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ABSTRACT

Background. Intestinal ischemia-reperfusion injury occurs after different surgical
treatments, including intestinal transplantation. This harmful process may have an effect
in remote organs, leading to multiple organ dysfunction syndrome and death. Therefore,
to establish strategies to attenuate local and remote damage constitutes a challenge for
experimental and clinical surgeons in the intestinal surgical field.
Methods. We evaluated the effect of ischemic preconditioning and tacrolimus pretreat-
ment applied alone and in combination against local and remote damage caused by pro-
longed intestinal ischemia-reperfusion injury in a mouse model of warm ischemia.
Results. Ischemic preconditioning applied alone and in combination with tacrolimus
decreased histological damage (P < .05), number of apoptotic cells (P < .05), nitrosative
stress (P < .01), and serum lactate dehydrogenase activity (P < .05) and lowered uremia
(P < .05) compared with untreated post-reperfused intestines. Regarding remote organ
damage, combination therapy was the unique condition able to attenuate lung (mainly
neutrophil infiltration and hemorrhage), liver (sinusoidal congestion and hepatic
vacuolization), and kidney (acute tubular necrosis and hydropic degeneration)
histological alterations (P < .05), compared with the untreated group.
Conclusions. These results support the application of these strategies in combination to
minimize the impact of ischemia-reperfusion injury in the whole organism as a strategy to
prevent multiple organ dysfunction syndromes and minimize the clinical impact.
*Address correspondence to Pablo Stringa, Instituto de Estu-
dios en Inmunológicos y Fisiopatológicos (IIFP), Facultad de Cs.
Exactas, Universidad Nacional de La Plata, 47 y 115, La Plata
1900, Argentina. E-mail: pablo_stringa@hotmail.com
ISCHEMIA-REPERFUSION INJURY (IRI) is pro-
duced on restoration of blood flow after an ischemic

period. Different mechanisms contribute to local damage on
re-oxygenation of ischemic tissue [1]. Furthermore, another
consequence of IRI is the establishment of alterations in
other organs (remote injury), a phenomenon that is
observed for most tissues with ischemia-reperfusion events,
including intestine, lung, liver, kidney, and heart [2]. The
mechanisms involved in the development of remote lesions
are partially similar to those producing local damage during
IRI, mainly related to the release of different inflammatory
mediators to the systemic compartment that target other
remote effector organs. The reactive oxygen and nitrogen
species, activated leukocytes, and inflammatory mediators
6
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such as cytokines and complement activation participate in
the expansion of IRI to remote organs [3,4].
Particularly, intestinal IRI may alter the integrity of the

mucosal barrier. Therefore, intraluminal bacteria and
endotoxin lipopolysaccharide may pass through the mucosa
into the systemic compartment, contributing directly and
indirectly with the aforementioned remote organ damage
[5,6]. The lungs are especially vulnerable to remote damage,
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particularly after events of hepatic or intestinal IRI, because
in both cases the lungs represent the first major capillary
bed through which blood passes from these organs.
In some situations, intestinal IRI is magnified and un-

dertakes several organs and tissues, leading to a systemic
inflammatory response syndrome (SIRS) that may lead to a
multiple organ dysfunction syndrome (MODS), which may
result in patient death [7]. Therefore, establishing strategies
to mitigate IRI are major objectives for basic and trans-
lational research in the intestinal surgical field. Several
strategies have been proposed to protect the intestine from
IRI; however, there is no consensus on which is the most
appropriate [8].
We previously reported that ischemic preconditioning

(IPC), consisting of a short ischemic period followed by
re-oxygenation and pretreatment using tacrolimus (TAC)
alone, reduced intestinal IRI in the early stages of reper-
fusion, including intestinal histological damage, nitrosative
stress, pro-inflammatory gene expression (interleukin [IL]-6
and IL-1b), and post-surgical survival [9]. However, the use
of combined therapy (IPCþTAC) produced the most sig-
nificant results in all evaluated parameters [9]. Despite
these previous conclusions, the extent of damage from the
onset of intestinal reperfusion until animal death and the
alterations of remote organs were unclear. In this report,
the impact of intestinal IRI to vital organs such as liver,
lung, and kidney is reported.

METHODS
Animal Use and Care

Adult male Balb/c mice (average weight, 25 � 3 g) were housed in a
climate-controlled room on a 12-hour light-dark cycle, fed with
standard laboratory mice chow, and allowed water ad libitum. Mice
were provided by the School of Veterinary Sciences of the National
University of La Plata, Argentina, animal facility. All of the ex-
periments were performed according to the guidelines set by the
National Institutes of Health (NIH publication volume 25, No. 28,
revised 1996).

Surgical Procedure

A model of intestinal IRI in mice by reversible occlusion of the
superior mesenteric artery (OSMA) was performed as previously
described by our research group [10]. Mice were anesthetized with
isoflurane (4% induction, 1.5% to 2% maintenance). Lidocaine
(10 mg/kg) was placed into the skin and subcutaneous cellular tissue
as a local anesthetic. Also, tramadol (20 mg/kg) was used for pain
control.

Experimental Groups

Animals were divided into 5 groups of 5 animals each. In all groups
except for the sham (SH) group, intestinal ischemia was performed
for a period of 40 minutes.

In the control group (CT), OSMA was performed without
treatment.

In the IPC group, a 10-minute cycle of intestinal ischemia fol-
lowed by 10 minutes of reperfusion was performed before OSMA.

In the TAC group, intragastric TAC administration (3 mg/kg)
was applied 12 hours before OSMA. The TAC dose was tested in
previous studies published by our group. All animals not receiving
TAC were administered the same volume of vehicle by gavage
12 hours before the procedure.

In the IPCþTAC group, both treatments were applied before
OSMA in the same manner as performed in the IPC and TAC
groups.

In the SH group, celiotomy and SMA dissection without OSMA
was performed.

After the stipulated time of ischemia, intestines were reperfused.
Four hours after onset of reperfusion, mice were killed by cervical
dislocation, and sampling was performed. Distal jejunum, lungs,
kidney, liver, and blood samples were taken for local and remote
assessment of intestinal IRI.

Intestinal Histological Evaluation

Intestinal histological damage was evaluated by use of the Park
Score as previously described [11]. Moreover, an immunohisto-
chemical study to evaluate apoptosis was performed by use of the
TUNEL technique, with the use of the In Situ Cell Death TMR
(Roche), following the manufacturer’s instructions. The counting of
apoptotic cells was performed, considering the number of apoptotic
cells in 10 fields per sample.

Nitrosative Stress Determination

To determine nitrosative stress, intestinal nitrite measurements
were performed by use of the spectrophotometric method accord-
ing to the technique described by Miranda et al [12] and modified
by Beda and Nedospasov.

Remote Damage Assessment

Histological analysis of lung, kidney, and liver was performed by the
pathology team on hematoxylin and eosin (H&E)-stained 5-mm
tissue sections. All samples were analyzed by 2 experienced pa-
thologists in a blinded fashion.

To evaluate lung damage, a previously described histopathology
score was used [13]. Briefly, 5 parameters were considered for each
condition analyzed: (1) neutrophil infiltration; (2) interstitial
edema; (3) airway epithelial cell damage; (4) hyaline membrane
formation; and (5) hemorrhage. Each parameter was scored
(0, normal; 1, mild change; 2, moderate change; and 3, severe
change). Each sample received a general score resulting from
adding each evaluated parameter.

Hepatic histopathology evaluation was performed with the use of
a previously described combined index [14]. Briefly, 3 parameters
were considered for each condition: sinusoidal congestion, hepa-
tocyte vacuolization, and the presence of edema. Each parameter
was scored (0, no damage; 1, mild; 2, moderate and 3, severe
changes), and each sample received a general score resulting from
the addition of each evaluated parameter.

Renal damage was analyzed by means of a reported histopa-
thology score [15]. Briefly, the following considerations were used
to score each analyzed condition: normal kidney ¼ 0 point; pres-
ence of acute tubular necrosis (ATN) less than 5% ¼ 1 point;
presence of ATN between 5% and 25% ¼ 2 points; ATN greater
than 25% ¼ 3 points. The presence of hydropic degeneration added
an extra point.

Plasma lactate dehydrogenase (LDH) levels were measured by
use of a spectrophotometric technique with the use of a commercial
kit. Plasma urea values were determined through the use of
the ureasa color test (Wiener), following the manufacturer’s
instructions.
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Statistical Analysis

Continuous variables were analyzed by means of 1-way analysis of
variance, (ANOVA), followed by the Dunnett post-test. Discrete
variables were analyzed by means of the Kruskal-Wallis test. Sta-
tistical analyses were performed with the use of GraphPad software
version 5.00 (San Diego, Calif, United States).

RESULTS

Combined treatment was the most effective means to pre-
vent intestinal damage.

Intestinal Nitrosative Stress

The CT group showed the highest levels of nitrites
(2.5 � 0.2 nmol/mg of tissue), followed by the TAC group
(2.2 � 0.1 nmol/mg). The IPC and IPCþTAC groups had
an average of 1.7 � 0.1 and 1.3 � 0.1 nmol/mg, respectively.
The SH group had the lowest values (0.7 � 0.07 nmol/mg).
Statistically significant differences (P < .01) were observed
between the CT group versus the SH, IPC, and IPCþTAC
groups (Fig 1A).

Intestinal Histological Damage and Apoptosis

Intestinal damage was scored according to the Park classi-
fication (Fig 1B). The CT group had an average of 3 � 1.2,
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Fig 1. IPC alone and in combination with TAC attenuate nitrosative
nitrite levels determined in organ lysate. **P < .01, CT versus SH, IP
reperfusion in different groups (SH, sham group; CT, I/R control; IPC
IPCþTAC, ischemic preconditioned and tacrolimus-treated group). Ea
IPC, and IPCþTAC groups (Kruskal-Wallis test). (C) Number of apopto
the different groups (n ¼ 5). *P < .05, CT versus treated and SH grou
apoptotic cells located is at the tip of the villus in respect to treated
with a median of 3. The IPC and TAC groups showed an
average of 1.2 � 0.7 (median, 1) and 2 � 0.4 (median, 0),
respectively. All samples of the SH and IPCþTAC groups
showed a normal intestine (Park classification, 0). Statisti-
cally significant differences (P < .05) were found between
the CT group versus the SH, IPC, and IPCþTAC groups.
Apoptosis was evaluated by use of the TUNEL technique.

All treated groups (IPC, TAC, and IPCþTAC) showed a
significantly reduced number of apoptotic cells in compari-
son to the CT group (P < .05) (Fig 1C).
Remote damage was best prevented by combined

IPCþTAC treatment.
Lung, Liver, and Kidney Histological Evaluation

Lungs of the CT group showed clear alterations, with an
average damage score of 6.6 � 1.8 (Fig 2A). The main
lesions observed in this group were moderate to severe
infiltration of neutrophils and moderate to severe hemor-
rhage (Fig 2B). The IPC and TAC groups had an average
score of 1.6 � 0.8 and 2.2 � 1.3, respectively. In both
groups, neutrophil infiltration (mild to moderate) was the
most frequent alteration, and the effects of each treatment
alone did not produce significant protection when compared
with the CT group.
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Fig 2. Combined therapy (IPCþTAC) attenuates histological lung damage caused by intestinal IRI. (A) Lung damage in each group
(n ¼ 5) was calculated by use of the standard histology score in a blinded manner. Groups are similar to those described in Fig 1. Sig-
nificant differences were observed in the CT group versus IPCþTAC treatment. *P < .05 (Kruskal-Wallis test). Histological alterations in
the CT group (B) and the IPCþTAC group (C) were observed by use of light microscopy (H-E staining).
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Samples of the IPCþTAC group had histologically well-
preserved lungs, with an average score of 0.8 � 0.8 (Fig
2C), which was comparable with the SH group, which
showed normal to mildly altered lungs. Consistently, sig-
nificant differences (P < .05) were observed between the CT
group versus the SH and IPCþTAC groups, indicating that
the combination treatment was the only intervention that
produced reversal of the effects on remote organs caused by
the I/R treatment.
Microscopic evaluation of livers after intestinal IRI

(Fig 3A) showed no abnormalities in the SH group. A mild
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Fig 3. Pretreatment modulates liver injury after intestinal I/R event. H
Groups are similar to those described in Fig 1. (A) Statistically signifi
IPCþTAC group. *P < .05 (Kruskal-Wallis test). Images show the histo
(H-E staining).
to moderate sinusoidal congestion and hepatic vacuolization
were the most remarkable lesions found in the CT group
(Fig 3B). Besides, IPC and TAC treatments showed
improved histology; however, still mild vacuolization of
hepatocytes was observed as typical lesion. As in the case of
lung damage, individual treatments did not produce statis-
tically significant differences in the damage score when
compared with the CT group. In the case of the IPCþTAC
group, most liver samples showed no histological signs of
damage (Fig 3C), and significant protection was observed
(CT, P < .05 versus SH and IPCþTAC groups).
C+TAC

B

C

20X

20X

istological parameters were evaluated in a blinded manner (n ¼ 5).
cant differences were observed between the CT group and the
logical appearance of the liver in CT (B) and IPCþTAC (C) groups
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Regarding renal damage analysis (Fig 4A), all samples
from the CT group showed hydropic degeneration and ATN
less than 5% (3 samples) or between 5% and 25% (2 sam-
ples) (Fig 4B). The IPC and IPCþTAC groups had hydropic
degeneration only (Fig 4C); therefore, the histological
score was 1 in all cases. The TAC group showed an inter-
mediate situation between the CT group and the IPC and
IPCþTAC groups. Hydropic degeneration was observed in
all samples, and ATN (<5%) was detected in 2 samples.
Statistically significant differences (P < .05) were observed
between the CT group versus the SH, IPC, and IPCþTAC
groups.

Plasma LDH and Urea Levels

The LDH levels were measured as a marker of overall
cellular damage. The CT group showed the highest values
(CT, 1696.25 � 339.4 mU/mL) and the SH group showed
minimal LDH activity (SH, 550 � 301 mU/mL). The other
groups showed intermediate levels (IPC, 1188.7 � 156.3;
TAC, 1270 � 450.9; and IPCþTAC, 912.5 � 169.7 mU/mL)
(Fig 5A). Only the IPCþTAC group had decreased LDH
levels compared with the CT group (P < .05).
Urea plasma levels were measured as indicator of renal

function. The values of each group were CT, 0.97 � 0.1 g/L;
IPC, 0.68 � 0.2 g/L; TAC, 0.66 � 0.2 g/L; and IPCþTAC,
0.42 � 0.1 g/L (Fig 5B). Statistically significant differences
(P < .05) were observed between the CT group versus the
IPCþTAC groups.

DISCUSSION

It is known that the intestine is an important contributor for
MODS, and intestinal IRI may trigger this syndrome,
compromising the whole organism and survival [16].
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Fig 4. Renal damage induced by intestinal IRI was attenuated in IPC
a blinded manner (n ¼ 5). Groups are similar to those described in Fig
Wallis test). (B) Corresponds to the CT group; hydropic degenera
(H-E staining).
Therefore, finding therapies to attenuate local and remote
intestinal IRI is a subject of interest in the surgical field and
in transplantation.
The use of TAC treatment to prevent intestinal damage

on IRI has been previously shown to be successful by
Oltean et al [17] in an intestinal transplantation rat model.
Furthermore, the use of this immunosuppressor has an ef-
fect on preserving intestinal microcirculation that depends
on its capacity to block NFkB signaling [18], although it may
also depend on the dosing scheme and the IRI model
used [19]. Furthermore, the use of intestinal ischemic pre-
conditioning has also been shown to have protective effects
on liver [20]. We have previously shown that the combina-
tion of IPC and TAC pretreatment has better performance
in preventing intestinal damage in an intestinal I/R injury
mouse model than any of the treatments alone. In the
present study, we showed that the damage initiated in the
intestine significantly affects remote organs such as lungs,
liver, and kidney, and the combination of IPC and TAC
pretreatment was the most efficient treatment to reduce
remote injury, when compared with each treatment alone,
reinforcing the concept of combined therapy.
The physiopathology of remote organ damage on intes-

tinal IRI is complex and is fueled by 3 main mechanisms:
(1) intestine-derived cytokines and activated cells that are
released to internal milieu and spread by blood or the
lymphatic system [21] and subsequently act directly on
remote organs; (2) luminal microbiota or microbial-derived
molecules that are translocated to circulation and activate
an innate response in remote organs; and (3) as a tertiary
mechanism, local organ-derived cytokines and local cell
activation induced by the previously mentioned factors.
Several sometimes overlapping pathways contribute to this
mechanism, and the IPCþTAC preventive strategy used
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Fig 5. Combined pretreatment
modulate LDH (A) and urea (B)
plasma levels. Groups are similar
to those described in Fig 1.
In both cases, significant differ-
ences were observed between
the CT group and the IPCþTAC
group. *P < .05 (ANOVA).
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here may modulate this phenomenon at several levels. The
experiments shown here are not able to discriminate be-
tween these different possibilities or the individual role of
any particular cytokine. The participation of tumor necrosis
factor-a (TNF-a) as an inflammation-associated trigger in
remote organ damage has been well documented [22,23].
Nevertheless, the use of gene-targeted KO animal models
with loss of function of the TNF-aeTNF-SFR1 axis in-
dicates that other redundant factors are implied [24].
Among cytokines, several others may mediate this effect. In
our model, we have shown overexpression of IL-1b in in-
testine on IRI [9], whereas the related cytokine IL-18 has
also been shown to participate in IRI damage in other
organs [25], and its role in intestinal IRI remains to be
established.
The participation of microbial-derived molecules on in-

testinal IRI has been clearly established [26], with multiple
pathways implicated. Impairment of the intestinal barrier
function at the molecular and histological levels correlates
with bacterial products/bacterial translocation [27], and IPC
has been shown to be effective in promoting this phenom-
ena [28]. Maximal histological preservation shown on
IPCþTAC treatment (Fig 1) contributes to minimization of
microbial translocation. In particular, avoiding massive
epithelial apoptosis as shown here (Fig 1) is important in
lowering inflammatory effects [29]. The implication of TLR/
MyD88 signaling in local and remote tissue damage on in-
testinal IRI has been recognized [30,31]. However, because
these pathways are also involved in triggering several
cellular activities, they not only enhance damage but they
may contribute to homeostasis, depending on the context,
because microbial-derived signals also participate in main-
taining intestinal epithelial barrier [32,33]. Furthermore,
damage-dependent inflammosome activation contributes to
amplification of inflammatory signals independent of mi-
crobial products [34]. The IPCþTAC combined strategy
presumably acts at different levels of these amplification
cascades because it modulates inflammatory gene expres-
sion, with TAC treatment being the main driver of this
effect [9]. Furthermore, IPCþTAC also minimizes intestinal
barrier damage (Fig 1), with IPC treatment being
mainly responsible of this latter effect. Consequently, the
combination of both strategies is effective on the different
actors mediating remote organ damage, resulting in lower
remote organ alteration (Figs 2e4) and minimal overall
cellular damage and loss of renal function (Fig 5), which was
not observed for any individual intervention. Although IPC
reduced the intestinal parameters evaluated and improved
renal injury after I/R, the unique condition that showed best
overall results in different remote organs evaluated was
the application of both therapies (IPCþTAC) in combina-
tion (Figs 2e4).
The evidence presented here supports the application of

these strategies to prevent intestinal IRI and its effects in
the whole organism as a strategy to prevent MODS and
minimize its clinical impact.
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