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Remote organs respond differently to curcumin treatment after intestinal
ischemia/reperfusion injury

Orgéos remotos respondem de maneira diferente ao tratamento com curcumina apds

leséo de isquemia/reperfusdo intestinal

Los drganos remotos responden de manera diferente al tratamiento con curcumina

después de una lesion por isquemia/reperfusion intestinal
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Abstract

We aimed investigate the effects of 45 min of ischemia followed by 72 h of intestinal
reperfusion (IR) in the ileum, liver, lungs, and kidneys in Wistar rats and the responses of
these organs to curcumin treatment. Ischemia was induced by occluding the superior
mesenteric artery. Rats were treated orally with 40 mg/kg curcumin. We analyzed oxidative
stress and inflammation in the ileum, liver, lungs, and kidneys. Intestinal IR led to a reduction
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of reduced glutathione levels in the intestine, lungs, and kidneys and increased lipid
hydroperoxide levels in all organs. An increase in the enzymatic activity of catalase was
observed in all organs, and an increase in superoxide dismutase activity was observed in the
ileum and lungs. Glutathione s-transferase levels increased only in the Kkidneys.
Myeloperoxidase increased in all four organs, and n-acetyl-glycosaminidase increased only in
the ileum and lungs. Curcumin prevented all of the changes in the ileum and liver. In the
lungs, curcumin had no effect on n-acetyl-glycosaminidase. Curcumin did not prevent the
changes in reduced glutathione, lipid hydroperoxides, or myeloperoxidase in the kidneys.
Intestinal IR caused oxidative stress and inflammation in the ileum, lungs, and kidneys and to
a lesser degree in the liver. Because of its systemic distribution, curcumin prevented changes
mainly in the ileum, lungs, and liver and to a lesser degree in the kidneys.

Keywords: Oxidative stress; Inflammation; Superior Mesenteric Artery.

Resumo

Nosso objetivo foi investigar os efeitos de 45 min de isquemia seguidos por 72 h de
reperfusdo intestinal (IR) no ileo, figado, pulmdes e rins em ratos Wistar e as respostas desses
6rgdos ao tratamento com curcumina. A isquemia foi induzida pela oclusdo da artéria
mesentérica superior. Os ratos foram tratados por via oral com 40 mg/kg de curcumina.
Analisamos o estresse oxidativo e a inflamacdo no ileo, figado, pulmdes e rins. A IR intestinal
levou a uma reducdo dos niveis reduzidos de glutationa no intestino, pulmdes e rins e
aumentou os niveis de hidroperéxidos lipidicos em todos os 6rgaos. Um aumento na atividade
enzimética da catalase foi observado em todos os 6rgdos, e um aumento na atividade da
superdxido dismutase foi observado no ileo e nos pulmdes. Os niveis de glutationa s-
transferase aumentaram apenas nos rins. A mieloperoxidase aumentou em todos 0s quatro
Orgdos e a n-acetil-glicosaminidase aumentou apenas no ileo e nos pulmdes. A curcumina
evitou todas as alteragdes no ileo e no figado. Nos pulmdes, a curcumina nao teve efeito sobre
a n-acetil-glicosaminidase. A curcumina ndo preveniu as mudancas na reducdo da glutationa,
hidroperdxidos lipidicos ou mieloperoxidase nos rins. A IR intestinal causou estresse
oxidativo e inflamag&o no ileo, nos pulmdes e nos rins e em menor grau no figado. Devido a
sua distribuicdo sistémica, a curcumina evitou alteracdes principalmente no ileo, pulmdes e
figado e, em menor grau, nos rins.

Palavras-chave: Estresse oxidativo; Inflamac&o; Artéria Mesentérica Superior.
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Resumen

Nuestro objetivo fue investigar los efectos de 45 min de isquemia seguidos de 72 h de
reperfusion intestinal (IR) en el ileon, higado, pulmones y rifiones en ratas Wistar y las
respuestas de estos organos al tratamiento con curcumina. La isquemia se indujo ocluyendo la
arteria mesentérica superior. Las ratas se trataron con 40 mg / kg de curcumina. Analizamos el
estrés oxidativo y la inflamacién. La IR intestinal produjo una reduccion de los niveles de
glutation en el intestino, los pulmones y los rifiones y un aumento de los niveles de
hidroperdxido de lipidos en todos los 6rganos. Se observé un aumento de la actividad
enzimaética de la catalasa en todos los 6rganos y un aumento de la actividad de la superoxido
dismutasa en el ileon y los pulmones. Los niveles de glutation s-transferasa aumentaron solo
en los rifiones. La mieloperoxidasa aumentd en los cuatro Organos y la n-acetil-
glicosaminidasa aumentd sélo en el ileon y los pulmones. La curcumina previno todos los
cambios en el ileon y el higado. En los pulmones, la curcumina no tuvo ningun efecto sobre la
n-acetil-glicosaminidasa. La curcumina no previno los cambios en el glutation reducido, los
hidroperdxidos de lipidos o la mieloperoxidasa en los rifiones. La IR intestinal provoco estrés
oxidativo e inflamacion en el ileon, los pulmones y los rifiones y, en menor grado, en el
higado. Debido a su distribucion sistémica, la curcumina previno cambios principalmente en
el ileon, pulmones e higado y en menor grado en los rifiones.

Palabras clave: Estrés oxidativo; Inflamacién; Arteria Mesentérica Superior.

1. Introduction

Intestinal ischemia is characterized by a decrease in or suspended blood supply to an
organ that is caused by trauma or pathological processes, such as mesenteric embolism,
thrombosis, hernia, hemorrhagic shock, hypovolemic shock, infection, abdominal angina, and
small bowel transplantation (Mallick et al., 2004). Although its incidence is relatively low
(0.09-0.02% of admissions to emergency units), its mortality rate is high (50-80%) (Acosta &
Bjorck, 2003; Stoney & Cunningham, 1993). Ischemia causes a metabolic imbalance in tissue
that can lead to tissue damage. However, these lesions are aggravated at the moment blood
flow is reestablished (i.e., reperfusion) (Stallion et al., 2002). The consequences of intestinal
ischemia/reperfusion (IR) include the accentuated production of reactive oxygen species
(ROS), mainly by the enzyme xanthine oxidase, which transforms metabolic products into
free radicals, generates oxidative stress in tissue, and overloads endogenous antioxidant
systems (McCord, 1985).
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Enteric neuronal loss and morphological changes are among the complications of
intestinal IR, which affect essential functions of the gastrointestinal tract, including motility
(Hakguder et al., 2002). Moreover, IR causes the infiltration and activation of immune system
cells, such as neutrophils and macrophages, and the production of nitric oxide (NO) in the
intestine, thus characterizing the inflammatory process in the organ (Paterno & Longo, 2008).
The intestinal epithelial barrier is disturbed during ischemia, a condition that causes bacterial
translocation. At this point, the immune system is activated, causing systemic inflammation
that can result in multiple organ failure, such as the lungs, liver, and kidneys (Vinardi et al.,
2003). Therefore, because of the potential severity of IR, it is clinically important to discover
substances that can be used as therapies to prevent IR-induced damage.

Curcumin is a polyphenolic compound that is derived from Curcuma longa with
antioxidant and anti-inflammatory properties. It is a natural substance with potential to
mitigate damage after ischemic disease (Fan et al., 2014; Guzel et al., 2013; Lin, 2007).
Previous studies evaluated the effects of 100 and 200 mg/kg curcumin on intestinal IR in the
intestine and other organs, but the reperfusion times in these studies ranged from 60 to 120
min (Fan et al., 2014; Guzel et al., 2013). According to Lindestrom and Ekblad (Lindestrom
& Ekblad, 2004), changes that are caused by intestinal IR may continue to occur over a longer
reperfusion time.

Studying longer reperfusion period may help to understand how intestinal IR impairs
distant organs. For this, several parameters must be analyzed. However, studies have analyzed
a few parameters (Guzel et al., 2013; Onder et al., 2012) and this makes it difficult to
understand the mechanism of the disease. Considering that several organs are being studied,
we search for an antioxidant that, in low dose, has a positive effect on all of them.

Therefore, to achieve a better understanding of the degree of injury that affects each
organ after 45 min of ischemia and 72 h of intestinal reperfusion, we analyzed several
parameters of oxidative and inflammatory stress in the ileum, liver, lungs, and kidneys. We
also explored the ability of 40 mg/kg curcumin to prevent intestinal IR-induced damage in

these organs.
2. Methodology
The research was carried out in the Animal Histology laboratory of the Department of

Morphological Sciences (DCM) of the State University of Maringa. All analyzes performed
in this experiment are quantitative in nature (Pereira et al., 2018).
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2.1 Animals

The experimental procedures were approved by the Commission of Ethics in the Use
of Animals of the State University of Maringa (CEUA no. 8219300317). Thirty male Wistar
rats (Rattus norvegicus), weighing 264 + 3.708 g, were used. The male rats were obtained
from the Central Bioterium of the State University of Maringa and housed in the Animal
Room of the Department of Morphological Sciences, State University of Maringa, under a 12
h/12 h light/dark cycle and 22°C + 2°C. Female rats were excluded from the experiment
because hormonal influence may alter the results. The male rats were fed standard chow
(Nuvilab) and water ad libitum. We divided the animals into five groups (n = 6/group; Table
1): Control (not operated) (C), Control sham (SC), Treated sham (ST), Ischemic control
(vehicle) (IC) and Ischemic treated (IT).

Table 1. Experimental groups and treatments.

Groups SMA! Treatment
C Control Not operated - Vehicle
SC Control sham Underwent surgery Not occluded  Vehicle
ST Treated sham Underwent surgery Not occluded Curcumin
IC Ischemic control Underwent surgery Occluded Vehicle
IT Ischemic treated Underwent surgery Occluded Curcumin

ISMA Superior Mesenteric Artery. Source: Authors.

The experimental groups were divided according to the occlusion or not of the
superior mesenteric artery and according to the type of treatment received (vehicle or

curcumin), as seen in table 1. Groups surgery operated

2.2 Ischemia and intestinal reperfusion induction

After a 15-h fast, the animals were anesthetized with ketamine (100 mg/kg body
weight; Ceva Saude Animal, Paulinia, SP, Brazil) and xylazine (20 mg/kg body weight; Ceva
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Saude Animal Ltda, Paulinia, SP, Brazil) intramuscularly. All of the groups except for the
control group underwent abdominal laparotomy in the midline. The IC and IT groups were
subjected to intestinal ischemia by occluding the superior mesenteric artery using a
microvascular clamp and lateral irrigation between the ischemic and non-ischemic regions
was blocked by loops lashings. Blood flow was obstructed for 45 min. The clamp and
lashings were then removed, thus initiating the reperfusion period, which lasted 72 h. The SC
and ST groups only underwent anesthesia, laparotomy, and the intestinal manipulation
procedures and were not subjected to superior mesenteric artery occlusion. The abdomen was
sutured with 3-0 nylon thread. Saline solution was heated to 37°C and used to hydrate the

organ and maintain the animals’ internal temperature during the surgical procedure.

2.3 Treatment with curcumin

Treatment was performed via gavage, 30 min before ischemia induction and daily
during the reperfusion time in the morning. The last dose was administered 2 h before
euthanasia. The ST and IT groups received curcumin (Curcuma longa, Sigma Aldrich,
Darmstadt, Germany), dissolved in corn oil, at a dose of 40 mg/kg body weight. The C, SC,
and IC groups received only corn oil, following the same design as the groups treated with

curcumin

2.4 Euthanasia and sample collection

The animals received a lethal dose of thiopental sodium (120 mg/kg body weight;
Cristdlia - Produtos Quimicos Farmacéuticos, Sdo Paulo, Brazil) intraperitoneally. We
harvested the kidneys, lungs, liver, and distal portion of the ileum and distributed them for the
oxidative stress and inflammatory analyses. We placed the tissue samples in liquid nitrogen
and kept them in a freezer at -80°C. We also collected a portion of the ileum for nitrite

quantification.

2.5 Biochemical analyses

2.5.1 Sample preparation

The samples underwent the experimental protocols similarly to Borges et al (Borges et

al., 2018). The samples were crushed and homogenized in 200 mM potassium phosphate
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buffer, pH 6.5. A portion of the samples was separated to quantify the levels of reduced
glutathione (GSH). Subsequently, the material was centrifuged at 9,000 x g for 20 min. The
resulting supernatant was allocated to determinations of the levels of catalase (CAT),
superoxide dismutase (SOD), glutathione S-transferase (GST), and lipid hydroperoxides
(LOOH). The pellet was used to evaluate the enzymatic activity of n-acetyl-glycosaminidase
(NAG) and myeloperoxidase (MPO). All of the reactions were performed in a 96-well plate
and read in a spectrophotometer.

2.5.2 Oxidative stress

Reduced glutathione levels were evaluated after protein precipitation with
trichloroacetic acid and reaction with 5,5’-dithiol-2-nitrobenzoic acid. Values that were read
at 412 nm were interpolated on a standard GSH curve. The results are expressed as pg GSH/g
tissue.

The enzymatic activity of CAT was based on the Aebi (Aebi, 1984) method, which
evaluates the degradation of hydrogen peroxide by CAT. Absorbance was set at 240 nm, and
the results are expressed as pmol/min/mg protein. We used the Marklund and Marklund
(Marklund & Marklund, 1974) method for determination of the enzymatic activity of SOD.
The protocol was based on the self-oxidation of pyrogallol that can be inhibited by SOD.
Absorbance was set at 405 nm, and the results are expressed as U of SOD/mg protein.

The activity of GST was evaluated according to Warholm et al. (Warholm et al., 1985)
using a GSH-containing assay. Absorbance was set at 340 nm, and an extinction coefficient of
9.6 mmolar 1/cm was used. To determine LOOH levels, the samples were evaluated by iron Il
oxidation in the presence of xylenol orange (Jiang et al., 1991). The results are expressed as
mmol/mg of tissue after using the extinction coefficient of 4.3 mmolar 1/cm. Absorbance was
set at 560 nm.

2.5.3 Inflammation

The enzymatic activity of MPO and NAG was assessed by placing the pellet in 0.08 M
potassium phosphate buffer with hexadecyltrimethylammonium (pH 5.4). The samples were
then centrifuged at 11,000 x g for 20 min. The MPO reaction occurred in the presence of
tetramethylbenzidine and hydrogen peroxide. Absorbance was set at 620 nm. The activity of
NAG was evaluated in the presence of 50 mM citrate buffer (pH 4.5) and a solution of 4-
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nitrophenyl N-acetyl-B-D-glucosamine at 2.24 mM. After incubation, the reaction was
interrupted with 200 mM glycine buffer (pH 10.4), and readings were performed at 405 nm.

The results are expressed as optical density (OD)/min/mg of protein for both analyses.

2.5.4 Nitrite

We used the Griess reaction to indirectly assess NO by quantifying its byproduct,
nitrite, a method that was adapted from Tiwari et al (Tiwari et al., 2011). The ileum was
homogenized in 0.1 M sodium phosphate buffer (pH 7.4), and the material was centrifuged at
3,000 x g for 10 min. The reaction was performed with the addition of phosphoric acid,
sulfanilamide, and n-1-naphthalylethylenediamide to the sample in a 96-well plate. We
performed readings at 540 nm in a spectrophotometer. Nitrite values were evaluated relative

to the standard curve of dilutions of sodium nitrite. The results are expressed as uM.

2.6 Statistical analysis

Data with a normal distribution were analyzed using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. Data that did not present a normal distribution
were analyzed using the nonparametric Kruskal-Wallis test, followed by Dunns post hoc test.
GraphPad Prism 5 software was used to perform the statistical analyses. The results are

expressed as mean + SE. Values of p < 0.05 were considered statistically significant.

3. Results

Intestinal IR caused changes in the oxidative state of the four organs that were studied.
Animals in the IC group presented a decrease in GSH levels in the ileum (p < 0.01; Figure
1A), lungs (p < 0.05; Figure 3A), and kidneys (p < 0.01) compared with controls. An increase
in LOOH levels was also observed in the ileum (p < 0.05; Figure 1B), liver (p < 0.01; Figure
3B), and kidneys (p < 0.01; Figure 4B).
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Figure 1 - Biochemical parameters of the ileum.
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6). Source: Authors.

Comparison of inflammatory parameters MPO and NAG, oxidative stress parameters
(SOD, CAT, GSH, LOOH, and GST) and nitrite in the ileum of rats after 45 minutes of
intestinal ischemia and 72 hours of reperfusion, as seen in Figure 1.
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Figure 2 - Biochemical parameters of the liver.

A 400, B 100
a
80 d
3004 ®
o ?
g & 601
8 22 S
o g a3 404
3 £
100
£ 20
[ T T T 0 T
C sc ST IC T C sC ST IC IT
C  os D 0.10-

0.08

0.06: d
’ £ 004
i 0.02-
T T T o'w-
[ sC ST IC IT
- - ‘ - \ M
c sC ST IC IT

G
sc ST IC T

Levels of reduced glutathione (GSH) (A) and lipid hydroperoxides (LOOH) (B). Enzymatic activity of
superoxide dismutase (SOD) (C), catalase (CAT) (D), glutathione S-transferase (GST) (E), n-acetyl-
glycosaminidase (NAG) (F) and myeloperoxidase (MPO) (G). a = Significant difference from control
group (C). b = Significant difference from sham control group (SC). ¢ = Significant difference from
treated sham group (ST). d = Significant difference from ischemic Control group (IC). The results
represent the mean + standard error (n = 6). Source: Authors.

o
n
CAT
Jmol/min/mg protein

sob
U SOD/mg protein
o
B

e
>

m
o o
g 8
ey
NAG
O.D /mir¥mg protein
5 & B

GST
Hmol/minfmg protein
o
£
o
o

o
B

o
8
o

>

» o
1 )

L]
h

MPO
O.D./min/mg protein

o

Comparison of inflammatory parameters MPO and NAG, oxidative stress parameters
(SOD, CAT, GSH, LOOH, and GST) in the liver of rats after 45 minutes of intestinal

ischemia and 72 hours of reperfusion, as seen in Figure 2.
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Figure 3 - Biochemical parameters of the lung.
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Comparison of inflammatory parameters MPO and NAG, oxidative stress parameters
(SOD, CAT, GSH, LOOH, and GST) in the lung of rats after 45 minutes of intestinal
ischemia and 72 hours of reperfusion, as seen in Figure 3.
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Figure 4 - Biochemical parameters of the kidney.
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Levels of reduced glutathione (GSH) (A) and lipid hydroperoxides (LOOH) (B). Enzymatic activity of
superoxide dismutase (SOD) (C), catalase (CAT) (D), glutathione S-transferase (GST) (E), n-acetyl-
glycosaminidase (NAG) (F) and myeloperoxidase (MPO) (G). a = Significant difference from control group (C).
b = Significant difference from sham control group (SC). ¢ = Significant difference from treated sham group
(ST). d = Significant difference from ischemic control group (IC). The results represent the mean + standard
error (n = 6). Source: Authors.

Comparison of inflammatory parameters MPO and NAG, oxidative stress parameters
(SOD, CAT, GSH, LOOH, and GST) in the kidney of rats after 45 minutes of intestinal
ischemia and 72 hours of reperfusion, as seen in Figure 4.

A 47% increase in the enzymatic activity of SOD was observed in the ileum (Figure
1C), and a 45% increase in SOD activity was observed in the lungs (Figure 3C) as a
compensatory response to oxidative stress that was caused by intestinal IR. Catalase activity
increased by 65% in the ileum (Figure 1D), 93% in the liver (Figure 2D), 102% in the lungs
(Figure 3D), and 91% in the kidneys Figure 4D) in the IC group compared with controls.

12
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Changes in GST activity were observed only in the kidneys, in which an increase was
observed in the IC group (p < 0.01; Figure 4E).

In addition to alterations of the oxidative state, intestinal IR caused an inflammatory
response, reflected by a 49% increase in NAG activity in the ileum (Figure 1F) and a 74%
increase in NAG activity in the lungs (Figure 3F) in the IC group compared with controls.
Myeloperoxidase activity increased by 54% in the ileum (Figure 3G), 43% in the liver, 140%
in the lungs, and 198% in the kidneys (Figure 4G) in the IC group compared with controls.
Nitrite levels, an indirect measure of NO production, increased by 300% in the ileum in the IC
group compared with controls (Figure 1H).

Treatment with curcumin in the IT group maintained GSH and LOOH at levels that
were similar to the C group in the ileum (Figure 1A, B), liver (Figure 2A, B), and lungs
(Figure 3A, B). Curcumin treatment did not prevent the decrease in GSH levels (p < 0.05) and
did not prevent the increase in LOOH levels (p < 0.05) in the kidneys, in which these levels
were still significantly different from controls (Figure 4A, B). Curcumin treatment also
maintained the enzymatic activity of SOD, CAT, and GST at levels that were similar to the C
group in the four organs that were studied. The enzymatic activity of NAG in the curcumin-
treated group was similar to controls in the ileum (Figure 1F), liver (Figure 2F), and kidneys
(Figure 4F), but a significant difference was found in the lungs (p < 0.01; Figure 3F).
Myeloperoxidase activity was similar to controls in the ileum (Figure 1G), liver (Figure 2G),
and lungs (Figure 3G), but a significant difference was found in the kidneys (p < 0.05; Figure
4G). Nitrite levels in the ileum were similar to controls (Figure 1H).

4. Discussion

The present study found that 45 min of intestinal ischemia followed by 72 h of
reperfusion caused oxidative stress in the different organs that were studied. Treatment with
40 mg/kg curcumin mitigated these detrimental effects. We found different degrees of
alterations of oxidative stress parameters. This damage can be explained by a sequence of
biochemical reactions that occur after ischemia and throughout the intestinal reperfusion
period. Ischemia that is followed by reperfusion triggers a series of biochemical processes that
result in the production of the superoxide anion (O2™) (Chung et al., 1997; Lee et al., 2014).
This is a highly deleterious ROS for cells (Thomas et al., 1985) that can be converted to
hydrogen peroxide (H20.) through the Fenton reaction, whereby it is transformed into the

hydroxyl radical (OH") (Lee et al., 2014), which can cause lipid peroxidation of the cell
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membrane. We observed a significant increase in LOOH formation, a byproduct of lipid
peroxidation, in the four organs that were studied. Increases in lipid peroxidation have been
reported after intestinal IR in such organs as the intestine (Turan et al., 2017), liver (Saidi et
al., 2017), and lungs (Barut et al., 2016). Despite these deleterious effects of IR in the
ischemic group in the present study, the levels of LOOH in the ileum, lungs, and liver in the
IT group that was treated with curcumin remained similar to the control group. This effect is
likely attributable to the antioxidant activity of curcumin, which is related to its chemical
structure. Curcumin can transfer electrons from its phenolic rings (Jankun et al., 2016),
neutralizing ROS and preventing their reactions with cellular constituents. It can also reduce
the production of 02" (Lin, 2007).

Among other oxidative stress alterations, we observed an increase in the activity of the
antioxidant enzymes SOD, CAT, and GST after intestinal IR. This occurred as a
compensatory mechanism against the increase in free radical production when blood flow was
reestablished (i.e., reperfusion). This condition overloads endogenous antioxidant defense
mechanisms, altering enzymatic activity and aggravating organ damage (Nordberg & Arnér,
2001; Parks & Granger, 1988). Several authors reported such changes in antioxidant enzymes
after intestinal IR in the intestine (Akinrinmade et al., 2015; Demir et al., 2014), liver (Fan et
al., 2014), lungs (Guzel et al., 2013), and kidneys (Kili¢ et al., 2012) with shorter reperfusion
times (i.e., 60 and 120 min). Curcumin treatment at doses of 100 and 200 mg/kg modulated
the activity of antioxidant enzymes during oxidative stress after intestinal IR in the liver (Fan
et al., 2014), lungs (Guzel et al., 2013), and intestine (Onder et al., 2012). Treatment with 40
mg/kg curcumin maintained the levels of SOD and CAT at values that were similar to the
control group in all of the organs. These results indicate that even a lower dose of curcumin
can have beneficial effects.

In addition to oxidant enzymes, GSH, a non-protein thiol, plays a key role in
protecting against oxidative stress, in which it reacts with ROS or participates as a cofactor of
antioxidant enzymes (Jones, 2002). In the present study, GSH decreased in the ileum, lungs,
and kidneys in the control ischemic group. Akinrinmade et al. (Akinrinmade et al., 2015) also
reported a decrease in GSH levels in the intestine 45 min after intestinal IR. Barut et al. (Barut
et al., 2016) reported a reduction of GSH levels in the lungs after intestinal ischemia followed
by 3 h of reperfusion. In the present study, curcumin treatment maintained GSH levels at
values that were similar to controls, especially in the ileum. Previous studies have shown that
curcumin increases GSH biosynthesis, mainly by modulating expression of the glutamate
cysteine ligase (GCLC) gene (Lin, 2007).
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Intestinal IR also triggers inflammatory processes in both the ileum and other affected
organs. This can be measured by assessing the activity of two enzymes, MPO and NAG. The
enzymatic activity of MPO reflects the accumulation of active neutrophils in tissue and is
often used as a marker of inflammatory processes (Faith et al., 2008). Myeloperoxidase is
expressed mainly in azurophil granules of neutrophils, catalyzing the reaction of hydrogen
peroxide with chloride and forming free radicals and oxidizing substances with antimicrobial
actions. However, these substances also contribute to an increase in oxidative stress and tissue
injury (Aratani, 2018). The lysosomal enzyme NAG is produced mainly by macrophages, and
its activity can be assessed to indirectly evaluate the activation of macrophages (Lamaita et
al., 2012). In the present study, we observed an increase in MPO and NAG activity, which
may be justified by the loss of integrity of the intestinal epithelial barrier. Previous studies
showed that 45 min of mesenteric ischemia was related to an increase in intestinal
permeability (Grootjans et al., 2010). This causes the translocation of bacterial products into
the bloodstream. These substances interact with membrane receptors on immune cells,
resulting in a signaling overload that activates transcription factors, such as nuclear factor-xB
(NF-xB), leading to the production of proinflammatory cytokines, such as tumor necrosis
factor o, interleukins, and chemokines (ladecola & Anrather, 2011). These substances
activate and recruit innate and adaptive immune cells, such as neutrophils and macrophages,
to the damaged tissue, producing an inflammatory response that intensifies tissue damage
(Chen & Nuiiez, 2010). Although we did not evaluate these transcription factors and the
immune response, we found that, in our experiment, curcumin treatment was able to maintain
MPO activity in the ischemic group similar to the control group in all studied organs.
Increases in NAG were observed only in the lungs and ileum, and NAG activity remained
similar to the control group only in the ileum. This improvement that was afforded by
curcumin treatment is likely attributable to its ability to reduce the infiltration of immune
cells, including neutrophils and macrophages, into tissues under inflammatory conditions
(Ukil et al., 2003) by inhibiting NF-«xB transcription (Lin, 2007).

Another important inflammatory mediator is NO, which we measured only in the
ileum. To perform this evaluation, we used an indirect method of measuring nitrite levels
(Tiwari et al., 2011). We observed a considerable increase in nitrite levels in the ischemic
group. Nitric oxide is produced by three different isoforms of the enzyme nitric oxide
synthase (NOS): neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS
(INOS) (Cuzzocrea et al., 2002). Intestinal IR-induced lesions have been mainly associated
with an increase in iNOS production through the activation of NF-«B, which is responsible
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for inducing iINOS transcription through inflammatory mediators (Montalto et al., 2003).
Nitric oxide that is produced by INOS activation has cytotoxic effects that result from its
direct action on cellular constituents or from its reaction with compounds that are released
during the inflammatory process. Activated cells, such as macrophages, neutrophils, and
endothelial cells, simultaneously release NO and ROS-producing enzymes. In the present
study, curcumin prevented the increase in NO production in the ileum, likely because of its
ability to inhibit NF-xB, preventing iNOS activation (Lin, 2007).

Hepatic injury that is caused by intestinal IR is frequently observed, mainly because
the liver and intestine share a common anatomical pathway (i.e., the portal vein), through
which substances that are absorbed by the intestine are transported to the liver for
metabolism. As a result, occlusion of the mesenteric artery reduces blood flow in the liver,
producing significant metabolic changes (Horie et al., 1996). However, the liver has a
substantial metabolic reserve capacity that makes changes in the liver initially undetectable,
thus explaining why the liver was less affected in the present study with a 72-h reperfusion
time. We found no alterations of NAG activity in the liver with this time of reperfusion.
However, we observed a significant increase in MPO, which is related to neutrophil
infiltration. We observed more significant alterations of the lungs that were caused by
intestinal IR. In the lungs, respiratory failure is common after ischemia. The lungs are also
highly susceptible to the systemic inflammatory response because they are highly
vascularized. Intestinal IR can promote lung injury, especially by increasing neutrophil
infiltration and activating alveolar macrophages (Borjesson et al., 2000). The significant
increases in MPO and NAG activity that we observed in the lungs support this theory.
Moreover, these enzymes produce ROS, which contribute to the increase in oxidative stress in
the lungs, which was also found in the present study. The kidneys were also sensitive to
intestinal IR but to a lesser extent than the lungs. Renal dysfunction has also been observed
after intestinal IR in several studies (Aldemir et al., 2003; Fayez et al., 2014). However, the
mechanisms by which renal injury occurs are still poorly understood.

We found that each of the four organs that were evaluated in the present study
responded differently to intestinal IR. Unsurprisingly, their responses to curcumin treatment
were also different. Such responses involve cellular metabolism, collateral circulation, and
local humoral factors. We observed more pronounced antioxidant and anti-inflammatory
effects of curcumin in the ileum, liver, and lungs, whereas the effect of curcumin in the
kidneys was more discreet. This may be attributable to the fact that the tissue distribution of

curcumin varies in different organs (Wang et al., 2018). Curcumin is metabolized in the
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intestine and liver, so its concentrations are higher in these organs (Shoba et al., 1998).
Marczylo et al. (Marczylo et al., 2009) measured curcumin levels in various organs using
ultra-performance liquid chromatography after the oral administration of 340 mg/kg. These
authors reported levels of 16.1 ng/ml in plasma, 2.0 ng/ml in urine, 1.4 mg/g in intestinal
mucosa, 3671.8 ng/g in the liver, 807.6 ng/g in the heart, and 206.8 ng/g in the kidneys. Based
on the findings of Marczylo et al. (Marczylo et al., 2009), curcumin levels can be expected to
be lower in the kidneys relative to the intestine and liver, thus explaining why curcumin did
not exert pronounced effects in this organ in the present study. Additionally, curcumin has
low free bioavailability when administered orally, which may be a limiting factor in the
present study. One way to overcome this limitation would be to administer curcumin in the
form of nanocapsules or nanoparticles, which have controlled release and can improve its

absorption by the body and thus therapeutic effects (Xu et al., 2016).

5. Final Considerations

In summary, 45 min of intestinal ischemia followed by 72 h of reperfusion caused
oxidative stress and inflammation in the ileum, liver, lungs, and kidneys, characterized by
alterations of oxidative and inflammatory parameters. Curcumin at the dose of 40 mg/kg
exerted antioxidant and antiinflammatory activity, preventing IR-induced alterations of
several parameters in different organs. The ileum, lungs, and kidneys were affected to a
greater degree than the liver by intestinal IR. The effect of curcumin treatment varied
depending on the organ that was studied. More pronounced effects of curcumin were
observed in the ileum, lungs, and liver, likely because of its tissue distribution.

Overall, these results indicate that curcumin is effective as a treatment for injuries
caused by ischemia and intestinal reperfusion. Still, it is necessary that further studies are
carried out in order to elucidate the ideal dose of curcumin needed for each organ, in order to

prevent the damage caused by intestinal IR.
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