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Abstract

In surgical procedures involving the liver, such as transplantation, resection, and trauma, a
temporary occlusion of hepatic vessels may be required. This study was designed to ana-
lyze the lesions promoted by ischemia and reperfusion injury of the hepatic pedicle, in the
liver and lung, using histopathological and immunohistochemical techniques. In total, 39
Wistar rats were divided into four groups: control group (C n = 3) and ischemia groups sub-
jected to 10, 20, and 30 minutes of hepatic pedicle clamping (110, n=12; 120, n = 12; 130,

n = 12). Each ischemia group was subdivided into four subgroups of reperfusion (R15, n = 3;
R30, n = 3; R60, n = 3; R120, n = 3), after 15, 30, 60, and 120 minutes of reperfusion,
respectively. Significant differences were observed in the liver parenchyma (P < 0.05)
between the values of microvesicles and hydropic degeneration at different times of ische-
mia and reperfusion. However, the values of vascular congestion, necrosis, and pyknotic
nuclei showed no significant differences (P > 0.05). In the lung parenchyma, a significant dif-
ference was observed (P < 0.05) between the values of alveolar septal wall thickening and
inflammatory infiltration at different times of ischemia and reperfusion. However, there was
no significant difference (P < 0.05) between the values of vascular congestion, bronchial epi-
thelial degeneration, interstitial edema, and hemorrhage. The positive immunoreactivity of
caspase-3 protein in the liver parenchyma (indication of ongoing apoptosis), showed no sig-
nificant differences (P > 0.05) at different times of ischemia and reperfusion. In the pulmo-
nary parenchyma, the immunoreactivity was not specific, and was not quantified. This study
demonstrated that the longer the duration of ischemia and reperfusion, the greater are the
morphological lesions found in the hepatic and pulmonary parenchyma.
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Introduction

In liver lesions and transplants, temporary blockage of hepatic blood flow is sometimes neces-
sary to facilitate surgical maneuvers [1,2]. Since 1908, Pringle proposed full clamping of the
hepatic pedicle (hepatic artery, portal vein, and the common bile duct) to restrain hepatic
hemorrhages [3]. This procedure results in splenic congestion and consequently, poor blood
perfusion in the liver, stomach, small intestine, anterior part of the large intestine, pancreas,
and spleen [4-8]. Upon restoring blood flow to the ischemic region, the injuries caused by
ischemia might be aggravated further [9-12].

The ischemic event begins with an inflammatory response perpetuated after blood reperfu-
sion due to production of reactive oxygen species (ROS). This phenomenon is known as ische-
mia-reperfusion injury and involves complex pathophysiological mechanisms and metabolic
pathways, which are not well understood; however, the end result is organ failure and patient
death [8-10].

Apoptosis is an important biological process that controls many vital processes and could
be associated with conditions involving the enhancement of ROS [13]. In cell death after ische-
mia and reperfusion, necrosis and apoptosis coexist. The proposed mechanisms include ROS
formation during reperfusion in the parenchymal cells, endothelial cells, and lymphocytes
recruited to the injury site. They cause cell damage directly through a variety of secreted mole-
cules and indirectly by promoting the synthesis of pro-inflammatory mediators [14].

After necrosis, the cell membrane integrity is lost and the intracellular content is typically
released, thus causing inflammation in the surrounding tissue. The morphology of necrotic
cells is characterized by increased eosinophilia, vacuoles in the cytoplasm after digestion of
cytoplasmic organelles, and nuclear changes encompassing karyolysis, cariorrexis, and pykno-
sis. In apoptosis, the plasma membrane remains intact and the cell structure is modified, and
so, these cells are rapidly phagocytosed without releasing their contents or triggering an
inflammatory reaction. The morphological features of apoptosis include reduction in cell size,
chromatin condensation at the periphery, and formation of apoptotic bodies and cytoplasmic
bubbles. The specific biochemical changes are characterized by protein degradation involving
the activation of cysteine proteases called caspases and DNA decomposition [15,16]. Based on
these peculiarities, apoptosis can be characterized using immunohistochemical techniques to
evaluate the expression pattern of cleaved caspase-3 [17,18]. Programmed cell death markers
such as cysteine protease 32, known as caspase-3 (proteolytic enzyme), have been studied
using paraffin blocks derived from different tissues, including the liver, to quantify their
expression [17].

Thus, this study was designed to evaluate potential histopathological changes and to immu-
nohistochemically characterize apoptosis in the liver and lung tissues of rats following an
ischemia-reperfusion injury, using a model (modified Pringle maneuver) that simulates clini-
cal situations such as gastric dilatation-volvulus, nephrosplenic or gastrosplenic entrapment,
spleen torsion, and intestinal intussusception, which involve compromised blood flow in the
hepatic pedicle and subsequently, organs associated with the portal system [19-25].

Materials and methods

All techniques and procedures performed in this study were approved by the University of
Cuiaba ethical committee for animal research (no. 2009-097).

In this study, we used 39 male Wistar rats (Rattus norvegicus albinus) three months old,
with an average weight of 300 grams. The animals were housed in cages at room temperature
maintained by air conditioning, 65% humidity, and brightness controlled artificially by fluo-
rescent lamps (daylight—Phillips—40 Watts), with 12 hours of light and 12 hours of darkness.
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The animals were randomly distributed to four experimental groups: Control group (C, n = 3),
animals with no clamped hepatic pedicle; Ischemia group 10 (110, n = 12) hepatic pedicle sub-
jected to 10 minutes clamping; Ischemia group 20 (120, n = 12) hepatic pedicle subjected to 20
minutes clamping, and Ischemia group 30 (I30, n = 12) hepatic pedicle subjected to 30 minutes
clamping. Each ischemia group was further divided into four subgroups: Subgroup 15 (R15,

n = 3) subjected to 15 minutes of reperfusion after hepatic pedicle declamping; Subgroup 30
(R30, n = 3) subjected to 30 minutes of reperfusion after hepatic pedicle declamping; Subgroup
60 (R60, n = 3) subjected to 60 minutes of reperfusion after hepatic pedicle declamping, and
Subgroup 120 (R120, n = 3) submitted to 120 minutes of reperfusion after hepatic pedicle
declamping.

The animals were anesthetized with a mixture of xylazine (25 mg/kg) and ketamine (50 mg/
kg), via intraperitoneal administration. After abdominal trichotomy and antisepsis with povi-
done-iodine-alcohol, pre-umbilical median celiotomy was performed, the hepatic pedicle was
accessed, and subjected to the clamping and unclamping procedure.

The animals of control group (C) were only submitted to pre-umbilical median celiotomy
without clamping the hepatic pedicle. After median celiotomy, the hepatic pedicles of the 110
group animals were clamped for 10 minutes using vascular clamps (Bulldog). After this period,
the R15, R30, R60, and R120 subgroups were subjected to hepatic pedicle declamping and
reperfusion for 15, 30, 60, and 120 minutes, respectively. The 120 and I30 groups received simi-
lar treatment as the 110 group, with the period of hepatic pedicle clamping extended to 20 and
30 minutes respectively.

At the end of the period established for each ischemia and reperfusion, the anesthetized ani-
mals were euthanized with intravenous sodium thiopental followed by intravenous potassium
chloride, drugs that promoted cardiorespiratory arrest and death. The liver and lung were
then collected and immersed in 10% formaldehyde phosphate buffer solution for 24 hours.
These materials were processed for histopathological and immunohistochemical assays.

For histopathological assays, the liver and lung tissues were embedded in paraffin, sliced
into 5-um thick sections and stained with routine hematoxylin-eosin. The slides were observed
by light microscopy (Axiolab 2.0 Carl Zeiss), using the 40x objective. The histological assess-
ments were performed by an independent blind observer.

The quantitative method was used to analyze the presence and intensity of the histopatho-
logical lesions found in the liver and lung tissues. Therefore, 10 random fields (400x) were
observed in each section and the lesions were classified as absent (0) to ++++, according to
their intensity, and then converted to numbers for statistical analysis: absence = 0, +/- = 0.5,
+=1,4++=2,+++ =3, and ++++ =4 [26].

In the liver, the following features were analyzed: vascular congestion—increase of capillary
caliber; microvesicles—the presence of small circular vesicles containing lipids in the cyto-
plasm; hydropic degeneration—increase in cell volume by water influx into the cell, showing
granular cytoplasm, large nuclei, and sparse chromatin; necrosis—characterized by nuclear
condensation or absence of nuclei, intense cytoplasmic eosinophilia and destruction, loss of
hepatocyte cord architecture (the loss of hepatocellular trabeculae), and pyknotic nuclei—
characterized by nuclear condensation and intense staining. In the lung, we analyzed the
occurrence of: vascular congestion—presence of dilated vessels in the lung stroma; degenera-
tion of bronchial epithelium—presence of necrotic cells; thickening of the alveolar septum—
increased thickness of the septa; interstitial edema—presence of a weak and homogeneous
eosinophilic substance in the interstitial space; hemorrhage—presence of red blood cells in the
alveolar interstitium, and inflammation—presence of leukocytes, particularly neutrophils dis-
tributed in several parts of the lung.
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For immunohistochemical assays, 5 um tissue sections were deparaffinized by serial immer-
sion in xylene and alcohol and the antigenic sites were recovered in fluent vapor for 30 min-
utes. The slides were then washed twice with 0.1M Tris saline, pH 7.5 (TBS) for 5 minutes in a
shaker followed by blocking of endogenous peroxidase by immersion in 1% hydrogen perox-
ide for 30 minutes at room temperature. The slides were then washed again in TBS (2x, 5 min-
utes), and to block non-specific staining, the samples were incubated with normal donkey
serum diluted in 0.2 M phosphate buffer solution, pH 7.4 (PBS). The samples were labeled
overnight with primary antibodies (1:200) (Rheabiotech Ltd., Campinas, Brazil), at 4°C, in the
dark and then, repeatedly washed in TBS containing 0.1% Tween 20. The sections were then
incubated for 30 minutes at room temperature with anti-rabbit IgG secondary antibody conju-
gated with biotin (1:400) (LSAB2 kit, Dako—Agilent Technologies, Germany). Subsequently,
the samples were incubated with AB reagent (avidin-biotin complex) for 30 minutes at room
temperature (LSAB2 kit, Dako—Agilent Technologies, Germany) and then with DAB (Sigma
Chemical Co., St. Louis, USA) for 5 minutes at room temperature. The sections were then
counterstained with hematoxylin. The brown stain represented by caspase-3 expression was
evaluated using an optical microscope (400x) (Carl Zeiss, model Scope.A1). To analyze the rel-
ative amount of cellular profiles per unit area we used the AxioVision 4.8—Carl Zeiss software.
For this, 10 random fields of each section were observed and the mean percentage of immu-
nostained area in relation to the total field area was calculated.

A Kruskal-Wallis nonparametric statistical test was performed to verify the possible differ-
ence between the periods of ischemia-reperfusion. When a difference in the groups was
observed, the Dunn multiple comparison test was performed to determine the pairs of groups
that differed. The data were analyzed using the SAS program (SAS, version 9.2) at a signifi-
cance level of 5%.

Results

The hepatic parenchyma of the control group animals (C) was preserved: central vein, hepato-
cytes, and sinusoidal capillaries (Fig 1).

In the ischemia groups and reperfusion subgroups (I and R), a significant difference in the
mean values of microvesicles (130> 120> 110> C) and hydropic degeneration (120> I30>
110> C) was observed at different times of ischemia. Therefore, the mean values of microvesi-
cles (I30 and R120> C) and hydropic degeneration (120 and R120> C) were statistically differ-
ent from those of group C (Figs 2 and 3).

No significant differences were found in the mean values of vascular congestion, necrosis,
and pyknotic nuclei at different times of ischemia. The mean values of vascular congestion,
necrosis and pyknotic nuclei in the I30 and R120 group, differed from those of the C group
(130 and R120> C), see Figs 2 and 3.

The pulmonary parenchyma of control group animals (C) showed no changes in the alveo-
lar septum, alveolar duct, alveolar sac, alveoli, and bronchioles (Fig 4).

In the ischemia groups and reperfusion subgroups (I and R), a significant difference in the
mean values of alveolar septal thickening (130> 120> I10> C) and inflammatory infiltrate
(I30> 120> 110> C) was observed at different times of ischemia. Therefore, the mean values
of alveolar septal thickening (I30 and R30 = I30 and R60 > C) and inflammatory infiltrate (130
and R120 > C) were statistically different from those of group C (Figs 5 and 6).

No significant differences were found in the mean values of vascular congestion, degenera-
tion of the bronchial epithelium, interstitial edema, and hemorrhage at different times of ische-
mia and reperfusion when compared with those of control group animals C (Figs 5 and 6).
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Fig 1. Photomicrographs of the liver parenchyma of control group animals (C). Note: central vein,
hepatocytes, and sinusoidal capillaries. Hematoxylin-eosin staining (HE).

https://doi.org/10.1371/journal.pone.0178665.9001

The caspase-3 protein evaluated by immunohistochemistry was not expressed in the liver
parenchyma of the negative control group (C) but was expressed in the positive group (C*)
(Fig 7).

A positive immunoreactivity for caspase-3 protein was also observed in the hepatic paren-
chyma of all experimental group animals: C* group and 110, 120, and 130 (R15, R30, R60,
R120) groups (Figs 8 and 9).

In the ischemia and reperfusion subgroups (I and R), no significant difference were found
in the mean values of positive immunoreactivity for caspase-3 at different times of ischemia
(Figs 8 and 9).

The pattern of positive immunoreactivity for caspase-3 protein in lung tissue did not allow
quantification as the brown coloration was present in the entire tissue parenchyma.

Discussion

The period of ischemia used in this study was based on previous studies that evaluated the
intensity of lesions induced in the liver and remote organs [4,5,7,27-34]. According to litera-
ture, the recommended period of hepatic ischemia varies from 30 to 100 minutes [4,5,28,29,33],
with the greatest periods related to actions involving partial hepatic ischemia with vascular
shunts, and shorter periods related to actions involving complete ischemia without vascular
shunts as described by Sébe et al, (2000) [4] and Camargo et al, (2003) [5].

In this study, a comparison of ischemia times ranging from 10 to 30 minutes, with progres-
sive periods of reperfusion, showed increasing changes in tissue features, suggesting a time-
dependent relation between ischemia/reperfusion and the severity of liver and lung injury.

Ischemia is defined as the absence of blood flow resulting in reduction of oxygen and sub-
strate supply to tissues, with consequent accumulation of deleterious metabolites in the cells
[4,20]. In humans, if the blood flow is not restored, acute ischemia can cause various degrees
of damage ranging from minor necrosis to total commitment of vital organs. When blood flow
is restored after acute and mild ischemia, there is usually no morpho-functional impairment of
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Fig 2. Mean values of vascular congestion (A), microvesicles (B), hydropic degeneration (C), necrosis
(D), and pyknotic nuclei (E) in the liver parenchyma of the ischemia (I), reperfusion (R), and control (C)
group animals. The data were recorded by optical microscopy after hematoxylin-eosin staining (HE).
Ischemic groups: 110-10 minutes of ischemia, 120-20 minutes of ischemia and 130-30 minutes of ischemia.
Reperfusion subgroups: R15—15 minutes of reperfusion, R30—-30 minutes of reperfusion, R60—60 minutes of
reperfusion and R120—120 minutes of reperfusion (*P < 0.05).

https://doi.org/10.1371/journal.pone.0178665.9002

the involved organs. However, severe ischemia can lead to a post-revascularization syndrome
complex, which often results in failure and loss of vital organs [20]. No death occurred in this
study, probably because the maximum time for evaluation after ischemia (I30) was 120 min-
utes of reperfusion (R120), and at the end of each time proposed, the animals were euthanized
for sample collection.

The variables analyzed in the liver parenchyma (vascular congestion, microvesicles, hydro-
pic degeneration, necrosis, and pyknotic nuclei) and in the pulmonary parenchyma (vascular
congestion, degeneration of the bronchial epithelium, thickening of alveolar septa, interstitial
edema, red blood cells, and inflammatory infiltrate), although not part of surgical profile tests
(surgical risk) for the majority of patients subjected to liver surgery, must be considered in
cases where total or temporary ischemia followed by reperfusion is performed.

In this study, after total cross-clamping of the hepatic pedicle (110, 120, 130) and reperfusion
(R15, R30, R60, R120), it was observed that longer duration of ischemia and reperfusion
resulted in greater vascular congestion, microvesicles, and hydropic degeneration in the liver
parenchyma. Hepatic parenchyma necrosis was only observed after 30 minutes of ischemia
and 120 minutes of reperfusion (130 and R120). Pyknotic nuclei were not observed after 10
minutes of ischemia (I110), however, after 20 minutes of ischemia (I120) we found that a longer
reperfusion period resulted in greater appearance of pyknotic nuclei. Therefore, after 30
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Fig 3. Liver parenchyma photomicrographs of Wistar rats subjected to ischemia and reperfusion.
Groups (10, 20, and 30 minutes ischemia) and subgroups (15, 30, 60, and 120 reperfusion): 110 and R15 (A),
110 and R30 (B), 110 and R60 (C), 110 and R120 (D), 120 and R15 (E), 120 and R30 (F), 120 and R60 (G), 120
and R120 (H), 130 and R15 (1), 130 and R30 (J), 130 and R60 (K) e 130 and R120 (L). Note: vascular
congestion, microvesicles, hydropic degeneration, necrosis, and pyknotic nuclei. Hematoxylin-eosin staining
(HE).

https://doi.org/10.1371/journal.pone.0178665.9003

minutes of ischemia, pyknotic nuclei were only present after 120 minutes of reperfusion (130
and R120). Nevertheless, the mean values between the ischemia times were significantly differ-
ences only for microvesicles and hydropic degeneration.

In the pulmonary parenchyma, vascular congestion was observed after 10, 20, and 30 min-
utes of ischemia, with no significant differences in relation to the time of reperfusion and

-

A
‘ 1 __ &

Fig 4. Photomicrographs of the pulmonary parenchyma of control group animals (C). Note: alveolar
septum, alveolar duct, alveolar sac, alveoli, and bronchioles. Hematoxylin-eosin staining (HE).

https://doi.org/10.1371/journal.pone.0178665.9004
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Fig 5. Mean values of vascular congestion (A), degeneration of bronchial epithelium (B), alveolar
septal thickening (C), interstitial edema (D), hemorrhage (E), and inflammatory infiltrate (F) in the
pulmonary parenchyma of the ischemia (1), reperfusion (R), and control (C) group animals. The data
were recorded by optical microscopy after hematoxylin-eosin staining (HE). Ischemic groups: 110 —ischemia
10 minutes, 120 —ischemia 20 minutes and 130 —ischemia 30 minutes. Reperfusion subgroups: R15 —
reperfusion 15 minutes, R30 —reperfusion 30 minutes, R60 —reperfusion 60 minutes, and R120 —reperfusion
120 minutes. (*P < 0.05).

https://doi.org/10.1371/journal.pone.0178665.9005

between different times of ischemia. Degeneration of the bronchial epithelium and interstitial
edema were observed in the lung parenchyma after 10, 20, and 30 minutes of ischemia. It
was observed that, the longer the duration of ischemia and reperfusion, the greater was the
thickening of the alveolar septa. Hemorrhage was present in the lung parenchyma after 10
minutes of ischemia and 30 minutes of reperfusion, and also after 30 minutes of ischemia fol-
lowed by 60 minutes of reperfusion. Inflammatory infiltrate was found in the pulmonary
parenchyma after 10, 20, and 30 minutes of ischemia, and was greater when the time to reper-
fusion was longer. Besides the variations between the different times of ischemia (110, 120, 130)
and reperfusion (R15, R30, R60, R120), the mean values between the ischemic times were only
significantly differences for the thickening of alveolar septa and inflammatory infiltrate.
Oxygen-derived free radicals are highly reactive molecules capable of inducing cell and
DNA damage. Hydrogen peroxide (OH-) is not a free radical, but when produced in abun-
dance in the presence of metal catalysts (i.e. iron), it forms reactive hydroxyl radicals, which
can lead to local or distant cell damage through the Haber-Weiss reaction [9,10,26,35,36,37].
In this study, we demonstrated the local significant changes in the liver characterized by the
presence of microvesicles (I30 and R120) and hydropic degeneration (120 and R120). How-
ever, the mean values for vascular congestion, necrosis, and pyknotic nuclei were not statisti-
cally different from those of the control group. Regarding the distant lesions in the lung, the
mean values of vascular congestion, degeneration of the bronchial epithelium, interstitial
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Fig 6. Photomicrographs of the pulmonary parenchyma of Wistar rats subjected to ischemia and
reperfusion. Groups (10, 20, and 30 minutes ischemia) and subgroups (15, 30, 60, and 120 reperfusion): |10
and R15 (A), 110 and R30 (B), 110 and R60 (C), 110 and R120 (D), 120 and R15 (E), 120 and R30 (F), 120 and
R60 (G), 120 and R120 (H), 130 and R15 (1), 130 and R30 (J), 130 and R60 (K), 130 and R120 (L). Note:
vascular congestion, degeneration of bronchial epithelium, alveolar septal thickening, interstitial edema, and
hemorrhage. Hematoxylin-eosin staining (HE).

https://doi.org/10.1371/journal.pone.0178665.9006

edema, and pulmonary hemorrhage were not significantly different between the groups of
ischemia and reperfusion. The mean values of alveolar septal thickening and inflammatory fil-
trate showed significant differences between the groups of ischemia and reperfusion. The
ischemia and reperfusion periods in this study probably induced only the activation of inflam-
matory mechanisms and the production of free radicals, which were not enough to cause liver
and lung failure.

Using immunohistochemistry, we demonstrated that the longer the duration of ischemia
(110, I20, 130) and reperfusion (R15, R30, R60, R120), the greater was the expression of positive
immunoreactivity for caspase-3 protein in the liver parenchyma. These findings indicate
enhanced apoptosis or programmed cell death, even though the mean values were not signifi-
cantly different. The exact mechanism of cell death in ischemia and reperfusion injury is not
yet well understood. A previous study [38] showed that, after selective liver ischemia for 60
minutes, cell death in the early phase of injury was mainly caused by necrosis, whereas in the

Fig 7. Photomicrographs of the hepatic parenchyma in control group animals: Negative control (C-)
and positive control (C+). Note the positive immunoreactivity for caspase-3 in the C+ group (brown
coloration).

https://doi.org/10.1371/journal.pone.0178665.9007
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Fig 8. Mean values of positive immunoreactivity for caspase-3 protein in the hepatic parenchyma of
ischemia (1), reperfusion (R) and control (C) group animals. The data were recorded by optical
microscopy after immunohistochemical staining. Ischemic groups: 110 —ischemia 10 minutes, 120 —ischemia
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reperfusion 30 minutes, R60 —reperfusion 60 minutes, and R120 —reperfusion 120 minutes. (P < 0.05).

https://doi.org/10.1371/journal.pone.0178665.9008

late phase (24 hours of reperfusion), cell death was caused by apoptosis. A time-dependent
increase in the number of apoptotic cells was also observed in the liver in relation to ischemia
[38,39]. Kohli et al. (1999) [39] reported that 40-60% of hepatocytes undergo apoptosis during
reperfusion. This finding suggests that inhibition of apoptosis plays a key role in reducing
ischemia-reperfusion lesions in the liver, encouraging further studies aiming to develop modu-
lation strategies. However, in this study, the mean values of positive immunoreactivity for cas-
pase-3 protein in the hepatic parenchyma showing ongoing apoptosis, presented no
statistically significant differences between the different periods of ischemia and reperfusion.

Fig 9. Photomicrographs of the hepatic parenchyma of Wistar rats subjected to ischemia and
reperfusion. Groups (10, 20, and 30 minutes ischemia) and subgroups (15, 30, 60 and 120 minutes
reperfusion): 110 and R15 (A), 110 and R30 (B), 110 and R60 (C), 110 and R120 (D), 120 and R15 (E), 120 and
R30 (F), 120 and R60 (G), 120 and R120 (H), 130 and R15 (1), 130 and R30 (J), 130 and R60 (K) e 130 and R120
(L). Note the positive immunoreactivity for caspase-3 protein (brown coloration).

https://doi.org/10.1371/journal.pone.0178665.9009
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Conclusion

This study demonstrated that, the longer the duration of ischemia and reperfusion, the greater
are the morphological lesions found in the hepatic and pulmonary parenchyma. There is no
difference in the expression values of positive immunoreactivity for caspase-3 protein present
in hepatic parenchyma at different periods of ischemia and reperfusion.
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