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Abstract

AlIM: To investigate the role of mitochondria in cell apoptosis
during hepatic ischemia-reperfusion injury and protective
effect of ischemic postconditioning (IPC).

METHODS: A rat model of acute hepatic ischemia-reperfusion
was established, 24 healthy male Wistar rats were randomly
divided into sham-operated group, ischemia-reperfusion
group (IR) and IPC group. IPC was achieved by several
brief pre-reperfusions followed by a persistent reperfusion.
Concentration of malondialdehyde (MDA) and activity of
several antioxidant enzymes in hepatic tissue were measured
respectively. Apoptotic cells were detected by TdT-mediated
dUTP-biotin nick end labeling (TUNEL) and expression of
Bcl-2 protein was measured by immunohistochemical
techniques. Moreover, mitochondrial ultrastructure and
parameters of morphology of the above groups were observed
by electron microscope.

RESULTS: Compared with IR group, the concentration of
MDA and the hepatocellular apoptotic index in IPC group
was significantly reduced (P<0.05), while the activity of
antioxidant enzymes and OD value of Bcl-2 protein were
markedly enhanced (P<0.05). Moreover, the injury of
mitochondrial ultrastructure in IPC group was also obviously
relieved.

CONCLUSION: IPC can depress the synthesis of oxygen
free radicals to protect the mitochondrial ultrastructure and
increase the expression of Bcl-2 protein that lies across the
mitochondrial membrane. Consequently, IPC can reduce
hepatocellular apoptosis after reperfusion and has a
protective effect on hepatic ischemia-reperfusion injury.
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INTRODUCTION

Hepatic ischemia-reperfusion injury (IRI) is a common
pathological process of traumatic surgical diseasesin the liver,
such as severe liver trauma, extensive hepatic lobus excision,
liver transplantation, shock and infection. When hepatic IRI

happens, a series of metabolic and structural and functional
disorder of hepatic tissue cells would occur, which directly
influence the prognosis of patients*?. At present, the study
about the mechanism and intervention method of hepatic IRI
has been carried out extensively. It has been confirmed that
apoptosis as away of cell death is significant for maintaining
normal cell development and stabilization, and isclosely related
to the initiation and development of many clinical diseases,
and it also participates in IRI of tissues and organs'®*.
Mitochondria as one of the organelle of cells play an important
rolein providing energy, adjusting osmotic pressure, calcium
balance, and pH value, and cell signaling. Mitochondria
perform their function by production of ATP and reactive
oxygen species (ROS) which are also known as signals
regulating gene expression and triggering cell death!”®. At
present, mitochondria/ cytochrome C apoptotic pathway has
attracted close attention of scholars. Many stimulators such as
ROS, Ca?* and cytokines could activate cysteine agpartate-specific
proteases (Caspase) by inducing cytochrome C release®*2. But
the study on the changes of the structure and function of
mitochondria in hepatic IRl and the adjusting function of
mitochondriain hepatocellular apoptosiswas rarely reported at
home and abroad. We established a hepatic IRl model in liver
of rats, and observed the influence of ischemic postconditioning
(IPC) on cell apoptosis in hepatic IRl and the adjustment
function of mitochondria. This experiment lays a theoretical
foundation for adopting a more reasonable method to restore
the blood flow after hepatic ischemia.

MATERIALS AND METHODS

Materials

Twenty-four healthy male Wistar rats, weighing 200-250 g,
were supplied by the Experimental Animal Center of Wuhan
University. Malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GSH-PX)
assay kits were purchased from Nanjing Jiancheng
Bioengineering Co.Ltd, China. Mouse anti-rat Bcl-2
monoclonal antibody and SP assay kit were provided by Beijing
Zhongshan Biotechnology Co.Ltd, China. Terminal
deoxynucleotidyl transferase (TdT) mediated dUTP nick end
labeling (TUNEL) in situ cell death detection kit was the
product of Boehringer Mannhein Co.Ltd, USA.

Animal model

The animals were fed standard laboratory chow. Before the
day of experiment, the animals were fasted overnight, but
dlowed free accessto water. They were anesthetized by sodium
pentobarbital (30 mg/kg). Hepatoduodenal ligament was
separated after entry into the belly, the first porta hepatis was
exposed and arat local hepatic IRl model was established with
reference to the previous method*®. Blood flow of caudate
and left lobe of the liver was blocked with non-trauma mini
artery clamp, causing 70% liver ischemia. However, the blood
flow of right lobe was not blocked to prevent blood clot in
portal vein and gastrointestinal tract. Twenty-four rats were
randomly divided into three groups (eight in each group) and
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subjected to the following treatments. (1) Sham-operated
group: only hepatoduodenal ligament was separated after entry
into the belly, blood flow of porta hepatis was not blocked.
(2) Ischemia-reperfusion group (IR): the liverswere undergone
ischemia for 60 min followed by reperfusion for 120 min.
(3) Ischemic postconditioning group (IPC): the livers were
subjected to porta hepatis occlusion for 60 min, then treated
for 2 min, 3min, 5min, 7 min by brief reperfusion consecutively,
each was separated with occlusion for 2 min, followed by a
persistent reperfusion for 95 min, which made the total
reperfusion time the same as the other two groups.

MDA and antioxidant enzyme measurement

Concentration of MDA and activity of SOD, CAT and GSH-
PX in hepatic tissue were measured according to the
commercia kit manual.

Immunohistochemical staining

Fresh hepatic tissues, cut from left [obe of theliver, werefixed
informalin for 12-24 h and then embedded in paraffin wax.A
4-mm thick sections were cut and mounted onto dlides. They
were deparaffinized by passng through xyleneand graded series
of ethanal, followed by rinsing in tap water and 0.01 mmol/L
phosphate buffered saline (PBS) respectively. Endogenous
peroxidase activity was quenched by treating the sectionswith
30 mL/L hydrogen peroxide for 10 min. Nonspecific binding
was blocked by incubating sectionsin PBS containing 10 g/L
bovine albumin for 10 min. Then the sections were incubated
for an hour in primary antibody (mouse anti-rat Bcl-2 monoclonal
antibody). After rinsed in PBS, the sections were treated
sequentially with biotin-conjugated second antibody for 10 min
and then with streptavidin-peroxidase for another 10 minwith
PBS rinsing after each step. The sections were stained
subsequently with freshly prepared DAB reagent for 3 min,
terminated by rinsing in water, then immerged in hematoxylin
for 3-5minand 0.5 mmol/L HCI for 10 s. Finally, after passing
through xylene and graded series of ethanol, the sectionswere
covered with coverdips for light analysis. The sections were
examined with HAIPS-2 000 image analysis and the Absorbency
value was used to evaluate the content of Bcl-2 protein.

Hepatic TUNEL staining

In situ terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) of fragmented DNA was
performed on paraffin slices using the in situ cell death
detection kit as described in the commercial kit manual.
Positively labeled nuclei (brown color) were identified from
negatively unstained nuclei (blue color). The number of positive
nuclei was determined by counting (magnificationx400) al the
positively labeled nuclei present in five random visua fields
under amicroscope. The percentage of TUNEL positive nuclei
to all nuclei counted was used as apoptotic index (Al). The
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apoptotic cells had the following characteristics: single cells,
no inflammation, curling of cell membrane, brown particul ate
or fragmented nuclei.

Morphopathological observation of ultrastructural organization
One mm? fresh hepatic tissue, cut from left lobe of the liver,
was pre-fixed with glutaraldehyde at the volume fraction of
2.5% and pogt-fixed with 1 g/L osmic acid. Then the specimens
were immersed in propylene oxide after dehydration with
gradient ethanol, embedded with epoxy resin and made into
ultrathin sections. The sections were stained subsequently with
|ead-uranium and the changes of ultrastructural organization
were observed under H-600 transmission el ectron microscope.
Finally, the sections were measured for cross-sectional area
(A), cross-sectional perimeter (P) of mitochondria (using Image
Pro Plus, USA), and computed specific surface of mitochondria
following the formula: d=4P/(pA).

Statistical analysis

All data were expressed as mean+SD. Comparisons between
groups were analyzed with one-way ANOVA and Student-
Newman-Keuls g test. P valueslessthan 0.05 were considered
statistically significant.

RESULTS

MDA concentration and antioxidant enzyme activity

The concentration of MDA in hepatic tissue was rapidly
elevated after reperfusion in IR and |PC groups against sham
group (P<0.05), while the activity of SOD, CAT and GSH-PX
was significantly reduced (P<0.05). Compared with IR group,
the concentration of MDA in | PC group was markedly reduced
and activity of each antioxidant enzyme was significantly
enhanced (P<0.05) (Table 1).

Table 1 Measurement of MDA concentration and antioxidant
enzyme activity (meantSD, n=8)

Group MDA SOD CAT
(nmol/mg) (U/mg prot) (U/mg prot)

GSH-PX
(U/mg prot)

Sham  3.42+1.12
IR 17.56+4.802
IPC 10.1843.56%

241.47+19.52 91.6648.16
132.99+22.11* 40.24+7.73*
176.84+20.50°¢ 64.81+7.19

124.17+24.37
51.75+16.432
89.70+28.15

3P<0.05 vs sham, 9P<0.05 vs IR.

Expression of Bcl-2 protein

The A value of Bcl-2 proteinin IR group (0.067+0.011) was
significantly lower than that in sham group (0.096+0.017)
(P<0.05). After postconditioning, the expression of Bcl-2
protein was more eminent (A value 0.138+0.016) than that in
IR group (P<0.05) (Figure 1A, B, C).

Figure 1 Bcl-2 expression in sham, IR and IPC groups (x200). A: Bcl-2 expression in sham group, B: Bcl-2 expression in IR group,

C: Bcl-2 expression in IPC group.
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Figure 2 TUNEL staining in sham, IR and IPC groups (x200). A: TUNEL staining in sham group, B: TUNEL staining in IR group,

C: TUNEL staining in IPC group.

Effect of IPC on hepatocellular apoptosis

Under light microscope, TUNEL staining indicated that cell
injury occurred primarily in the form of apoptosis at the early
stage of reperfusion and apoptotic cells were mainly around
the central vein (Figure 2A, B, C). Under el ectron microscope,
the early manifestations of apoptosis, such as swelling and
rounding of cells, cell exfaliation, and aggregation of chromatin
in the edge, as well asthe typical manifestations of apoptosis,
such as the concentration of cytoplasm and nucleus, and
formation of apoptotic body, could be seen (Figure 3). The
apoptotic index in IR group (46.53+3.47) was significantly
higher than that in sham group (2.05+0.83) (P<0.05). After
postconditioning, the apoptotic index (23.16+£2.67) was
significantly reduced compared with IR group (P<0.05).

Figure 3 Morphological change of hepatocellular apoptosis in
IR group (TEMx15 000).

Ultrastructural changes of mitochondria

In sham group, mitochondrid structurewasnormal. Mitochondria
wereorderly arranged in the form of round or ellipsoid without
swelling. Mitochondrial membrane wasintact and cristae were
arranged in the form of concentrical ring or vertical line,

congested and clear (Figure 4A). In IR group, mitochondria
were swollen obvioudly. Mitochondrial membrane was vague
or partly ruptured and cristae were obvioudy loose and dissolved,
alot of vacuoluses were formed (Figure 4B). In IPC group,
mitochondrial structure was basically normal. Mitochondria
were orderly arranged, mitochondrial membrane was basically
intact, cristae were congested and there was no vacuolization
(Figure 4C).

Quantitive analysis of mitochondrial morphology

The cross-sectional area and perimeter of mitochondria were
markedly increased after reperfusion in IR and IPC groups
against sham group (P<0.05), while the specific surface of
mitochondria was significantly reduced (P<0.05). Compared
with IR group, the cross-sectional area and perimeter of
mitochondriain IPC group were markedly reduced and the
specific surface was significantly increased (P<0.05) (Table 2).

Table 2 Changes of parameters of mitochondrial morphology
(mean+SD, n=8)

Group Area (Mm?) Perimeter (Mmm)  Surface (nm?)
Sham 76.248.1 22.7+4.6 0.3940.04
IR 278.3+22.22 60.945.92 0.1740.052
IPC 150.9+16.4% 42.144.3* 0.26+0.05%

3P<0.05 vs sham, °P<0.05 vs IR.

DISCUSSION

Under the influence of many kinds of stress factors such as
ROS, Ca?* overloading, and toxin, mitochondria ultrastructure
and itsfunction were easily damaged, then the active substance
originally in mitochondria related to apoptosis including
cytochrome C, was released into cytoplasm!*+8, Recent
progress in studies on apoptosis has revealed that cytochrome

Figure 4 Mitochondrial ultrastructure in sham, IR and IPC groups (TEMx15 000). A: Mitochondrial ultrastructure in sham group,
B: Mitochondrial ultrastructure in IR group, C: Mitochondrial ultrastructure in IPC group.
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C is a pro-apoptotic factor. It isreleased at early stage of
apoptosis and, by combining with some cytosolic proteins,
could activate conversion of the latent apoptosis-promoting
proteaseto its active form*®, Once cytochrome C was released,
cells would die through two ways. One was through quick
apoptotic mechanism. Released cytochrome C and apoptotic
protease activating factor-1 (Apaf-1) and Caspase-9 were
combined, and then Cytc-Apaf-1-Caspase-9 compound was
formed, which would lead to the activation of pro-Caspase-9,
and subsequently, downstream Caspase-3 was activated, and
apoptic cascade reaction was promoted. At the sametime, part
of the unreleased cytochrome C was steadily combined with
cytochrome b-cl and C oxidase, and adequate ATP was
produced to provide energy for apoptosig?®>#.. The other was
through necrotic process. Permeability transition pore (PTP)
opened, mitochondrial matrix was swollen and ruptured due
to hyperosmotic effect, the transmembrane potential (A wm)
of the original mitochondrial membrane quickly collapsed,
cytochrome C wasreleased in grest amount, electron transferring
respiratory chain was blocked, ATP content was radically
reduced, effective supply of energy could not be realized and
cell necrosed. Consequently, mitochondria could determine the
cellsto go into apoptosis or necrosis?!. This experiment proved
that early injury of cells after reperfusion occurred mainly in
the form of apoptosis. The end product MDA of lipid
peroxidation in liver tissue increased after reperfusion, while
SOD, CAT and GSH-PX as the mgjor antioxidant enzyme and
free radical scavenger were obviously decreased, indicating
their capacity of preventing cells from the injury caused by
ROS. Excessive oxygen free radicals could directly react with
unsaturated fatty acid on the surface of mitochondrial membrane,
which led to the destruction of its structure and function.
Cytochrome C and other apoptos s-promoting substances were
released in great amount, which triggered the apoptosis of cells.

The quantitative analysis of the stereo-form of mitochondria
indicated that the major morphological change of mitochondrial
injury was swelling. It was considered previously that the
apoptotic cells manifested condensed chromatin but intact
mitochondria. Now much more evidencerevealed that significant
changes of mitochondria such as swelling, megamitochondria,
mitochondrial pyknosis and disrupted outer-membrane could
take place in many apoptotic model §%529, Specific surface is
theratio of average area of granular membrane to its volume.
It is the objective index to reflect the swelling degree of
mitochondria. Our study found that, after reperfusion, the cross-
sectional area and perimeter of mitochondria were obviously
increased, but specific surface was markedly smaller. The
swelling of mitochondria was obvious, and this was in
accordance with the changing tendency of mitochondrial
ultrastructural organization observed under el ectron microscope.
After postconditioning, the degree of mitochondrial swelling
injury was obvioudy relieved and hepatocel lular apoptotic index
was also decreased, indicating that the structural and functional
changes of mitochondriain apoptotic cellswere correlated with
the initiation and development of cell apoptosis, suggesting
that mitochondrial dysfunction might be the key event in the
development of cell apoptosis. Moreover, |PC had a protective
effect on the mitochondrial ultrastructure and function.

The exact mechanisms underlying this postconditioning-
produced protection remain unclear. It is most likely, though
till speculative, that the IPC scheme (reiterative brief pre-
reperfusion followed by continuous reperfusion) adopted in
this experiment to some extent equaled a controlled slow
intermittent reoxygenation, which might reduce the burst
production of oxygen free radicals at the early stage of
reperfusion and stimulate the release of antioxidant enzymes
and freeradical scavengers, thus producing protective effects.
Compared with IR group, in IPC group MDA inthe liver tissue

was decreased and every antioxidant enzyme was increased
conspicuously, which reduced the injury to mitochondrial
membrane lipid peroxidation by toxic oxygen radicals, protected
the integrity of the structure and function of mitochondria, and
prevented the apoptosis of liver parenchymacells. Cave et al 7
reported that, in an isolated perfused heart model, compared
with sudden reperfusion (remove artery snare occluder
abruptly), controllable and slow reperfusion could decrease
the occurrence of ventricular fibrillation. The postconditioning
treatment in the present study was essentially comparable in
some senses to those controlled and slow reoxygenation.

In addition, in order to know the function of mitochondria
in apoptotic regulatory pathway, we aso measured the change
of the content of Bc1-2 proteinin liver tissue. Bc1-2 protein as
the major representative of apoptotic restraining proteinsin
Bc1-2 family, functioned through signal-anchor sequence of
carboxyl terminal stretching cross mitochondrial membraneg?-24,
Bc1-2 protein could regulate the permeability of PTP on the
surface of mitochondrial membrane, or itself could participate
in the formation of the specific pathway directly. This could
maintain the stability of transmembrane potential and inhibit
the release of cytochrome C and other apoptosis-promotion
substances, and consequently inhibit the activation of Caspase
in cytoplasm and block apoptotic cascade reaction®, Qur
experiment confirmed that after postconditioning, the A value
of Bcl-2 protein was obviously higher than that of IR group,
and apoptotic index was obviously decreased. This showed
that IPC could decrease apoptosisin liver IRI by up-regulating
trans-mitochondrial membrane Bc1-2 protein expression. But
the detailed mechanism needs to be further studied.

To sum up, in hepatic IRI, various stress factors can activate
the apoptotic pathway mediated by mitochondria, which leads
totheincrease of apoptosis, and the decrease of thetotal number
of parenchymacells, and thusthe hepatic tissueand liver function
are severely damaged. Mitochondrial apoptotic pathway
participates in hepatic IRI, and is a ring-point in this
complicated mechanism. IPC can protect the mitochondrial
ultrastructural organization and function through theinhibition
of synthesis of excessive oxygen free radicals after reperfusion
and increase trans-mitochondrial membrane Bcl-2 protein
expression. Consequently, IPC can inhibit cell apoptosis and
reduce hepatic IRI. IPC should carry out after operation and
before comprehensive blood perfusion. It iseasy to perform
and the time is adequate. Undoubtedly, it has direct clinical
application value.
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