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Abstract. Hepatocyte apoptosis and energy metabolism in 
mitochondria have an important role in the mechanism of acute 
liver failure (ALF). However, data on the association between 
apoptosis and the energy metabolism of hepatocytes are lacking. 
The current study assessed the activity of several key enzymes 
in mitochondria during ALF, including citrate synthase (CS), 
carnitine palmitoyltransferase-1 (CPT-1) and cytochrome c 
oxidase (COX), which are involved in hepatocyte energy 
metabolism. A total of 40 male Sprague-Dawley rats were 
divided into five groups and administered D‑galactosamine 
and lipopolysaccharide to induce ALF. Hepatic pathology and 
terminal deoxynucleotidyl transferase-mediated dUTP nick 
end labeling examinations indicated that hepatocyte apoptosis 
was observed at 4 h and increased 8 h after ALF. Hepatocyte 
necrosis appeared at 12 h and was significantly higher at 24 h 
with inflammatory cell invasion. The results measured by 
electron microscopy indicated that ultrastructural changes 
in mitochondria began at 4 h and the mitochondrial outer 
membrane was completely disrupted at 24 h resulting in mito-
chondrial collapse. The expression of CS, CPT-1 and COX 

was measured and analyzed using assay kits. The activity and 
protein expression of CS, CPT-1 and COX began to increase 
at 4 h, reached a peak at 8 h and decreased at 12 h during 
ALF. The activities of CS, CPT-1 and COX were enhanced 
during hepatocyte apoptosis suggesting that these enzymes are 
involved in the initiation and development of ALF. Therefore, 
these results demonstrated that energy metabolism is impor-
tant in hepatocyte apoptosis during ALF and hepatocyte 
apoptosis is an active and energy-consuming procedure. The 
current study on how hepatocyte energy metabolism affects 
the transmission of death signals may provide a basis for the 
early diagnosis and development of an improved therapeutic 
strategy for ALF.

Introduction

Acute liver failure (ALF) is defined as severe liver damage 
induced by multiple factors and has a mortality rate of 
80-90% (1). Current studies have verified that hepatocyte 
apoptosis is important in the pathology of ALF (1-5). The 
basic function of the mitochondrion is energy metabolism, 
which provides all of the energy necessary for life. A variety of 
studies have indicated that, in addition to energy metabolism, 
modulation of cellular apoptosis is the second main function of 
mitochondria (2,6,7). For example, the release of cytochrome c 
and pro-apoptotic proteins into the cytoplasm, calcium mobility 
and the generation of reactive oxygen species (ROS) result in an 
alteration in mitochondrial permeability and ATP depletion (3).

Hepatocytes are enriched with mitochondria that comprise 
13-20% of the liver volume. The liver is the chemical center of 
the human body, consuming 20% of oxygen in the entire body 
and is important in the metabolism of sugar, fat, protein, water, 
salt and vitamins. The energy supply to the liver predominantly 
originates from the oxidization of fatty acids. The liver has a 
central position in lipid metabolism and is the location of fatty 
acid β-oxidization (4). Therefore, investigating the associa-
tion between apoptosis and energy metabolism in hepatocyte 
mitochondria during ALF has important practical value for 
understanding the mechanisms underlying ALF, providing a 
basis for the early diagnosis of ALF and developing a reason-
able therapy for ALF.
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Metabolic pathways in the body consist of a series of 
chemical reactions catalyzed by enzymes, of which the 
speed and direction are determined by one or several key 
enzymes. The modulation of energy metabolism, however, 
is primarily achieved by modulating the activities of key 
enzymes (8). Citrate synthase (CS) is the key enzyme and 
the first rate‑limiting enzyme in the tricarboxylic acid cycle 
(TCA). The CS of eukaryotes is coded by the nuclear genome, 
synthesized in cytoplasmic ribosomes and exerts its function 
in the mitochondrial matrix (9). The CS is the rate-limiting 
enzyme of the TCA cycle and its activity can modulate the 
cycle (10-12). Carnitine palmitoyltransferase-1 (CPT-1) is 
located in the outer membrane of mitochondria and catalyzes 
long-chain fatty acyl-CoA and carnitine to synthesize fatty 
acyl carnitine, which is the first rate-limiting reaction of 
the oxidation procedure of fatty acids in mitochondria (13). 
Cytochrome c oxidase (COX) is the final complex of electron 
transmission in the respiratory chain and the key enzyme 
in oxidative phosphorylation in mitochondria (14), and also 
plays an important role in energy production (15). These 
three enzymes are rate-limiting and are the key enzymes in 
mitochondrial energy metabolism. Their activities can reflect 
the mitochondrial energy metabolic function. Measuring the 
alterations in the activities of these three enzymes can indi-
rectly reflect alterations in mitochondrial function. Previous 
studies have indicated that decreases in the activities of CS, 
CPT-1 and COX induced oxidative stress. This created exces-
sive ROS (2), which increased the Ca2+ concentration in the 
cytoplasm (16,17), initiated caspase reactions (5,18), modu-
lated the expression of the apoptosis-modulation proteins p53 
and Bcl-2 (19,20) and produced cell apoptosis through lipid 
peroxidation, amino acid oxidation/glycosylation of intracel-
lular biomembranes, including the mitochondrial membrane, 
endoplasmic reticulum membrane and nuclear membrane, 
and base oxidation of DNA (21). In addition, oxidative stress 
produced an accumulation of excessive acidic substances, acti-
vated lysosomal pathways leading to cellular death, increased 
cellular sensitivity to tumor necrosis factor (TNF)-α (22) 
and also initiated apoptosis (23). Therefore, determining the 
association between apoptosis and mitochondrial energy 
metabolism warrants further investigation, particularly during 
the course of ALF.

The present study aimed to observed the metabolic char-
acteristics of hepatocyte death during ALF and verify that the 
change in energy metabolism is involved in ALF, particularly 
the enhanced activities of CS, CPT-1 and COX during hepato-
cyte apoptosis. 

Materials and methods

Animals and treatment. Male Sprague-Dawley (SD) rats 
weighing 200±20 g were provided by the Experimental Animal 
Center of Beijing Youan Hospital, Capital Medical University 
(Beijing, China). The animals were housed at a room tempera-
ture of 22±2˚C, with a light cycle between 07:00 and 19:00 and 
free access to food and water. All experimental procedures 
were approved by the Ethics Committee of Animal Care and 
Usage of Capital Medical University. A total of 40 rats were 
randomly divided into five groups (n=8): Group A, control 
group; Group B, 4 h after administration of D-galactosamine 

(D-GalN) + lipopolysaccharide (LPS; ALF 4 h group); 
Group C, 8 h after administration of D-GalN + LPS (ALF 8 h 
group); Group D, 12 h after administration of D-GalN + LPS 
(ALF 12 h group); and Group E, 24 h after administration of 
D-GalN + LPS (ALF 24 h group). The rats in Groups B-E 
were injected intraperitoneally (i.p.) with D-GalN (800 mg/kg; 
Sigma-Aldrich, St. Louis, MO, USA) and LPS (100 µg/kg; 
Sigma-Aldrich). The rats in Group A (control) were injected 
i.p. with 1 ml of 0.9% saline. At selected time points following 
D-GalN/LPS treatment, rats were anesthetized and blood was 
collected. The liver was isolated and used immediately to 
prepare mRNA. The mRNA and liver tissues were stored at 
‑75˚C for later analysis.

Assays of biochemical parameters. Serum alanine amino-
transferase (ALT), aspartate aminotransferase (AST) and 
total bilirubin (TBIL) were examined using an automatic 
biochemical analyzer (Olympus AU5400; Olympus, Tokyo, 
Japan); the prothrombin time (PT) and prothrombin activity 
(PTA) were determined using an automatic coagulation 
analyzer (SYSMEX CA-7000; Siemens Healthcare, Erlangen, 
Germany).

Histopathological analysis. Liver tissues were removed 
immediately and fixed in 10% neutral formalin solution for at 
least 24 h, then embedded in paraffin wax and sectioned (4 µm 
thickness) for histopathological evaluation. Liver sections 
were stained with hematoxylin and eosin (H&E) using the 
Hematoxylin and Eosin Staining kit (C0105; Beyotime Institute 
of Biotechnology, Haimen, China), then the sections were 
analyzed by light microscopy (CKX41 Optical Microscope; 
Olympus).

Mitochondrial extraction. Mitochondrial extraction was 
immediately performed on 400 mg of liver tissue from the 
middle portion of the right lobe using a mitochondria extrac-
tion kit (Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China) according to the manufacturer's instructions. 
Half of the mitochondria were kept in the 50 µl storage solution 
from the kit, from which 10 µl of solution was used to measure 
the activities of CS, CPT-1 and COX using spectrophotometry 
(UV-2600 Ultraviolet-Visible Spectrometer; Unico (Shanghai) 
Instrument Co., Ltd., Shanghai, China) following protein 
quantification. The other half of the mitochondria was fixed 
with glutaraldehyde for electron microscopic observation of 
mitochondrial ultrastructure.

In situ apoptosis detection by TUNEL. Fresh liver tissue from 
the right lobe was fixed with 4% paraformaldehyde for 24 h, 
and following paraffin‑embedding, was cut into 4 µm sections 
for TUNEL (Boehringer Mannheim, Ingelheim am Rhein, 
Germany). Under the mediation of terminal deoxynucleo-
tidyl transferase, biotinylated deoxyuridine triphosphate was 
labeled at the 3'-OH terminal formed following the DNA 
break. Using specific binding of biotin and avidin, peroxidase 
was linked to the DNA breakpoint. Substrate was finally 
added to observe apoptotic cells with brown nuclei labeled 
by 3,3'-diaminobenzidine staining under light microscopy. In 
total, 10 fields of view were randomly selected from sections 
of every sample and the apoptotic cells were counted under a 
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lens (magnification, x200) to calculate the apoptotic index (AI, 
expressed as a percentage) in every 100 cells. Apoptotic cells 
fit the following criteria: Single, no surrounding inflammatory 
cells, membrane shrinkage and nuclei densely stained with 
brown particles or debris.

Measurement of CS, CPT‑1 and COX. The activities of 
CS, CPT-1 and COX were examined using a CS assay kit 
(GMS50130.1; Genmed Scientifics, Inc., Shanghai, China), 
a CPT‑1 assay kit (GMS50118.1.2; Genmed Scientifics, Inc.) 
and a COX assay kit (GMS10014.2; Genmed Scientifics, Inc.), 
respectively, according to the manufacturers' instructions.

Western blot analysis. Protein was extracted from liver 
tissue with RIPA buffer [20 mM Tris, pH 7.4, 137 mM NaCl, 
0.5% sodium dodecyl sulfate (SDS), 10% glycerol and 1% 
Triton X-100] with phosphatase inhibitor 1 (100X), phos-
phatase inhibitor 2 (100X) and a protease inhibitor cocktail 
(100X). Protein concentrations were determined using a 
Bio-Rad detergent compatible Protein Assay kit (microtiter 
plate; Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
Proteins (40 mg sample) in SDS-loading buffer [50 mM Tris 
(pH 7.6), 10% glycerol, 1% SDS] were subjected to SDS-12% 
polyacrylamide gel electrophoresis and transferred onto a 
polyvinylidene difluoride membrane (Bio-Rad Laboratories, 
Inc.). The membrane was blocked with 5% dry milk and 
0.1% Tween 20. Antibodies against COX1 (cat. no. sc-23982; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), 
CPT1 (cat. no. ab83862), CS (cat. no. ab129088) and β-actin 
(cat. no. ab6276) (Abcam, San Francisco, CA, USA) were used 
for western blot analysis. Membranes were probed with the 
primary antibodies (1:1,000) in 10 ml blocking buffer overnight 
at 4˚C. Following washing, membranes were further probed 
with the appropriate secondary antibody (1:2,000; cat. nos. 
cat. 115-035-003 and 111-035-003; Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PA, USA) in 10 ml of blocking 
buffer for 1 h at room temperature. SuperSignal® West Pico 
Chemiluminescent Substrate (Thermo Fisher Scientific, 
Rockford, IL, USA) was used for chemiluminescence develop-
ment.

Statistical analysis. The results are presented as the 
mean ± standard deviation. Statistical comparisons among 
groups were performed by analysis of variance followed by the 

t-test for independent samples between two groups. The bilat-
eral 95% confidence interval was calculated using SPSS 13.0 
software (SPSS, Inc., Chicago, IL, USA). P<0.05 (two tailed) 
was considered to indicate a statistically significant difference.

Results

Characteristic alterations of ALF induced by D‑GalN/LPS 
administration. The effects of D-GalN/LPS administration 
on the liver of rats were initially assessed. Serum ALT, AST, 
TBIL, PT and PTA and histological changes in the liver of 
rats were investigated following D-GalN/LPS treatment. The 
results indicated that serum ALT, AST, TBIL and PT were 
significantly elevated, whereas PTA was significantly reduced, 
in a time-dependent manner following D-GalN/LPS exposure 
(Table I). ALT and AST began to increase at 4 h, reached a 
peak at 12 h and decreased at 24 h after ALF. TBIL increased 
at 8 h and peaked at 24 h and PT began to increase while PTA 
decreased at 4 h after ALF.

Histological examination revealed that the livers from 
control group animals demonstrated complete hepatic lobules 
without degeneration or necrosis by H&E staining. At ALF 
4 h, hepatic tissue underwent ballooning degeneration without 
clear inflammatory invasion in the sinusoids. At ALF 8 h, 
there was apparent hepatocyte apoptosis, partial hyperemia in 
the sinusoids, piecemeal necrosis and inflammatory invasion. 
At ALF 12 h, a large quantity of hepatocytes underwent piece-
meal necrosis and there was rupture of hepatic cords. At ALF 
24 h, there was marked necrosis of hepatocytes and severe 
hyperemia in the sinusoids, the boundary of hepatocytes 
became obscure, the fiber mesh scaffold collapsed and there 
was clear inflammatory cell invasion (Fig. 1).

Hepatocyte apoptosis during the early stages of ALF. TUNEL 
staining demonstrated that cellular injury occurred predomi-
nantly in an apoptotic pattern during the early stages of ALF. 
As shown in (Fig. 2A-C), apoptotic cells were predominantly 
located around the central vein and were characterized 
by their shrunken, round shape, small cell body, concen-
trated cytoplasm, increased density of nuclear chromatin, 
which congregated near the nuclear membrane, and their 
invaginated cellular membrane, which separated the cell into 
membrane-encapsulated apoptotic bodies varying in size. 
The AI was significantly different between the control group 

Table I. Alterations in serum ALT, AST, TBIL, PT and PTA in the liver of D-GalN/LPS-treated rats.

Group ALT (U/l) AST (U/l) TBIL (µmol/l) PT (sec) PTA (%)

Control  40.05±3.93 132.89±19.62 1.41±0.77 9.68±0.83 112.69±13.06
ALF 4 h 121.25±52.33a 315.84±106.46a 1.54±0.87 16.28±4.93a 66.44±24.23a

ALF 8 h  827.18±359.48a 2489.06±1181.33a 6.76±3.63a 19.55±6.93a 58.88±20.12a

ALF 12 h  7778.60±4026.25a 9461.90±5238.06a 52.71±10.43a 41.35±12.61a 27.96±9.99a

ALF 24 h 73.28±31.92b 116.08±12.18 64.23±5.59a 71.99±21.55a 15.60±4.44a

aP<0.01, compared with the control group; bP<0.05, compared with the control group. ALT, alanine aminotransferase; AST, aspartate amino-
transferase; TBIL, total bilirubin; PT, prothrombin time; PTA, prothrombin activity; D-GalN, D-galactosamine; LPS, lipopolysaccharide; ALF, 
acute liver failure.
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(10.60±2.61), ALF 4 h (48.90±10.76) and ALF 8 h groups 
(74.60±14.85; Fig. 2D).

Morphological alterations in liver mitochondria during ALF. 
The hepatocyte mitochondria from the control group were 
round or oval with complete membrane structures and concen-
tric circles or longitudinally arranged ridges that were tidy 
and compact. In the ALF 4 h group, the mitochondria were 
reduced in number, fairly structured, fairly complete and had a 
complete structure of ridges that had a fairly tidy arrangement 
but with concentrated stroma. In the ALF 8 h group, the mito-
chondria were swollen and clearly damaged but had somewhat 
complete outer membranes and disorganized ridge structures. 

In the ALF 12 h group, the mitochondria were swollen and 
their inner structures were not easily visible. In the ALF 24 h 
group, the outer membrane was disrupted and the mitochon-
dria had collapsed (Fig. 3).

Activities of CS, CPT‑1 and COX in liver mitochondria 
and their expression in liver tissue. To assess the dynamic 
alterations of CS, CPT-1 and COX during the course of ALF, 
the present study examined the activities of CS, CPT-1 and 
COX in liver mitochondria and the expression level of CS, 
CPT-1 and COX in liver tissue. As shown in (Fig. 4A and B) 
the activities of CS, CPT-1 and COX in liver mitochondria 
began to increase at 4 h (Fig. 4C) peaked at 8 h, began 

Figure 2. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling detection of apoptosis in rat livers during the early stages of ALF. 
(A-C) Apoptotic cells were visible 4 and 8 h after D-galactosamine/lipopolysaccharide treatment in rats and were located predominantly around the central 
vein, as indicated by arrows; (D) 10 fields of view were randomly selected from sections of every sample and the apoptotic cells were counted under a lens 
(magnification, x200) to calculate the number of apoptotic cells in every 100 cells. ALF, acute liver failure.

Figure 1. Histological examination of acute liver damage induced by D-galactosamine/lipopolysaccharide treatment in rats. Liver sections were stained with 
hematoxylin and eosin. ALF 4 h, hepatic tissue underwent ballooning degeneration without inflammatory invasion in the sinusoids; ALF 8 h, hepatocyte 
apoptosis and partial hyperemia was visible in the sinusoids and piecemeal necrosis and inflammatory invasion was observed; ALF 12 h, a large quantity 
of hepatocytes underwent piecemeal necrosis and there was rupture of hepatic cords; ALF 24 h, marked necrosis of hepatocytes and severe hyperemia was 
observed in the sinusoids, the boundary of hepatocytes became obscure, the fiber mesh scaffold collapsed and there was clear inflammatory invasion. ALF, 
acute liver failure. 
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Figure 3. Morphological alterations in liver mitochondria during ALF. Control group, the mitochondria were round or oval with complete membrane structures 
and concentric circles or longitudinally arranged ridges that were tidy and compact; ALF 4 h, the mitochondria were reduced in number, fairly structured, 
relatively complete and had a complete structure of ridges that had a relatively tidy arrangement but with concentrated stroma; ALF 8 h, the mitochondria were 
swollen and clearly damaged but had somewhat complete outer membranes and disorganized ridge structures; ALF 12 h, the mitochondria were clearly swollen 
and their inner structures were not easily visible; ALF 24 h, the outer membrane was disrupted and the mitochondria had collapsed. ALF, acute liver failure.

Figure 4. Activities of CS, CPT-1 and COX in liver mitochondria and their protein expression level in liver tissue. (A-C) The activity of CS, CPT-1 and COX in 
liver mitochondria began to increase at 4 h, peaked at 8 h and began to decrease at 12 h. (D) Western blotting demonstrated that the protein expression levels 
of CS, CPT-1 and COX were upregulated at 4 h and then decreased after 12 h in liver tissue. ALF, acute liver failure; CS, citrate synthase; CPT-1, carnitine 
palmitoyltransferase-1; COX, cytochrome c oxidase; D-GalN, D-galactosamine; LPS, lipopolysaccharide.

  A   B   C

  D
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to decrease at 12 h and decreased markedly at 24 h. The 
present study also determined the expression level of CS,  
CPT-1 and COX in liver tissue during D-GalN/LPS-induced 
hepatic failure. As shown in Fig. 4D, compared with the 
control group, the expression levels of CS, CPT-1 and COX 
were upregulated at 4 h and then decreased after 8 h in liver 
tissue.

Discussion

Mitochondria are critical during hepatocyte death and the 
dysfunction of mitochondria is an obligatory process in hepa-
tocyte death. The increase in mitochondrial permeability and 
dysfunction can induce hepatocyte apoptosis and necrosis. 
Mitochondria undertake the metabolic function of producing 
energy through the respiratory chain and the mitochondrial 
inner and outer membranes can simultaneously quarantine 
pro-apoptotic proteins in the periplasmic space. However, 
the metabolic function and characteristics of mitochondria 
and their association with hepatocyte apoptosis remain to be 
elucidated.

The combined administration of D-GalN and LPS is 
a common method of establishing an ALF model in rodent 
animals (24). LPS can directly stimulate Kupffer cells to 
produce TNF-α and other inflammatory factors, producing 
hepatocyte injury (25). D‑GalN is a specific hepatic toxicant 
that can deplete hepatic uridine and induce hepatic injury (26). 
Combined administration of D-GalN and LPS can enhance 
sensitivity to LPS and result in ALF (26). The present study 
successfully duplicated this animal model.

ALF is characterized by broad hepatocyte death or acute 
disruption of liver function and is the common outcome of 
all severe liver diseases. Regardless of the pathogenesis, the 
final manifestation is large‑scale death of hepatocytes and 
other liver cells. Currently, it is known that there are two 
types of hepatocyte death: Apoptosis and necrosis. Apoptosis 
is a physiological cellular suicide process that is induced by 
in vivo and/or in vitro factors, is active and energy-consuming, 
highly ordered, genetically controlled and involves a series 
of enzymes (27). Necrosis, however, is an acute, irreversible, 
and passive process that is characterized by metabolic loss 
and destruction of cellular integrity (28). Previous studies 
indicated that energy metabolism is critical in determining 
patterns of cell death (29-32). Although there have been 
numerous studies investigating ALF (13,16-18,28,33), 
the mechanism underlying hepatocyte death during ALF 
remains to be elucidated. Particularly, studies regarding the 
energy metabolic characteristics and the association between 
key enzymes in energy metabolism and hepatocyte apoptosis 
during ALF are controversial. For example, previous studies 
testified that fatty acid metabolism altered during ALF, 
however, this was predominantly determined by measuring 
the plasma ketone level to reflect the oxidation level of fatty 
acids in the liver (33,34); and the plasma ketone level is 
affected by numerous factors, including glucose supplemen-
tation and starvation.

The present study indicated that apoptosis and necrosis 
occurred in hepatocytes during ALF, but with different 
patterns at different stages. During the early stages of 
ALF, hepatocyte apoptosis was predominant. Under light 

microscopy, apoptosis was apparent at ALF 8 h, while 
necrosis was visible during and after ALF 12 h. TUNEL 
staining also indicated that apoptosis was most significant 
at ALF 8 h. The increase in serum ALT and AST was due to 
the release of intracellular enzymes into the blood following 
necrosis. The present study indicated that serum ALT and 
AST peaked at ALF 12 h, while the activities of mitochon-
drial COX, CS and CPT-1 peaked at ALF 8 h, earlier than the 
ALT and AST peaks, indicating that the activities of COX, 
CS and CPT-1 were enhanced during apoptosis and decreased 
during necrosis. This implies that apoptosis is an active and 
energy-consuming process (35,36). However, this result 
disagreed with previous studies suggesting that decreased 
activities of COX, CS and CPT-1 induced apoptosis, the 
production of ROS and the release of cytochrome c and 
pro-apoptosis factors (37-40). The reason for this discrepancy 
may be that apoptosis is an active and energy-consuming 
process that requires a large quantity of ATP supplementa-
tion at this stage, and this signal stimulates the synthesis 
of enzymes to ensure the smooth progression of apoptosis, 
as reflected in the enhancement of enzymatic activities. In 
addition, cell apoptosis is a complex process and numerous 
important factors are involved, including toxins, cytokines 
and hormones. Therefore, hepatocyte apoptosis during the 
early stage of ALF, may be mediated by other factors, while 
the energy metabolism of mitochondria provides the neces-
sary energy for apoptosis. By contrast, enhanced enzymatic 
activities may also be a compensatory mechanism.

The present study only observed the association between 
the activities of CS, CPT-1 and COX and hepatocyte 
apoptosis; it did not investigate the association between 
enzyme activities and other factors, including cytokines, 
pro-apoptotic proteins and inhibitors of apoptosis proteins. 
In addition, the association between the enzymatic activity 
and signaling pathways of hepatocyte apoptosis and necrosis 
is not clear. The present study could not explain why the 
enzymatic activities in different mitochondrial locations were 
enhanced, while the mitochondrial structure altered. The 
presumption is that the enzymatic activity is closely associ-
ated with the structure and permeability of the mitochondrial 
outer membranes, but is less associated with the structure of 
the mitochondrial inner membrane and ridge. Therefore, the 
roles of key enzymes in different locations and alterations in 
mitochondrial structures, in particular the permeability of 
the mitochondrial outer membranes, should be investigated 
further to determine the mechanism underlying changes in 
enzymatic activity during ALF. Further studies investigating 
how hepatocyte energy metabolism affects the transmission 
of death signals will provide a basis for the early diagnosis 
and development of an improved therapeutic strategy for 
ALF.
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