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Effect of reperfusion injury from distant ischemia to small intestine
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ABSTRACT

BACKGROUND The ileum is the most vulnerable part of the small intestine that
plays an important role as the motor of multisystem organ failure. Villous damage is
demonstrated after ligation of supply artery in mice; however, there is no study on the
ileum after distant ischemic organs. Thus, this study was aimed to find out ileal villous
changes following reperfusion injury, the protective effects of ischemic hypothermia
and ischemic preconditioning.

METHODS An experimental study conducted enrolled 21 subjects of Oryctolagus
cuniculus. Ischemia is induced by ligation of the femoral artery for 4 hours. Eight
hours after ligation was released, ileum and duodenal specimens were taken
through laparotomy. H&E stained specimens were examined for histomorphological
changes. Villi change scores, tissue level of hypoxia-inducible factor-1a (HIF-1a),
malondialdehyde (MDA), and occludin were statistically analyzed in four treatment
groups, namely ischemia, ischemic hypothermia, ischemic preconditioning, and
control.

RESULTS Intestinal villi changes were found following ischemic-induced arterial
ligation. lleal villi changes showed differences with the duodenum and controls as
indicated by the villi damage scores, increased tissue HIF-1a and MDA, and decreased
occludin levels. lleal villi changes in the ischemic and ischemic hypothermia groups
showed significant changes with controls; whereas the ischemic preconditioning
group showed no significant differences.

CONCLUSIONS Ischemia at a distance leads to both histomorphological and
biochemical damage of theileal villi and disrupts the integrity of the intestinal mucosal
barrier. In addition, the study showed a protective effect of ischemic preconditioning.

KEYWORDS ileal intestinal villi, ischemia, ischemia-reperfusion injury, ischemic
hypothermia, ischemic preconditioning

Ischemia-reperfusion injury (I/Rl) following hypoxia
is known to be an issue leading to both cell injury and
tissue/organ damage. Reactive oxygen species (ROS)
producedinthe mitochondriaunder hypoxiaareinjurious
to living cells when released into the circulation, and
distributed both locally and systemically.”” In reported
studies on I/Rl, ischemia is induced by the ligation of the
arterial blood supply of a specific organ (namely, direct
ligation);? thereby, noted histological damage after re-
established arterial flow is a reperfusion injury, but not
as an impact of distant ischemia.

Intestinal failure is common following ischemia of
any etiology, and hypoxemia due to hemorrhagic shock
in multi-trauma patients or burn shock. The intestine
is a visceral organ that is vulnerable to hypoxia due to
local ischemia (acute intestinal ischemia) and/or distant
ischemia. Among regions of the intestine, the ileum s the
most vulnerable part. lleal dysfunction (formerly known
asileus) manifests much earlier than any other part of the
intestine; followed by multisystem organ dysfunction.
In a critical setting, intestinal failure is attributed to the
motor of multisystem organ dysfunction, the failure of
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which could be fatal.#> Though there were elucidations
of this nature, the evidence showed that inflammatory
mediators released in hypoxia played an important role
despite ROS.6

Many studies showed that the destructive effect of
I/Rlis effectively attenuated through the application of
ischemic hypothermia’ and ischemic preconditioning
(IPC).® The application of cold to the ischemic organ
reduces metabolic activity thereby preventing ATP
mismatch, and ultimately inhibits the acceleration
of cell death.? IPC is a technique that provides short
repetitive episodes of ischemia to ensure that cells are
adapted well before true hypoxia. IPC has been proven
to minimize cell damage through the mechanisms of
resistance to ischemia.”

So far, studies on the impact of reperfusion injury
in the intestine remain scarce, and none intended
to investigate ileal reperfusion injury due to distant
ischemia. Thus, an experimental study on ileal villi
damage was conducted following ischemia induced by
ligating a large artery at a significant distance (in this
case, the femoral artery) using Oryctolagus cuniculus
as a model. The protective effects of both ischemic
hypothermia and IPC were also the focus of the study.

METHODS

An experimental study conducted in an animal
laboratory of the Institut Pertanian Bogor (IPB) enrolled
21 subjects of New Zealand White rabbits (Oryctolagus
cuniculus) according to the Federer formula, with
regard to the 3-R principles in the use of animals for
experimental study. The study focused on three different
treatment groups, i.e., ischemia, ischemic hypothermia,
and IPC in addition to control. An in vivo model was used
to avoid encountering ethical issues when using human
subjects. The rabbit was chosen as it met the criteria
of bioavailability on the intestinal study.” The ileum
was chosen because it is the part of the intestine that
is most vulnerable to hypoxia. In addition to the ileum,
specimens of the duodenum in the same subject were
taken for comparison purposes.

In preparation, subjects were adapted for seven days
before the study, fed, and were scrutinized. Ischemia
was induced by ligating the left femoral artery through
a 5 cm long incision in the inguinal region under general
anesthesia using intravenous ketamine. Ischemia was
confirmed by monitoring oxygen saturation. The ligation
was maintained for 4 hours. Ischemia hypertension was
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induced by applying a cold pack around the affected limb,
wrapping it with aluminum foil, and keeping it maintained
for 4 hours afterligation. The temperature was maintained
for 21-24°C. IPC was carried out by repetitive ligation
and release every 10 min, respectively, and was applied
in three cycles.” The control group consisted of animals
that did not receive treatment but were biopsied. After
ligation, subjects were set free in their cages for 8 hours.
Within 8 hours of reperfusion, specimens of the ileum
and the duodenum were taken through a laparotomy.
Subjects were sacrificed following regulations applied in
the animal laboratory of the IPB. Specimens were placed
in sterile tubes and subjected to analyses.

Study on histomorphologic changes in villi using
hematoxylin and eosin (H&E)

Specimens were prepared for sectioning of
paraffin-embedded tissue and staining with H&E.
Histomorphologic changes in the villi were investigated
under the light microscope with objective lens
magnifications of 10, 40, and 100 times, respectively. A
scoring system was used to represent villi changes in
accordance with the Chiu/Park scale, where a score of 0
referred to normal mucosa, 1 represented subepithelial
vacuolization, 2 represented extension of subepithelial
space with moderate filling, 3 represented severe lifting
down to the base of the villi, 4 represented denudation
of the villi ends, 5 represented denudation of the villi
with a dilated capillary, 6 represented disintegrated
lamina propria, 7 represented a crypts injury, 8
represented an infarcted mucosa, and 9 represented
infarct of transmural. Interpretations were performed
by an animal pathologist in the laboratory of animal
pathology, the IPB.

Study on hypoxia and oxidative stress

Tissue hypoxia-inducible factor-1a (HIF-10) and
malondialdehyde (MDA) were investigated to uncover
evidence of mucosal hypoxia and oxidative stress. The
study was conducted in the biochemical laboratory of
the Department of Biochemistry, Faculty of Medicine,
Universitas Indonesia.

Study on HIF-1a

Rabbit HIF-1a ELISA Kit (Elabscience) was used
per the protocol provided in the manual. The optical
density value was measured in a microplate reader
representing the level of tissue HIF-1a (ng/ml). The
procedure was performed in duplicate.
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Oxidative stress

Tissue MDA as a marker of lipid peroxidation
reflecting oxidative stress was the focus of the study.
The value of thiobarbituric acid, which is directly
proportional to the value of peroxide, was measured
(in ng/ml) in accordance with Will’s method. The
procedure was performed in duplicate.

Study on mucosal barrier integrity

Occludin at the tight junction indicates that
the integrity of the ileal mucosa was subjected to
investigation; This aspect sought to find biochemical
evidence of the disintegrated epithelial lining of the
intestinal mucosa. A rabbit OCLN enzyme-linked
immunosorbent assay (ELISA) kit (Elabscience) was
used for this purpose. The occludin level was measured
(ng/ml) in duplicate.

All variables were subjected to statistical analysis
using statistical package for the social sciences (SPSS)
version 20. A p-value of less than 0.05 was considered
to be statistically significant. The Ethics Committee
of the Faculty of Medicine Universitas Indonesia
approved the study (No 495B/H2.F1/ETIK/2014).
(Figure 1)
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RESULTS

Of 21 subjects, 20 were analyzed; a subject was
excluded as it was found dead during laparotomy for
biopsy. After ligation, arterial oxygen saturation (Sa0,)
in ischemic limbs ranged from 62-72% and mean (SD)
67 (3.95%), while on the contralateral side it ranged
from 97-99% and mean (SD) 98.28 (1.03%). After ligation
was released, the Sa0, in ischemic limbs ranged from
97-100% and mean (SD) 98.42 (0.97%), demonstrating
that perfusion was restored (Figure 2).

Histomorphological changes in the villi of the
ischemic duodenum and the ileum were found to
vary. Flattening of the villi was found in all specimens.
Vacuolization was the characteristic feature found in
the ischemic group but was minimal in the hypothermia
as well as IPC groups (Figure 2).

Using the Mann-Whitney test, the scores of villi
damage in the ischemic duodenum (Figure 3) were
higher when compared with control (p<0.004), the
ischemic ileum was higher when compared with
control (p<0.001), and the difference between the
ischemic ileum and the ischemic duodenum was
significant (p<0.001).
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Figure 2. Ileal villi histomorphologic changes on ischemic reperfusion injury in H&E stained samples: (a) Shortening and flattening
villi of ischemic group under 40 x magnification; (b) Flattening villi is clearly shown under magnification of 100 x; (c) Vacuolization
of villi under magnification of 400 x; (d) Histomorphologic changes in preconditioning group referred to relatively minimal as
seen under magnification of 40 x; (e) Even though villi changes in ischemia referred to minimal, vacuolization is clearly shown
under magnification of 100 x and 400 x; (f) and (g) Histomorphologic changes in ischemic hypothermia. Relatively normal villi are
shown: (h) In relatively normal villi found in ischemic hypothermia group, distribution of acute inflammatory cells is clearly shown
under magnification of 100 x. (i) In this ischemic hypothermia, vacuolization is minimal as shown under magnification of 400 x

In the ileum, damage to the villi was found to
be higher in the ischemic ileum, whereas in both the
ischemic hypothermia and the IPC groups, a lesser
degree of damage was found. In the ischemic group,
the tissue HIF-1a in both the duodenum and the ileum
increased, and the highest levels were found in the
ischemic ileum. In both the ischemic hypothermia and
the IPC groups, tissue HIF-1a was found to have lower
significance.

Tissue MDA increased in both the duodenum and the
ileum and was highest in the ischemic ileum. In both the
ischemic hypothermia and the IPC groups, tissue HIF-1a
was found to have lower significance. The occludin level
decreased in the ileum of the ischemic group and showed
the least in both the ischemic hypothermia and the IPC
groups. Analyses showing differences in villi scoring, MDA,

HIF-1a, and occludin were significant under all conditions.
In addition, Bonferroni post-hoc tests were performed on
HIF-1a and occludin showing p<o0.001 (Figure 3).

DISCUSSION

Changes in intestinal villi were shown in the study
following ischemic-induced arterial ligation, which is a
reperfusion injury following ischemia at a significant
anatomical distance. Changes in the villi were noted in
both the ileum and the duodenum. However, to date,
there is no consensus about villi damage, the definition,
criteria, and classification. Some studies prefer to use
“villi atrophy” to describe villi damage, while others
prefer to use “villi flattening” to convey the significant
decrease in crypt height.
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Figure 3. Effects of ischemia/reperfusion injury onileal villi (data below graphic are presented in mean (SD) or median (min-max)):
(a) Scores of villi damage; (b) Level of tissue HIF-1a; (c) Level of tissue MDA; and (d) Occludin in ischemia, ischemic hypothermia,
and IPC. There were significant differences between ischemia, ischemic hypothermia, and IPC to control (p<0.001). IH=ischemic
hypothermia; IPC=ischemic preconditioning; MDA=malondialdehyde; HIF-1a=hypoxia-inducible factor-1a

In this study, the scoring system used was in
accordance with the Chiu/Park scale.® If the study just
focused on villi flattening, then no analysis could be
done particularly to determine the differences between
intestinal segments since all the specimens indicated this
kind of pathology, including the control. Changes in the villi
including flattening, detached villiends, crowded vacuoles
in the villi stroma, congested villi, and subepithelial lifting
are features that represent a reperfusion injury as the
effect of distant ischemia. As hypothesized, a change in
the ileal villi is more severe than that in the duodenal. This
is reasonable since the duodenum is well vascularized
because of its anatomical function. It is supplied by at least
nine branches of the gastroduodenal artery that enable
the duodenum to adapt better to hypoxia than the ileum.

In contrast, the ileum is supplied by multiple arcades
(short terminal branches) arising from the superior
mesenteric artery in addition to having a thinner wall

mji.ui.ac.id

(less plica circular), rich with numerous aggregated
nodules of lymphoid tissue (Peyer’s patches). Somehow,
such a condition has a predilection of ROS accumulation,
bacterial stasis, as well as inflammatory mediators. The
study shows that the ileum is more vulnerable than the
duodenum, in contrast to studies indicating that the
duodenum is the most vulnerable.

Asurrogate marker of hypoxia, namely HIF-1a, which
was found to be increased, indicating hypoxia of the villi
as the study focused on the tissue level instead of the
serum level.> The condition applied to increased tissue
level of MDA, a marker of lipid peroxidation, indicating
oxidative-stressed villi. After 8 hours or reperfusion,
changes in the villi such as flattening and detached
villi ends are features indicating villi apoptosis,’®” even
though apoptosis needs to be proven further. The
conditions suggesting an irreversible change are shown
inan earlier study by Guan et al.” These histomorphologic



changes indicating epithelial lining integrity are no
longer maintained, in other words, the mucosal barrier
is disrupted. The occludin level is decreased indicating
disassembled epithelial cell-to—cell tight junctions.

In this study, IPC protected changes in ileal villi
effectively, as is shown in previous studies in rat
intestinal mucosa'@*° and myocardia.” The temperature
applied in ischemic hypothermia was between 21°C and
24°C using ice wrapped around the ischemic limb. This
method is effective to use in the study of therapeutic
hypothermia when applying the temperature of 13°C.>
This might be of benefit in a clinical setting.

Even though the study enrolled a small number of
subjects, the differences of each treatment group is
shown. Rather than rodents, rabbit intestine represents
those in primates as well as humans, even though
rabbits have a different dietary pattern,*2* more studies
in humans are required. This is the limitation of a study.
Somehow, the novel nature of this study was that it
differed from its predecessors. First, this in vivo study
focused on the impact of remote I/RI. Second, this study
enrolled rabbits whereas others enrolled mice. Third,
the ischemia was induced by ligation of the femoral
artery whereas others preceded direct ligation of a
definite artery. Fourth, the study focused on the ileum
whereas others on the jejunum. Fifth, this study showed
that the ileum is the part of the intestine with the most
susceptible to hypoxia.

Through this study, it was concluded that distant
ischemia leads to intestinal reperfusion injury. Hypoxic
and oxidative-stressed villi are followed by disruption
of both intestinal integrity and the mucosal barrier. This
study showed that both IPC and ischemic hypothermia
have a protective effect against reperfusion injury at a
distance.
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