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Purpose: Intestinal ischemia-reperfusion injury (i–IRI) involves a blood flow interruption in an intestinal segment followed by blood 
flow restoration. When blood flow is restored, oxidative and inflammatory molecules are distributed throughout the bloodstream, 
triggering both local and systemic damage. Our goal was to evaluate the potential of three antioxidant and/or anti–inflammatory 
compounds (curcumin, dexmedetomidine and α-tocopherol) to prevent or reverse local and systemic damage induced by i–IRI.
Methods: i-IRI was induced by placing a microvascular clip in the superior mesenteric artery of female WAG/RijHsd rats; the clip 
was removed after 1h and reperfusion was allowed for 4h. Curcumin (200 mg/kg, orally), α-tocopherol (20 mg/kg, i.p.), and 
dexmedetomidine (5 or 20 µg/kg, s.c.; DEX5 and DEX20, respectively) were administered. Blood and terminal ileum specimens 
were collected for biochemical and histological determination. Furthermore, D-xylose absorption test was performed to evaluate 
intestinal absorption; after completing the 1-hour ischemia and 4-hour reperfusion period, 1 mL of aqueous D-xylose solution 
(0.615 mg/mL) was administered orally, and one hour later, plasma D-xylose levels were quantified.
Results: The histological injury degree (HID) measured by the Chiu scale was significantly reduced when the treatments were applied 
(non-treated rats, 2.6 ± 0.75; curcumin, 1.54 ± 0.8; DEX5, 1.47 ± 0.7; DEX20 1.14 ± 0.5; and α-tocopherol, 1.01 ± 0.6); intestinal 
absorptive capacity also improved in all cases healthy rats (2.06 ± 0.07 µg/mL; non-treated, 1.18 ± 0.07 µg/mL; curcumin 1.76 ± 0.3 
µg/mL; DEX5, 2.29 ± 0.2 µg/mL; DEX20, 2.25 ± 0.26 µg/mL; and α-tocopherol 1.66 ± 0.21 µg/mL). However, it failed to reduce 
liver enzyme levels. Finally, only dexmedetomidine significantly reduced urea and creatinine levels compared to non-treated animals.
Conclusion: All drugs were effective in reducing HID, although α-tocopherol was effective to a greater extent. Only dexmedetomi
dine reverted intestinal absorption to normal values of healthy animals.
Keywords: intestinal ischemia-reperfusion, i-IRI, female rat, α-tocopherol, curcumin, dexmedetomidine, intestinal mucosal damage, 
absorptive function, antioxidant therapy

Introduction
Acute mesenteric ischemia (AMI) is a medical condition defined as an abrupt decrease or interruption in intestinal blood 
flow, resulting in an inadequate supply of oxygen and nutrients leading to intestinal infarction.1 Under inadequate oxygen 
supply to the enterocyte, xanthine dehydrogenase is converted into xanthine oxidase, an enzyme which has a high 
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formation capacity of reactive oxygen species (ROS). During reperfusion, ROS are released into the bloodstream and 
distributed throughout the organism, not only resulting in local injury, but also systemic damage, leading to intestinal 
ischemia reperfusion injury (i–IRI).2 i–IRI translates into systemic damage to other organs, especially those with a high 
proportion of endothelial cells, such as liver, kidney, or lung. Restoration of blood flow in the ischemic intestinal segment 
further exacerbates the high mortality associated with intestinal ischemia; the systemic inflammatory response and the 
generalized distribution of ROS alter the structure and function of multiple organs, ultimately leading to endotoxemia, 
systemic inflammatory response syndrome (SIRS), and even multiple organ dysfunction syndrome (MODS).3–5

According to its origin, IMA can be roughly differentiated between occlusive mesenteric ischemia (which includes arterial 
embolism, arterial thrombosis and mesenteric venous thrombosis) and non-occlusive mesenteric ischemia (NOMI).6,7 In spite of its 
low incidence, the estimated incidence of AMI ranges from 7.3 to 12 cases per 100,000 people8,9 and 5 out of every 10,000 hospital 
admissions,10 its mean mortality rate averages 60%, while some studies report mortality rates as high as 93%.10–12 Depending on the 
precipitating causes, namely hypotension during hemodialysis, hypoperfusion, cardiopulmonary bypass surgery, sepsis, low cardiac 
output,1,13 NOMI accounts for approximately 4% to 60% of AMI cases14,15 and its mortality is even higher, surpassing mortality 
rates of 80% or even reaching 100% in some case series.14,16

In 2017 and 2022, the World Society for Emergency Surgery published the guidelines for AMI management.1,17 These 
documents indicate that if NOMI is suspected, clinical efforts should focus on treatment of the underlying cause and rapid 
restoration of mesenteric flow; in addition, any infarcted intestinal sections should be resected.18 Therefore, its focus lies only on 
prevention of ischemic injury, reduction of time to reperfusion as short as possible, and multiorgan failure, but does not address the 
treatment of reperfusion syndrome after restoration of blood flow.

Only experimental studies have explored preventive treatment options for various ischemia reperfusion syndromes 
(IRI), both i–IRI as well as liver, lower limb, kidney or even retina.19–22 In this context, plant-derived compounds have 
shown great potential in the clinical setting, not only in IRI therapies, but also for oncology or rheumatic disorders.23,24 

For example, curcumin and α-tocopherol, have demonstrated their benefits in cardiovascular diseases, diabetes or cancer, 
as well as their role as anti–inflammatory and antioxidant agents.25,26

As indicated, patients suffering i–IRI are considered to be critical and treated in Intensive Care Units. In these units, the use of 
sedative agents such as dexmedetomidine, a highly selective α-2 agonist, is a frequent practice.27 Dexmedetomidine, besides having 
a protective effect against delirium and agitation, appears to have no clinically relevant cardiac and/or respiratory effects in patients 
requiring intensive care.28 There is little evidence about the underlying mechanism of the protective effect of dexmedetomidine 
against oxidative stress, but it has been shown that it activates the nuclear factor erythroid-2-related factor 2/heme oxygenase-1 (NrF- 
2/HO-1) signaling pathways, protecting against oxidative stress-induced DNA damage and apoptosis.29 Because of its promptness in 
peaking plasma concentrations (15 minutes) and its prolonged effect (up to 4 h), is a promising agent for treating i–IRI.30 In fact, it 
was successfully used to prevent damage to the lungs31 and liver32 after i–IRI, and even to the intestine.33

In this piece of work, we present an experimental study conducted in female rats aimed to assess the intestinal 
mucosal damage, as well as the impact on the intestinal absorption rate and the systemic effect of i–IRI.

Materials and Methods
Female WAG/RijHsd rats, 3–4 months old, husbanded in the animal facilities of the University of the Basque Country, were used. 
Animals were kept with food and water ad libitum and under a constant temperature of 24°C and a 12:12 h light–dark cycle. 
Procedures were carried out in accordance with Spanish (Real Decreto 53/2013) and European Union legislation (Directive 2010/63/ 
EU) and were approved by the Institutional Review Board of the University of the Basque Country (ref. number M20/2021/012).

Experimental Groups, Drugs and Reagents
The study has been carried out with groups of 12 rats each: (1) normal/healthy animals (control group, not subjected to 
ischemia), (2) ischemia w/o treatment (i–IRI group), and treated with (3) curcumin (CUR group), (4) α-tocopherol (ATF 
group), and dexmedetomidine at (5) low dose (DEX5 group) or at (6) normal dose (DEX20 group). Half of the animals 
assigned to each experimental group (6 animals) were randomly selected for histological and biochemical analyses, and 
the other half (6 animals) for absorptive studies.
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Because of its low solubility, curcumin (C1386-5G, Merk, Darmstadt, Germany) was suspended in sesame oil at 30°C 
to a final concentration of 80 mg/mL. Curcumin (200 mg/kg)34 was given by oral gavage 24 and 2 hours prior to 
ischemia induction, by a 18 G polypropylene cannula (Instech, Plymouth Meeting, Pennsylvania, USA). The curcumin 
suspension was freshly made at the time of each administration.

Two doses of dexmedetomidine (Dexdor® 100 µg/mL, Orion Pharma S.L., Madrid, Spain) were also tested: low dose 
(5 µg/kg; DEX5 group) or normal dose (20 µg/kg; DEX20 group).33,35

To be administered, the stock vial was diluted in saline to a final concentration of 10 µg/mL (DEX5) or 40 µg/mL 
(DEX20) for subcutaneous injection 30 minutes prior to the onset of ischemia.

Finally, α-tocopherol vials (Ephynal® 100 mg/2mL, Bayer Hispania S.L., Sant Joan Despí, Spain) was kindly 
provided by the Hospital Universitario de Basurto. It was suspended in saline (4 mg/mL) for intraperitoneal (i.p.) 
injection (20 mg/kg) and given 2 hours prior to ischemia.36

For absorptive studies, we used the D-xylose test, first described by Eberts et al.37 D-xylose (Acros Organics, Geel, 
Belgium) was solved in water and administered by oral gavage through a flexible 18 G polypropylene cannula.

Intestinal Ischemia-Reperfusion Model
The i–IRI model used is widely accepted and has been used by several research groups.31–33,38 Briefly, under 1.5% (v/v) 
isoflurane anesthesia the superior mesenteric artery (SMA) was identified and cross-clamped with a Yasargil microclamp.

Proper placement of the microclamp was ensured by complete dissection of the connective tissue around the SMA. Atraumatic 
microdissection forceps and surgical head glasses with 2.5x magnification were used for this purpose; a small piece of nitrile glove 
was also placed behind the artery to prevent the microclamp tip from clamping tissue posterior to the SMA.

Once the Yasargil clamp was properly placed and the absence of pulse in the arteries of the small intestine was 
verified, the laparotomy was closed, analgesia was administered (2 mg/kg meloxicam, i.p.), and the animal was placed in 
a warm cage for 1 hour. Then, the animals were re-anesthetized following the same protocol and the laparotomy was 
reopened; the clamp removed and the laparotomy was closed with interrupted stitches. The animals were placed again in 
a warm cage allowing intestinal reperfusion for 4 hours.

Sample Collection, Processing and Analysis
Serum and intestinal tissue samples were extracted for the different studies. Under isoflurane anesthesia, 5 mL of blood was 
retrieved from the abdominal aorta; thereafter, the terminal ileum was excised and fixed in formalin; subsequently, the 
animal was sacrificed.

Histological damage in the intestine was assessed on hematoxylin/eosin stained 5 µm thick transversal slices of the 
ileum (spaced 1 cm from each other) by a skilled scientist. Each slice was divided into four quadrants, and the 
histological injury degree (HID) score was established in each quadrant, using Chiu’s Scale (Table 1);39 a total of four 
slices were evaluated for each animal. The HID of each animal was calculated as the mean of all of them, and also 
a comparison analysis of the mesenteric and antimesenteric HID was performed. Samples were blinded to the observer.

Table 1 Chiu Scale for Intestinal Damage Assessment

Grade Description

0 Normal intestinal mucosa; absent of histological changes

1 Total or near-total preservation of the epithelium of the villi; presence of subepithelial Gruenhagen spaces located at the apex of the 

intestinal villi; capillary congestion.

2 Subepithelial Gruenhagen’s spaces elongation with moderate detachment of the epithelial layer from the lamina propria.

3 Preserved villous structure with less than 50% loss of complete epithelium; presence of intraluminal hemorrhage

4 Destructurivideong of the intestinal villi, mostly denuded (less than 50% preservation).

5 Loss of villi, disintegration of the lamina propria; hemorrhage and ulceration
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Serum samples were analyzed in a Cobas® 80 00 modular clinical analyzer, equipped with a Cobas c702 module 
(Hoffmann-La Roche, Basel, Basel-Stadt, Switzerland), and kits for enzymes’ quantification (all from Roche Diagnostics 
GMBH, Rotkreuz, Zug, Switzerland). To analyze the potential systemic damage induced by i–IRI, we studied enzymes 
that show abnormalities in the liver: alanine transaminase (ALT) and aspartate transaminase (AST); kidney: creatinine 
and urea; and other tissues: creatine kinase (CK) and lactate dehydrogenase (LDH).

Finally, for absorptive studies, once the total period of ischemia-reperfusion was concluded, 1 mL of aqueous 
solution of D-Xylose (0.615 mg/mL) was given. One hour after the administration of the D-Xylose solution, under 
isoflurane anesthesia, 5 mL of blood was retrieved as previously described. Serum samples were reacted with 
chromogen (a mixture of phloroglucinol, hydrochloric acid and acetic acid) in boiling water for 4 minutes; the 
absorbance was then quantified with Shimadzu UV-1700 PharmaSpec spectrophotometer (Shimadzu, Kyoto, Japan) 
at a wavelength of 554 nm.37,40

Statistical Analysis
All analyses were performed with Prism 9.4.1 (GraphPad Software, San Diego, CA, USA). The data obtained 
were represented as the mean and standard deviation, once their fit to a normal distribution had been checked 
using the Kolmogorov−Smirnov test. To compare three or more groups, analysis of the variance (ANOVA) was 
performed. Following confirmation of the existence of statistically significant differences, Tukey’s multiple 
comparison test was used to determine the differences between groups. A 95% confidence level was accepted 
as significant.

Results
Following SMA clamping, no adverse effects were observed in the animals. The whole procedure was well tolerated, 
with no bleeding, nor did it cause the death of any animal during the experimental process.

Histological Injury Degree
Figure 1 shows representative histological slices: control, i–IRI, ATF, CUR, DEX5 and DEX20 (Figure 1A–F, respec
tively). The score of the whole bowel section of i–IRI animals, including the 4 quadrants analyzed (both mesenteric and 
antimesenteric border), reached a mean value of 2.6 ± 0.75 in Chiu’s scale.

Both CUR- and ATF-treated animals showed significantly less mucosal damage (1.54 ± 0.8 and 1.01 ± 0.57, 
respectively; p < 0.0001); treatment with dexmedetomidine prevented mucosal damage to a similar extent as in the 
CUR group. The dexmedetomidine dose no making any difference; the mean HID index was 1.47 ± 0.7 (DEX5 group), 
and 1.14 ± 0.49 (DEX20 group) (Figure 2).

Considering the mesenteric and the antimesenteric border (Figure 3A and B, respectively), in the i–IRI group the HID 
in the mesenteric border was almost half that in the antimesenteric border (1.84 ± 0.5 vs 3.4 ± 0.5). ATF and DEX20 
achieved the greatest reduction in HID compared to the control group (0.40 ± 0.38, vs 0.81 ± 0.43, vs 0.25 ± 0.2, 
respectively). No therapeutic effect was noticed in the antimesenteric border.

Biochemical Determination
To explore the consequences of i–IRI on other organs/tissues we performed some serum analysis (Table 2). Compared to 
control, intestinal ischemia-reperfusion has not modified serum ALT levels (4.17 ± 0.16 IU/L vs 4.33 ± 1.63 IU/L); 
neither curcumin nor α-tocopherol treatment modified this enzyme. Only the groups receiving dexmedetomidine, either 
DEX5 (28.0 ± 3.5 IU/L) or DEX20 (25.9 ± 11.1 IU/L), presented a significant increase in ALT serum values (p < 0.0001). 
AST significantly increased in animals subjected to i–IRI relative to control (111 ± 26 vs 5.1 ± 0.26 IU/L, p < 0.0001). 
Neither treatment significantly blocked this elevation.

Following i–IRI, a significant increase in urea was found (83.6 ± 19.6 mg/dL, p < 0.0001). All of the treatments 
reduced this increase to some degree. However, only the lowest dose of dexmedetomidine (DEX5) was able to reduce 
urea levels to same levels as in the healthy animals (49.2 ± 7.7 mg/dL; p > 0.05); DEX20 also showed a significant 
reduction but was not able to return urea to baseline concentrations. Focusing on creatinine, the i–IRI group doubled the 
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serum concentration of this parameter with respect to the control (0.55 ± 0.15 vs 0.26 ± 0.10 mg/dL, p < 0.001). 
Curcumin showed no effect at all, and the reduction observed in animals receiving α-tocopherol was not statistically 
significant. Meanwhile, dexmedetomidine-treated animals reached a significant reduction in serum creatinine concentra
tion, both DEX5 (0.32 ± 0.03 mg/dL, p < 0.01) or DEX20 (0.28 ± 0.07 mg/dL, p < 0.001).

Lastly, no treatment exerted any influence on CK and LDH serum elevations.

Figure 2 Histological injury degree (HID) score of small bowel samples submitted to ischemia-reperfusion injury: non-treated (i–IRI, white) or treated with α-tocopherol 
(ATF, light gray), curcumin (CUR, dark gray), low dose of dexmedetomidine (DEX5, square pattern), and normal dose of dexmedetomidine (DEX20, lined pattern). The 
asterisks reflect the statistical differences compare to non-treated group (****p < 0.0001). The significance levels shown inside the frame indicate the differences compared 
to the control group (healthy animals non-subjected to ischemia): #p < 0.05; ###p < 0.001; ####p < 0.0001; ns: p > 0.05. The dotted line represents the HID score of non- 
ischemic intestines (control group). Each bar represents the mean value and standard deviation.

Figure 1 Representative histological slices of small intestine sections stained with hematoxylin/eosin: control group (A), intestinal ischemia-reperfusion injury (non-treated) (B), 
and animals treated with α-tocopherol (C), curcumin (D), 5 µg/kg dexmedetomidine (E), and 20 µg/kg dexmedetomidine (F). Control animals (A) show a well-preserved intestinal 
mucosal structure, where crypts and villi are well distinguished. The non-treated group (B) shows massive lifting of the epithelial layer around the whole villus (red asterisk), with 
complete loosening of the microvilli (black arrow); in addition, there is increased cellularity of the lamina propria, which is still preserved (black arrowhead). In treated animals (C–F), 
a subepithelial space starts to emerge (red arrow), known as Gruenhagen’s spaces, the extent of which increases the greater the intestinal damage (red arrowhead). Each bar 
represents the mean value and standard deviation.
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Absorptive Studies
Absorptive intestinal function (Figure 4) was significantly reduced in those animals subjected to i–IRI (1.18 ± 0.07 µg/ 
mL). Alpha-tocopherol and curcumin increased serum D-xylose concentration by 40% and 50% (1.66 ± 0.21 and 1.76 ± 
0.30 µg/mL, respectively; p < 0.05). Dexmedetomidine restored basal serum D-Xylose values; there was no difference 
between the DEX5 and DEX20 groups (2.29 ± 0.2 vs 2.25 ± 0.26 µg/mL).

Discussion
As mentioned, several factors are involved in the onset of damage, both local and systemic, following i–IRI. Among 
them, the activation of neutrophils and macrophages as a consequence of endothelial injury of the affected organs, the 
ROS release into the bloodstream and the cytokines production, which enhances the inflammatory response and leads to 
the dissemination of the tissues affected by ischemia; all these events eventually lead to a MODS.15

The model we have used to induce i–IRI has been widely used. However, the experimental conditions have not been 
widely agreed on, and there has been considerable variability in terms of the periods of ischemia and reperfusion which 
range from 30 minutes to 2 hours and 45 minutes to 72 hours, respectively.38,41–47

We designed a study with 1 hour of ischemia trying to translate human usual clinical practice into a rodent model. In 
this clinical scenario, it usually takes 6 to 8 hours to achieve a complete reperfusion. Taking into account the faster life 

Figure 3 Histological injury degree (HID) score of the mesenteric (A) and antimesenteric (B) border of the tissue subjected to ischemia-reperfusion injury: non-treated (i– 
IRI, white) or treated with α-tocopherol (ATF, light gray), curcumin (CUR, dark gray), low dose of dexmedetomidine (DEX5, square pattern), and normal dose of 
dexmedetomidine (DEX20, lined pattern). The asterisks reflect the statistical differences compare to non-treated group (*p < 0.05; **p < 0.01; ***p < 0.001; ns: p > 0.05). 
The significance levels shown inside the frame indicate the differences compared to the control group (healthy animals non-subjected to ischemia): #p < 0.05; ##p < 0.01; 
####p < 0.0001; ns: p > 0.05. The dotted line represents the HID score of non-ischemic intestines (control group). Each bar represents the mean value and standard 
deviation.

Table 2 Biochemical Serum Values (Mean and Standard Deviation) of Alanine Transaminase (ALT), Aspartate 
Transaminase (AST), Creatinine, Urea, Creatine Kinase (CK) and Lactate Dehydrogenase (LDH). Levels are 
Expressed in International Units of Activity per Liter (IU/l) for ALT, AST, CK, and LDH; and in Milligrams per 
Deciliter (Mg/Dl) for Creatinine and Urea. The Values are Shown as the Mean and Standard Deviation

ALT AST Creatinine Urea CK LDH

Control 4.17 ± 0.16 5.14 ± 0.26 0.26 ± 0.09 26.3 ± 8.24 80.3 ± 9.93 44 ± 17.3

i–IRI 4.33 ± 1.63 119 ± 13.9 0.55 ± 0.15 83.6 ± 19.6 289 ± 152 574 ± 307

ATF 9.80 ± 4.27 161 ± 50.9 0.58 ± 0.12 73.2 ± 21.6 542 ± 268 591 ± 247

CUR 7.60 ± 2.30 172 ± 63.4 0.39 ± 0.09 62.8 ± 12.2 328 ± 130 567 ± 291

DEX5 28.0 ± 3.46 131 ± 23 0.32 ± 0.03 49.2 ± 7.66 547 ± 223 643 ± 174

DEX20 21.4 ± 2.41 90.4 ± 22.1 0.28 ± 0.07 51.7 ± 12.3 413 ±197 652 ± 354
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span of rodents (6.4 times higher metabolism, 4.7 times higher heart rate and 6.3 times faster respiratory rate48), this time 
may reflect properly an usual clinical practice.

On the other hand, shorter times may not allow us to find significant findings as a consequence of the treatment in the 
parameters analyzed. Something similar would lead us to discard times of 120 minutes, which induce such an 
exacerbated injury that it makes it difficult to determine the benefits of the substances under study.38 Regarding 
reperfusion time, we established 4 hours to allow enough time for pathological lesions derived from immunological 
activation due to the i–IRI to develop.49

Early studies in i–IRI mainly involved antioxidant substances due to their well-known role in reducing oxidative 
stress damage.50 However, nowadays it is known that the key factor in the damage caused by IRI is the activation of the 
innate immune system and the systemic establishment of an uncontrolled proinflammatory state. In this way, the 
molecules modified by ROS are responsible for this uncontrolled state as they are recognized as foreign elements by 
the immune system, which triggers their attack and elimination.51

Our experiment analyzed the effect of curcumin, an antioxidant compound, and dexmedetomidine, a substance with 
anti–inflammatory activity; in addition, it includes α-tocopherol as a drug with previously proven efficacy.52 The three 
drugs have been shown to significantly decrease the HID, with no statistically significant differences between them; 
however, α-tocopherol and 20 µg/kg dexmedetomidine were found to achieve the greatest reduction in HID, around 60%. 
Conversely, the drop observed when curcumin or 5 µg/kg dexmedetomidine were administered was around 40%. Bilbao 
et al showed that α-tocopherol treatment reduced mucosal damage by 20% when a 2-hour ischemia was induced, 
followed by 1-hour reperfusion.36 Gutierrez-Sanchez et al also applied the same temporal schedule (2h + 1h) and found 
that treatment with 10 mg/kg nitroindazole reduced the intestinal injury by 38%; however, when they used a 1-hour 
ischemia period, the HID decrease reached almost 70%.38

Günel et al, following a single intramuscular injection of 10 mg/kg α-tocopherol 15 minutes before reperfusion, 
reported a slight decrease in intestinal damage (23%) in rabbits after 1h of ischemia and 1h of reperfusion.53 This lower 
effect, compared to our findings, may be due to several factors: the route of administration (intramuscular vs intraper
itoneal), the dose (10 mg/kg vs 20 mg/kg) and the administration timing (in the last 15 minutes of ischemia vs 2 hours 
before ischemia).

Focusing on curcumin therapy, the differences between our results and those previously published may also lie in the 
dosage and the administration time employed. Other authors were able to reduce histological damage by 60–70%, despite 
the fact that they used greatly differing experimental conditions.54,55 While Karatepe treated for 15 days prior to ischemia 
with 40 mg/kg curcumin, Yucel pretreated for 3 days prior to ischemia with 100 mg/kg; in addition, they also used 

Figure 4 D-xylose absorption test. Results are expressed as µg/mL of D-xylose in serum 1 h after oral D-xylose administration in animals subjected to ischemia-reperfusion 
injury: non-treated (i–IRI, white) or treated with α-tocopherol (ATF, light gray), curcumin (CUR, dark gray), low dose of dexmedetomidine (DEX5, square pattern), and 
normal dose of dexmedetomidine (DEX20, lined pattern). The asterisks reflect the statistical differences compare to non-treated group (*p < 0.05; **p < 0.01; ****p < 
0.0001; ns: p > 0.05). The significance levels shown inside the frame indicate the differences compared to the control group (healthy animals non-subjected to ischemia): #p < 
0.05; ####p < 0.0001; ns: p > 0.05. Each bar represents the mean value and standard deviation.
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different reperfusion times (3h vs 1h, respectively). In contrast, both used oral administration and a 1-hour ischemia 
period by clamping the SMA. Önder et al administered the same dose as we did (200 mg/kg), but 15 minutes before 
ischemia. They quantified the damage after one hour of reperfusion, but failed to find statistically significant 
differences.34 In contrast, with the same dose, we obtained a statistically significant reduction. This finding could be 
partly explained by the low absorption of curcumin after oral administration,56 as in our study we started pretreatment 
24h and 4h before ischemia, and not only 1h before. Furthermore, by allowing only 1 hour of reperfusion, it is possible 
that the therapeutic effect of curcumin has not reached its maximum peak of action. Bo and Feng supported the fact that 
the oral route of administration requires more time between the administration and the ischemia-reperfusion event.57

Finally, the published literature shows that dexmedetomidine acts in a dose-dependent manner on preventing 
intestinal damage due to i–IRI, which is consistent with our findings. Zhang et al administered various doses of 
dexmedetomidine (10, 20 or 50 µg/kg) 30 minutes before ischemia. Two hours after reperfusion, they observed 
a reduction in the HID, which was greater the higher the dexmedetomidine dose; however, the differences did not 
reach statistical significance.58 Another study also reported that lower doses of dexmedetomidine (5 µg/kg) also reduced 
intestinal damage after clamping the SMA for 1 h followed by 2 h reperfusion;33,45 which is also consistent with our 
findings.

Examining the HID figures when the mesenteric and antimesenteric borders were separately studied, we can observe 
a completely different injury pattern between both of them. The antimesenteric border doubled the damage observed in 
the mesenteric border of the i–IRI group. These findings are consistent with those reported in 2007 by Higa et al, who 
also reported more than twice as much damage to the antimesenteric border concerning villi, necrosis and hemorrhagic 
infarction.59 When we applied α-tocopherol, curcumin or both doses of dexmedetomidine, this differential damage was 
also observed. Overall, only the mesenteric border was able to preserve a normal histologic structure in the intestinal 
mucosa. It is likely that these findings are due to the worse blood supply to the antimesenteric border, as the intestinal 
vasculature runs from the mesenteric border, making this region more susceptible to ischemic injury. These results are 
also consistent with previously published studies. Kazmers et al analyzed small intestinal sections by scanning electron 
microscopy in glucagon-treated rats after 85 minutes of SMA clamping and 20 minutes of reperfusion.60

Concerning the absorptive study, our results show that i–IRI reduces the absorptive capacity of the intestine, in 
agreement with Morini.61 In an ex vivo model, Schoots et al also found that intestinal absorption was affected. They 
reported an 11% and 44% decrease in the absorption of glucose and glutamine, respectively; however, the barrier 
function for large molecules (between 376 D and 40 kD) was preserved.62 In our study, all three drugs were able to 
increase blood D-xylose concentrations. Among them, dexmedetomidine was the compound that most successfully 
increased D-xylose concentrations, reaching concentrations similar to those of healthy animals; however, no 
differences were observed between low or normal doses. These results may be related to the harmful changes in 
the intestinal epithelium resulting from i–IRI. The destruction of the villi leads to a decrease in the absorptive 
capacity of the small intestine,63 that may justify this reduction in blood D-xylose levels. However, it should be 
noted that the specific reason for this reduction is not entirely clear. It should be noted that α-tocopherol though 
being the compound more effective reducing the damage at the histological level, it has not been the one inducing 
the higher increase in the concentrations of D-xylose in the blood (since this corresponds to dexmedetomidine). It is 
conceivable that since dexmedetomidine, being an α-2 adrenergic, improves intestinal motility, this effect may in 
turn result in an improvement in absorptive capacity.64

Focusing now on systemic affectation, as measured by various enzymatic markers, we see that i–IRI induces intense 
changes in many of them. Firstly, liver impairment was especially noteworthy, as evidenced by the elevation of AST, 
ALT and LDH levels after i–IRI. Hepatic involvement in i–IRI is well documented in the literature.29 Beside the general 
mechanism of endothelium damage induced by activated lymphocytes in liver, kidneys or lungs, because of the 
anatomical relationship between the intestine and the liver, all the toxic substances accumulated during ischemia are 
drained directly to the liver through the portal vein adding more stress to the organ. Despite the positive effects on the 
intestine (both mucosal damage and absorptive function), none of the treatments employed was able to reduce the 
elevation of these enzymes.
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On the other hand, elevated creatinine and urea serum levels also showed kidney dysfunction after i–IRI. Lai et al 
have already proved that i–IRI affect distant organs, such as the kidney.65 They observed, after 90 minutes of SMA 
clamping and 6 hours of reperfusion, elevation of kidney damage markers (blood urea nitrogen and creatinine) and the 
existence of microscopic renal lesions. In our study, treatment with dexmedetomidine, at any dose, was able to normalize 
urea and creatinine values after i–IRI. However, it is important to note that this may not be purely attributable to its effect 
against inflammation, oxidative stress and apoptosis,33 since dexmedetomidine also increases renal vasodilation and 
increases glomerular filtration, while also reducing glomerular congestion, renal tubular epithelial cell inflammation and 
luminal stenosis, which could also contribute to reducing renal damage during reperfusion.

To conclude, we would like to emphasize a differential aspect of our work, the sex of the animals used. There are few 
studies in which the study subjects are not male.66 The hormonal environment plays a key role in the establishment or 
development of the inflammatory response. Among other activities, estrogens act both by protecting endothelial integrity 
and by regulating the redox state.67,68 Unfortunately, because we have not been able to find published studies with the 
same experimental design as the one we used it is not feasible to compare whether the initial damage after i–IRI, without 
any treatment, varies in magnitude according to gender.

Few studies use both males and females and evaluate the differential efficacy of the treatment according to gender. 
Szabó et al analyzed the differences at the microcirculatory and epithelial levels in male and female mice subjected to 30- 
min intestinal ischemia and 90-min reperfusion.69 They concluded that, in i–IRI, the leukocyte response and the 
alterations at the level of the intestinal microcirculation develop more rapidly and are initially more pronounced in 
males, but that female hormones are unable to prevent the final manifestations of i–IRI injury. Under a similar approach, 
Wu et al proved that NS-398, a selective cyclooxygenase-2 inhibitor, after 30 minutes of ischemia and ranging from 15 to 
120 minutes of reperfusion, attenuated i–IRI–induced injury, total peroxidase levels and prostaglandin E2 production in 
males, but not in females.70 Therefore, relying on these studies, the gender should be considered to design differential 
approaches to the therapeutic management of i–IRI.

An important limitation of this study is the absence of evaluation of the blood pressure. Changes in blood pressure are 
frequent during i-IRI, in particular during the reperfusion phase.

Kozhura et al revealed that during the ischemia period there was no significant variation in blood pressure; however, 
a sudden decrease in blood pressure was noticed early in the reperfusion period and continued to decrease until the end of 
the experiments.71 They hypothesized that reperfusion could dysregulate the systemic blood pressure support system and 
trigger its gradual decline in the reperfusion period. Another related constraint is related to the oral administration of 
curcumin, or any other drug, in patients suffering from intestinal ischemia. The damage to the intestinal mucosa impairs 
the absorptive capacity of the intestine, as we determined in our experiments, as well as other studies.72 In our 
experimental setting, this is not an issue, since oral administration was performed prior to ischemic damage; however, 
It may be difficult to translate into real clinical practice. Finally, we would also like to emphasize the strengths of this 
study, such as the realization of the intestinal absorption tests, as well as the use of the Chiu scale, established in 1970 
and widely used in i-IRI studies Papers using both tests are scarce, which allows us to demonstrate, without interstudy 
variation bias, the relationship between mucosal damage and absorptive deficit.

Conclusion
In our experimental model of i-IRI, prophylactic treatment with anti-inflammatory or antioxidant substances has allowed 
both a decrease in localized injury to the intestinal mucosa and a substantial improvement in intestinal absorption. 
Finally, in terms of systemic effects, none of the treatments achieved a relevant reduction in hepatic damage, and only 
dexmedetomidine succeeded in reducing renal damage, as measured by urea and creatinine levels.
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