly K, Barsi S, László SB, et al. 

Comparisons of In Vivo and In Vitro Opioid Effects of Newly Synthesized 14-

Methoxycodeine-6-O-sulfate and Codeine-6-O-sulfate. Molecules. 2020;25(6). 

Hutka B, Várallyay A, László SB, Tóth AS, Scheich B, Paku S, et al. A dual role of 

lysophosphatidic acid type 2 receptor (LPAR2) in nonsteroidal anti-inflammatory drug-induced 

mouse enteropathy. Acta Pharmacol Sin. 2024;45(2):339-53.  



83 

 

I would like to express my sincere gratitude to Dr. Zoltán S. Zádori for giving me the 

opportunity to work in the Gastrointestinal Pharmacological Group at the Department of 

Pharmacology and Pharmacotherapy. His insightful guidance, scientific perspective, and 

continuous support have greatly contributed to my professional development. I am especially 

grateful for his constant encouragement, patience, and valuable suggestions during my work. 

I would like to express my sincere gratitude to Professor Dr. Péter Ferdinandy for the 

opportunity to work at the institute, and for providing the essential infrastructural support 

necessary for my research. 

I would like to extend my thanks to Tamás Hegyes, Veronika Pol-Maruzs, Mirtill Nagy, 

Judit Simon, Dávid Szili, Viktor Sajtos, Bálint Heródek, and Anikó Perkecz for their valuable 

technical assistance. I am also deeply grateful to the members of my research group, Professor 

Klára Gyires, Zsuzsanna O. Demeter, Barbara Hutka, András S. Tóth, Arezoo Haghighi, Gerda 

Wachtl, Bernadette Lázár, Gábor B. Brenner, András Makkos and the members of 

cardiovascular group for their help, valuable advice, and meaningful scientific contributions 

throughout of my work. 

I am thankful to Bálint Scheich, Anna Jakab, Terézia László (Department of Pathology 

and Experimental Cancer Research, Semmelweis University), Ágnes Kelemen (Department of 

Histopathology, Central Hospital of Northern Pest – Military Hospital, Budapest), Ágnes 

Kemény (Department of Medical Biology, University of Pécs, Department of Pharmacology 

and Pharmacotherapy, Medical School & Szentágothai Research Centre, University of Pécs), 

Tamara Szabados, Péter Bencsik (Department of Pharmacology and Pharmacotherapy, 

University of Szeged, Pharmahungary Group, Szeged) and all my collaborators who 

contributed to the studies presented in this thesis. 

Last but certainly not least, I would like to express my heartfelt gratitude to my husband 

and my family for their invaluable support and significant time throughout the years. I also 

thank my friends for their understanding and continuous encouragement, even as I had to 

prioritize my research over our time together. Above all, I am deeply grateful to my son for his 

unconditional love and patience, especially during the periods when my academic commitments 

limited the time I could spend with him. 

 


