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Several studies have indicated that cholestatic liver damage involves

mitochondria dysfunction. However, the precise mechanism by which

hydrophobic bile salts cause mitochondrial dysfunction is not clear. In this

study, we intended to determine the pathogenesis of cholestatic liver injury

associated with peroxisome proliferator-activated receptor-c co-activator

1a (PGC-1a). A mouse model of cholestatic liver disease was generated by

surgical ligation of the bile duct (BDL), and a mouse model of fibrosis was

developed through serial administration of thioacetamide. After obtaining

liver specimens on scheduled days, we compared the expression of the

antioxidant enzymes (superoxide dismutase 2 [SOD2], catalase, and glu-

tathione peroxidase-1[GPx-1]) and PGC-1a in livers from mice with fibrosis

and cholestasis using western blotting, immunohistochemistry, and

immunofluorescence. We found that cholestatic livers exhibit lower expres-

sion of antioxidant enzymes, such as SOD2, catalase, and PGC-1a. In con-

trast, fibrotic livers exhibit higher expression of antioxidant enzymes and

PGC-1a. In addition, cholestatic livers exhibited significantly lower expres-

sion of pro-apoptotic markers (Bax) as compared to fibrotic livers. It is

well known that overexpression of PGC-1a increases mitochondrial antiox-

idant enzyme expression, and vice versa. Thus, we concluded that obstruc-

tive cholestasis decreases expression of PGC-1a, which may lead to

decreased expression of mitochondrial antioxidant enzymes, thereby ren-

dering mice with cholestatic livers vulnerable to ROS-induced cell death.

Obstructive cholestasis is defined as decrease in bile

flow due to its obstruction through intra- or extrahep-

atic bile ducts. Obstructive cholestasis is a frequently

occurring disease. Any diseases that cause narrowing

of the biliary duct, frequently the extrahepatic bile

duct, can induce obstructive cholestasis, including

cholangitis, cholelithiasis, pancreatic cancer, duodenal

cancer, and ampulla of Vater cancer. Physiologically,

bile salts are recycled within a circuit of enterohepatic

circulation; they are first synthesized in the liver; then,
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they enter the intestine by way of the biliary tract and

finally return to the liver through the portal vein after

being reabsorbed in the proximal and distal ileum. As

obstructive cholestasis is characterized by the abrup-

tion of such an enterohepatic circulation, it has sys-

temic impacts, including decreased protein synthesis in

the liver, decreased gut mucosal integrity, increased

bacterial translocation, decreased myocardial con-

tractibility, and systemic vasodilatation [1,2].

Of those organs, the liver is a direct target of

obstructive cholestasis because of the bile salts accu-

mulated in the liver. Currently, several studies indicate

that hepatotoxicity by hydrophobic bile salts is mito-

chondria-mediated [3–6]. It was revealed that

hydrophobic bile acids induce alterations in membrane

fluidity, which is associated with impairment of mito-

chondrial respiration and mitochondrial depolarization

[5]. However, little has been known about the precise

mechanism by which hydrophobic bile salts cause

mitochondrial dysfunction. In this study, we focused

on the function of peroxisome proliferator-activated

receptor-c co-activator 1a (PGC-1a). PGC-1a is a

potent regulator of energy metabolism and mitochon-

drial biogenesis [7–10]. As a regulator of mitochondrial

biogenesis and function, PGC-1a binds to a variety of

transcriptional factors, including mitochondrial DNA

transcription factor A, transcriptional nuclear respira-

tory factors (NRF-1), and other metabolic transcrip-

tional nuclear factors [10]. PGC-1a is also known to

regulate the expression and activity of mitochondrial

antioxidant enzymes in various cells [11,12]. Overex-

pression of PGC-1a leads to upregulation of mitochon-

drial antioxidant enzymes and to the downregulation

of oxidative stress in vascular endothelial cells [11]. In

this study, we intended to determine the pathogenesis

of hepatotoxicity caused by obstructive cholestasis

associated with PGC-1a.

Materials and methods

In vitro experiments

Chemicals

Hydrophobic bile salts (GDCAs) were purchased from

Sigma-Aldrich (St Louis, MO, USA). 5,50,6,60-tetrachloro-
1,10,3,30-tetraethylbenzimidazolcarbocyanine iodide (JC-1)

kit was purchased from Sigma-Aldrich (St Louis).

Cell culture

The LO2 human hepatocyte cell lines were kindly donated

by D-H Kim (Konkuk University, South Korea). The LO2

hepatocyte cell lines were maintained in DMEM high-

glucose medium (Thermo, Carlsbad, CA, USA). The med-

ium was supplemented with 10% fetal bovine serum (FBS,

Gibco-BRL, Carlsbad, CA, USA) and 1% antibiotics

(Thermo) at 37 °C in a humidified atmosphere with 5%

CO2 in an incubator.

Overexpression of PGC-1a genes

pcDNA3.1-PGC-1a was purchased from Addgene (Water-

town, MA, USA). Briefly, LO2 cells were plated in 6-well

plates (2 9 105 cells/well) and transiently transfected with

100 nM per well of pcDNA3.1-PGC-1alpha mixed with the

Lipofectamine 2000 transfection reagent (Thermo Fisher

Scientific) according to the manufacturer’s instructions.

pcDNA3.1 vector (Addgene, Watertown, MA, USA) was

used as a negative control and introduced into the cells

under the same protocol. Transcription was specifically

suppressed by siRNA, which targeted PGC-1 mRNA cod-

ing sequence. Briefly, LO2 cells were plated in 6-well plates

(2 9 105 cells/well) and transiently transfected with 100 nM

per well of PGC-1 siRNA (Santa Cruz Biotechnology,

Santa Cruz, CA, USA) mixed with the Lipofectamine

RNAiMAX transfection reagent (Thermo Fisher Scientific)

according to the manufacturer’s instructions. Silencer

Negative Control siRNA (Santa Cruz) was used as a nega-

tive control and introduced into the cells under the same

protocol. After 5-h incubation, the medium was changed to

complete culture medium, and the cells were incubated at

37 °C in a CO2 incubator for 48 h before harvesting.

JC-1 mitochondrial membrane potential assay

LO2 cells were plated in 6-well plates (2 9 105 cells/well)

and transiently transfected with 1 lg pcDNA3.1-PGC-1a
and 100 nM PGC-1a siRNA. After transfection for 24 h,

LO2 cells were cultured in the medium with 100 lM GDCA

for 24 h. After that, LO2 cells were stained with 5 lM JC-1

for 15 min at 37 °C in the dark. Fluorescence was observed

under an EVOS M5000 fluorescence microscope (Thermo

Fisher Scientific).

In vivo experimental design

Mouse model of obstructive cholestasis

Six-week-old male BALB/c mice (OrientBio Animal Center,

Seongnam, Republic of Korea) (N = 70) were used for this

study. This study was approved by the Institutional Animal

Care and Use Committee of the Clinical Research Institute

at Seoul St. Mary’s Hospital at the Catholic University of

Korea (CUMC-2018-0202-01). Mice were anesthetized

using an intraperitoneal injection of 30 mg/kg�1 tiletamine–
zolazepam (Zoletil 20; Virbac, Nice, France). We generated

a mouse model of obstructive cholestasis by bile duct
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ligation (BDL) as previously described [13]. Briefly, after

opening the abdomen by performing a midline laparotomy,

we exposed the bile duct by caudal movement of the gut.

We then sutured the bile duct using the 4-0 silk suture and

secured it with two surgical knots. Before obtaining the

liver specimens, mice were fasted overnight to minimize

variability due to dietary uptake. To minimize the effects of

the circadian rhythm, we euthanized the mice at the fixed

time (10 am to 12 pm) and obtained liver and blood sam-

ples. All manipulations were performed at 4 °C or on ice

to minimize mitochondrial membrane and protein degrada-

tion. The intervals of collecting liver specimens were 12 h,

and 0, 1, 2, 3, 4, 7, and 14 days, respectively, after BDL

(N = 10 per day). Collected liver tissues were processed for

protein isolation, and the rest of the tissues were fixed for

pathology or stored at � 80 °C.

Mouse model of TAA-induced liver fibrosis

Six-week-old male BALB/c mice (N = 20) were used for this

study. Hepatic fibrosis was induced in these mice using an

intraperitoneal injection of thioacetamide (TAA) (Sigma, St

Louis, MO, USA: 200 mg/kg body weight) two times a week

for the determined periods (3, 5, and 8 weeks), respectively.

One week after the last injection of TAA, mice were eutha-

nized, and their liver specimens were collected for investiga-

tion. Before obtaining the liver specimens, mice were fasted

overnight. All manipulations were performed at 4 °C or on

ice at the fixed time (10 am to 12 am).

Immunohistochemical analyses and trichrome staining

For immunohistochemical analysis, formalin-fixed, paraffin-

embedded (FFPE) tissue sections were deparaffinized, rehy-

drated in an ethanol series, and subjected to epitope retrieval

using standard procedures. Antibodies against PGC-1a,
superoxide dismutase 2 (SOD2), and Bcl-2-like protein 4

(Bax) (all from Cell Signaling Technology, Danvers, MA,

USA); cytochrome c (Santa Cruz, Dallas, TX); 4-hydroxy-2-

nonenal (4-HNE; Abcam, Cambridge, UK); and 8-hydroxy-

2’-deoxyguanosine (8-OHdG; Abcam) were used for

immunochemical staining. The samples were then examined

under a laser scanning microscope (Eclipse TE300; Nikon,

Tokyo, Japan) to analyze the expression of PGC-1a, SOD2,

and Bax. Trichrome staining was performed using the Mas-

son’s trichrome staining kit according to the manufacturer’s

protocol (Polysciences, Warrington, PA, USA).

Biochemical analysis

Mice were fasted overnight before obtaining blood samples.

Serum was collected from mouse blood samples and was

centrifuged for 10 min at 10 000 g. Serum concentrations

of biochemical parameters indicative of liver injury,

including aspartate transaminase (AST), alanine transami-

nase (ALT), ammonia and, and total bilirubin, were deter-

mined using a VetTest Chemistry Analyzer (IDEXX

Laboratories; Westbrook, ME, USA).

Western blotting

Liver tissues were lysed using the EzRIPA Lysis Kit

(ATTO Corporation; Tokyo, Japan) and quantified using

the Bradford reagent (Bio-Rad, Hercules, CA, USA). Pro-

teins were visualized using western blotting with the follow-

ing primary antibodies (1 : 1000 dilution) at 4 °C overnight

and with HRP-conjugated secondary antibodies (1 : 2000

dilution) for 1 h at 25 °C. Primary antibodies included

antibodies against PGC-1a, SOD2, catalase, glutathione

peroxidase-1 (GPx-1), B-cell lymphoma 2 (Bcl-2), and b-
actin (all from Cell Signaling Technology). Secondary anti-

bodies were horseradish peroxidase (HRP)-conjugated (Cell

Signaling Technology). Specific immune complexes were

detected using the Western Blotting Plus Chemilumines-

cence Reagent (Millipore; Bedford, MA, USA).

Statistical analysis

All data were analyzed using the SPSS 11.0 software (SPSS

Inc.; Chicago, IL, USA) and are presented as the mean � s-

tandard deviation (SD). Statistical comparisons between the

mean values of two groups were performed using Mann–
Whitney U-test; for the comparison of three or more groups,

the Kruskal–Wallis test was used. Probability (P) values

of < 0.05 were considered statistically significant.

Results

Effects of hydrophobic bile salts on the

expression of PGC-1a and antioxidant enzymes

We first investigated the direct effect of hydrophobic

bile salts on the hepatocytes. LO2 normal hepatocytes

were treated with the increasing concentration of

hydrophobic bile salts (GDCAs; hydrophobic bile

salts), and subsequently, the alterations in the protein

expression of the LO2 cells were determined by west-

ern blot analysis (Fig. 1A). GDCAs dose-dependently

decreased the expression of PGC-1a. In addition,

GDCAs dose-dependently decreased the expression of

SOD2 and catalase, and decreased the expression of

GPx-1 after temporal elevation. Next, we investigated

alterations in the expression of antioxidant enzymes in

LO2 cells when PGC-1a was overexpressed. Overex-

pression of PGC-1a abrogated the effects of reducing

the expression of antioxidant enzymes, such as SOD2,

catalase, and GPx-1, by GDCAs (Fig. 1B). Subse-

quently, we investigated alterations in the expression
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of antioxidant enzymes in LO2 cells when PGC-1a
was downregulated by siPGC-1a. Downregulation of

PGC-1a further potentiated the effects of reducing the

expression of antioxidant enzymes by GDCAs

(Fig. 1C). Taken altogether, the above results indicate

that PGC-1a could act as a regulator in the expression

of antioxidant enzymes by GDCA.

Determination of the role of PGC-1a during the

alteration of mitochondrial transmembrane

potential by GDCAs

We performed JC-1 assays to determine the effects of

GDCAs on the mitochondrial membrane potential

(MMP) in LO2 cells. GDCAs significantly increased

green fluorescence emissions, which means that GDCAs

impaired MMP, resulting in increased cellular apopto-

sis. Subsequently, we overexpressed PGC-1a by trans-

fecting pcDNA-PGC-1a into LO2 cells. PGC-1a
overexpression significantly increased the ratio of red/

green fluorescence that had been reduced by GDCAs,

suggesting PGC-1a has the potential of recovering

MMP that had been altered by GDCAs (Fig. 2A).

Next, we performed additional JC-1 assays to determine

the effects of GDCAs on the MMP in the PGC-1a-
downregulated LO2 cells. PGC-1a-downregulated LO2

cells were established by transfecting LO2 cells with

siPGC-1a. It was found that PGC-1a downregulation

further decreased the ratio of red/green fluorescence that

had been reduced by GDCAs. Taken altogether, these

results suggest that PGC-1a has the potential of recover-

ing MMP that had been altered by GDCAs (Fig. 2B).

Establishment of the mouse model of obstructive

cholestasis

We developed a mouse model of obstructive cholestasis

(N = 70) by surgically ligating the bile duct as described

in the Methods section. On day 7 after the procedure,

the size of the liver was reduced, and macronodularity

across the surface of the liver became prominent

(Fig. 3A). Next, we determined the degree of liver fibro-

sis by measuring the area stained with Masson’s tri-

chrome in the liver specimens. The stained areas

appeared to be significantly increased in the liver speci-

mens on day 7 when they were compared to the liver

specimens on day 1 or 3 (Fig. 3B). Subsequently, we

consecutively assessed serum biochemical parameters

reflecting hepatic function over time (Fig. 3C). Of the

markers, AST and ALT levels peaked on 1-2 days after

the procedure, and those of ammonia and total bilirubin

abruptly increased after 7 and 4 days, respectively.

Effects of BDL on the expression of antioxidant

enzymes in the liver

To determine the effects of BDL on the expression of

antioxidant enzymes and PGC-1a in the liver, we

determined the expression of these kinds of proteins in

the liver specimens of BDL mice using western blot

analysis (Fig. 4A). The expression of PGC-1a progres-

sively decreased over time. Of antioxidant enzymes,

the expression of SOD2 and GPx-1 progressively

decreased and the expression of catalase abruptly

decreased after temporal elevation over time.

Next, we performed immunohistochemical staining

of liver specimens to determine the expression of

PGC-1a, SOD2, and Bax after generation of BDL

(Fig. 4B). Similar to the results of western blotting,

the areas stained positively for PGC-1a and SOD2

progressively decreased over time after generation of

BDL. By contrast, the staining of areas of liver speci-

mens positive for Bax (a pro-apoptotic marker) peaked

on 3 days after BDL and decreased thereafter.

Comparing TAA-induced fibrotic and cholestatic

livers in terms of the expression of antioxidant

enzymes and PGC-1a

Clinically, liver fibrosis and cholestasis are two major

diseases, ultimately leading to hepatic failure. Thus, we

Fig. 1. Effects of hydrophobic bile salts on the expression of PGC-1a and antioxidant enzymes. (A) Western blot analysis showing the direct

effect of hydrophobic bile salts (GDCAs; hydrophobic bile salts) on the hepatocytes. GDCAs dose-dependently decreased the expression of

PGC-1a. GDCAs also dose-dependently decreased the expression of SOD2 and catalase, and decreased the expression of GPx-1 after

temporal elevation of the expression. (B) Western blot analysis showing the effect of overexpressing PGC-1a on the expression of

antioxidant enzymes. Overexpression of PGC-1a abrogated the effects of reducing the expression of antioxidant enzymes by GDCAs. (C)

Western blot analysis showing the effect of downregulating PGC-1a on the expression of antioxidant enzymes. Downregulation of PGC-1a

further potentiated the effects of reducing the expression of antioxidant enzymes by GDCAs. Relative densities of individual markers had

been quantified using ImageJ software and then were normalized to those of b-actin in each group. Mann–Whitney U-test was used for

two groups and Kruskal–Wallis test for three or more groups. Values are presented as mean � standard deviation of three independent

experiments. *P < 0.05. Abbreviations: Bax, Bcl-2-like protein 4; Ct, control; GDCAs, hydrophobic bile salts; GPx-1a, glutathione peroxidase-

1 alpha; PGC-1a, peroxisome proliferator-activated receptor-c co-activator 1a; siControl, siRNA control; SOD2, superoxide dismutase 2
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intended to compare the pathogenesis of each disease

on the molecular basis. Besides the mouse model of

cholestasis, we generated a mouse model of liver fibro-

sis (N = 20) by intraperitoneal injection of TAA

(200 mg kg�1 body weight) two times a week for

8 weeks. Western blot analyses showed that the

expression of antioxidant enzymes (SOD2, catalase,

and GPx-1) and PGC-1a in liver specimens appeared

to be progressively increased over time (Fig. 5A). To

compare the pathogenesis of liver fibrosis and

Fig. 2. Determination of the role of PGC-1a during the alteration of mitochondrial transmembrane potential by GDCAs. (A) JC-1 assays to

determine the effects of GDCAs on the mitochondrial membrane potential (MMP) in the PGC-1a-overexpressing LO2 cells. PGC-1a

overexpression significantly increased the ratio of red/green fluorescence that had been reduced by GDCAs (scale bar: 250lm). (B) JC-1

assays to determine the effects of GDCAs on the MMP in the PGC-1a-downregulated LO2 cells. PGC-1a downregulation further decreased

the ratio of red/green fluorescence that had been reduced by GDCAs. The ratio of fluorescence intensity was measured using NIH ImageJ.

Statistical comparison was performed using Kruskal–Wallis test (scale bar: 250 lm). Values are presented as mean � standard deviation of

three independent experiments. *P < 0.05. Abbreviations: Ct, control; GDCAs, hydrophobic bile salts; PGC-1a, peroxisome proliferator-

activated receptor-c co-activator 1a; siControl, siRNA control.

Fig. 3. Establishment of the mouse model of obstructive cholestasis. (A) Generation of the mouse model of obstructive cholestasis. The

mouse model of obstructive cholestasis was generated by surgical ligation of the bile duct. Prominent macronodularity of the liver was

found on the 7th day after the procedure. (B) Liver specimens stained with Masson’s trichrome. The areas stained with Masson’s trichrome

appeared to be significantly increased on 7 days, when they were compared to the areas on days 1 or 3. The percentage of fibrotic area

were measured using NIH ImageJ. Statistical comparison was performed using Kruskal–Wallis test [scale bar, 200 lm (upper panels) and

100 lm (lower panels)]. (C) Biochemical parameters reflecting hepatic function after bile duct ligation (BDL). Of serum biochemical

parameters, AST and ALT levels peaked 1-2 days after the procedure, and ammonia and total bilirubin levels abruptly increased after days 7

and 4, respectively. Statistical comparison was performed using Mann–Whitney U-test. Values are presented as mean � standard deviation

of three independent experiments. *P < 0.05. Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase.
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obstructive cholestasis, we performed western blotting

for antioxidant enzymes and PGC-1a in both mouse

models (Fig. 5B). The liver specimens obtained from

BDL mice (cholestatic livers) exhibited significantly

reduced expression of antioxidant enzymes (SOD2,

catalase, and GPx-1) and PGC-1a than that in the
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liver specimens from TAA-treated mice (TAA-induced

fibrotic livers) (P < 0.05). Additionally, we compared

the expression of Bcl-2 (an anti-apoptotic marker) in

both models. Whereas TAA-induced fibrotic livers

exhibited significantly higher expression of Bcl-2, cho-

lestatic livers did not.

Next, we compared the expression of PGC-1a, SOD2,

and Bax in both models of TAA-induced fibrotic and

cholestatic livers using immunohistochemical staining

(Fig. 5C). Consistent with the results of western blot-

ting, cholestatic livers exhibited significantly lower

expression of PGC-1a, SOD2, and Bax than the chole-

static livers (P < 0.05). Taken altogether, our results

indicate that cholestatic livers exhibited lower expres-

sion of antioxidant enzymes (SOD2, catalase, and GPx-

1) as well as that of pro-apoptotic proteins (Bax) than

TAA-induced fibrotic livers. In addition, expression of

PGC-1a was found to be significantly reduced in chole-

static livers than TAA-induced fibrotic livers.

Comparing TAA-induced fibrotic and cholestatic

livers in terms of the expression of markers for

oxidative stress

We compared the expression of cytochrome c, 8-

OHdG, and 4-HNE in both models of TAA-induced

fibrotic and cholestatic livers using immunohistochemi-

cal staining. Cytochrome c is known for a marker of

mitochondrial damage because the opening of the MPT

pore can promote release of cytochrome c [14].

Immunohistochemical stains of cytochrome c indicated

that cholestatic livers exhibited significantly higher

expression of cytochrome c than did fibrotic livers

(P < 0.05) (Fig. 6A). Subsequently, immunohistochemi-

cal stains for the markers for oxidative stress (8-OHdG

and 4-HNE) were utilized for determining oxidative

stress in each group. Cholestatic livers exhibited higher

expression of 8-OHdG and 4-HNE than did fibrotic liv-

ers (P < 0.05) (Fig. 6B,C). Taken together, it appears

that cholestatic livers have higher rates of MPT pore

opening and higher levels of oxidative stress due to

mitochondrial damage than do fibrotic livers.

Comparing biochemical parameters reflecting

hepatic function between TAA-induced fibrotic

and cholestatic livers

Finally, we compared the serum concentration of bio-

chemical parameters (AST, ALT, ammonia, and total

bilirubin) reflecting hepatic function between the two

models (Fig. 7A). The mice with cholestatic livers

exhibited significantly higher expression of all bio-

chemical parameters than that in mice with TAA-in-

duced fibrotic livers (all P < 0.05). The difference was

most prominent in the comparison of the serum levels

of total bilirubin. Taken altogether, we illustrated the

possible mechanism of cell damage following obstruc-

tive cholestasis in Fig. 7B.

Discussion

We herein investigated the pathogenesis of obstructive

cholestatic diseases, especially in relation to the role of

mitochondria. Our results were largely based on our

in vivo experiments of mice with BDL. Consistent with

previous studies, cholestatic mice showed the lower

expression of antioxidant enzymes, such as SOD2,

catalase, and GPx-1, as well as PGC-1a. Subsequently,
BDL mice (with cholestatic livers) showed lower

expression of antioxidant enzymes as well as PGC-1a
than the mice with TAA-induced liver fibrosis. It was

well known that overexpression of PGC-1a increases

mitochondrial antioxidant enzyme expression, and vice

versa [11,12]. Thus, we could conclude that obstructive

cholestasis accompanies the lower expression of PGC-

1a, which leads to decreased expression of mitochon-

drial antioxidant enzymes, rendering cholestatic livers

vulnerable to ROS-induced cell death.

In this study, we reaffirmed that mitochondrial dys-

function is principally involved in the pathogenesis of

Fig. 4. Effects of obstructive cholestasis on the expression of PGC-1a and antioxidant enzymes in the liver. (A) Western blotting for

antioxidant enzymes (SOD2, catalase, and GPx-1) and PGC-1a in liver specimens of bile duct ligation (BDL) mice. The expression of PGC-1a

progressively decreased over time. Of antioxidant enzymes, the expression of SOD2 and GPx-1 progressively decreased over time, and the

expression of catalase decreased after peaking for 2-3 days after BDL. Relative densities of individual markers had been quantified using

ImageJ software and then were normalized to those of b-actin in each group. Statistical comparison was performed using Mann–Whitney

U-test. (B) Immunohistochemical staining for PGC-1a, SOD2, and Bax after generating BDL. Staining for PGC-1a and SOD2 progressively

decreased after BDL. Contrastingly, Bax staining peaked 3 days after BDL and decreased thereafter. Percentages of immunoreactive areas

were measured using NIH ImageJ and expressed as relative values to those in normal livers. Statistical comparison was performed using

Kruskal–Wallis test [scale bar, 200 lm (left panels) and 50 lm (right panels)]. Values are presented as mean � standard deviation of three

independent experiments. *P < 0.05. Abbreviations: Bax, Bcl-2-like protein 4; GPx-1a, glutathione peroxidase-1 alpha; PGC-1a, peroxisome

proliferator-activated receptor-c co-activator 1a; SOD2, superoxide dismutase 2.
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Fig. 6. Comparing TAA-induced fibrotic and cholestatic livers in terms of the expression of markers for oxidative stress. (A)

Immunohistochemical staining for cytochrome c in both liver fibrosis and obstructive cholestasis. Cholestatic livers exhibited significantly

higher expression of cytochrome c than did fibrotic livers [scale bar, 200lm (upper panels) and 50lm (lower panels)]. (B)

Immunohistochemical staining for 8-OHdG in both liver fibrosis and obstructive cholestasis. Cholestatic livers exhibited significantly higher

expression of 8-OHdG than did fibrotic livers [scale bar, 200 lm (upper panels) and 50lm (lower panels)]. (C) Immunohistochemical staining

for 4-HNE in both liver fibrosis and obstructive cholestasis. Cholestatic livers exhibited significantly higher expression of 4-HNE than did

fibrotic livers. Percentages of immunoreactive areas were measured using NIH ImageJ and expressed as relative values to those in normal

livers. Statistical comparison was performed using Mann–Whitney U-test [scale bar, 200 lm (upper panels) and 50 lm (lower panels)].

Values are presented as mean � standard deviation of three independent experiments. *P < 0.05. Abbreviations: 4-HNE, 4-hydroxy-2-

nonenal; 8-OHdG, 8-hydroxy-2’-deoxyguanosine; BDL, bile duct ligation; PGC-1a, peroxisome proliferator-activated receptor-c co-activator 1a;

TAA, thioacetamide

Fig. 5. Comparison of the expression of antioxidant enzymes and PGC-1a between TAA-treated and cholestatic livers. (A) Western blotting

for antioxidant enzymes (SOD2, catalase, and GPx-1) and PGC-1a in liver specimens following TAA treatment over time. The expression of

antioxidant enzymes and PGC-1 appeared to be progressively increased over time. (B) Western blotting for antioxidant enzymes and PGC-1a

in both liver fibrosis and obstructive cholestasis. The liver specimens obtained from BDL mice (with cholestatic livers) exhibited significantly

lesser expression of antioxidant enzymes (SOD2, catalase, and GPx-1), PGC-1a, and Bcl-2 than that seen in the liver specimens from TAA-

treated mice (with TAA-induced fibrotic livers). Relative densities of individual markers had been quantified using ImageJ software and then

were normalized to those of b-actin in each group. (C) Immunohistochemical staining for PGC-1a, SOD2, and Bax in both liver fibrosis and

obstructive cholestasis. TAA-induced fibrotic livers exhibited significantly higher expression of PGC-1a, SOD2, and Bax than that seen in the

cholestatic livers. Percentages of immunoreactive areas were measured using NIH ImageJ and expressed as relative values to those in

normal livers. Statistical comparison was performed using Mann–Whitney U-test [scale bar, 200 lm (upper panels) and 50lm (lower

panels)]. Values are presented as mean � standard deviation of three independent experiments. *P < 0.05. Abbreviations: Bax, Bcl-2-like

protein 4; Bcl-2, B-cell lymphoma 2; BDL, bile duct ligation; GPx-1a, glutathione peroxidase-1 alpha; PGC-1a, peroxisome proliferator-

activated receptor-c co-activator 1a; SOD2, superoxide dismutase 2; TAA, thioacetamide.
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cholestatic liver diseases. One of the most detrimental

factors of obstructive cholestasis is the intrahepatic

accumulation of hydrophobic bile salts, which are par-

ticularly hepatotoxic. Numerous studies indicate that

mitochondria are a primary target of toxic bile salts

[6,15–22]. Hydrophobic bile acids increase generation

of ROS in hepatic mitochondria of rats [4,6,15–23],
lead to depletion of antioxidant defenses [24,25], and

induce mitochondrial permeability transition (MPT), a

critical intracellular trigger of cell death in hepatocytes

[16,19,22,26,27]. MPT is characterized by an increase

in permeability of the inner membrane of mitochon-

dria to low-molecular-weight solutes, leading to

depolarization of the mitochondrial membrane, mito-

chondrial calcium release, and inhibition of oxidative

phosphorylation [27].

Opening of the MPT pore causes mitochondrial

swelling, depletion of the mitochondrial membrane

potential, and reduction of ATP production, all of

which ultimately lead to necrotic cell death [26]. It was

found that blocking the MPT prevented both apop-

totic and necrotic hepatocyte death stimulated by bile

acids [16,20,22]. Our results suggest that cholestatic

liver diseases could be ameliorated by reduction of

oxidative stress. Indeed, bile acid-induced necrotic cell

death of hepatocytes was inhibited by antioxidant

Fig. 7. Comparison of biochemical parameters reflecting hepatic function between TAA-induced fibrotic and cholestatic livers. (A) Serology

tests comparing mice with obstructive cholestasis and TAA-induced fibrosis. Mice with obstructive cholestasis exhibited significantly higher

expression of all biochemical parameters than that seen in mice with TAA-induced fibrotic livers. Statistical comparison was performed

using Kruskal–Wallis test. (B) Proposed mechanism leading to cell death in the cholestatic liver disease. Values are presented as

mean � standard deviation of three independent experiments. *P < 0.05. Abbreviations: ALT, alanine transaminase; AST, aspartate

transaminase; BDL, bile duct ligation; TAA, thioacetamide.
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enzymes, such as catalase [15], superoxide dismutase

[15], oxypurinol [21], a lazaroid [28], and idebenone

[20]. The significance of oxidative stress in the patho-

genesis of cholestatic liver diseases is also demon-

strated by the report revealing that the antioxidant

enzyme status in isolated rat hepatocytes determines

whether the liver progresses to bile acid-induced necro-

sis [17].

In this study, contrary to TAA-induced liver fibro-

sis, which showed higher expression levels of PGC-1a,
cholestatic livers showed lower expression of PGC-1a.
PGC-1a acts as a transcriptional co-activator that

potentiates numerous transcription factors whose func-

tions include mitochondrial biogenesis, adaptive ther-

mogenesis, glucose/fatty acid metabolism, and fiber

type switching in skeletal muscle [29]. Particularly,

there is clear-cut causal relationship between PGC-1a
and antioxidant enzymes; previous literature showed

that overexpressing PGC-1a leads to upregulation of

antioxidant enzymes, thereby protects cells from ROS

[11,30,31]. Endothelial cells overexpressing PGC-1a
showed that reduced accumulation of ROS, increased

mitochondrial membrane potential, and reduced apop-

totic cell death [11]. In addition, downregulation of

PGC-1a levels by siRNA reduces the expression of

mitochondrial antioxidant proteins. In this study, we

also found that overexpression of PGC-1a led to the

upregulation of antioxidant enzymes.

We also found that cholestatic livers showed lower

expression of pro-apoptotic markers (Bax and Bcl-2)

than TAA-induced fibrotic livers. An essential debate

on the mechanisms of cell death in cholestatic livers is

whether the cell death is caused by apoptosis or necro-

sis [32]. Whereas apoptosis is characterized by cellular

shrinking, caspase activation, and DNA fragmenta-

tion, necrosis is characterized by cellular swelling,

membrane blebbing, DNA fragmentation, and release

of cellular components [33]. Our results support that

necrosis could be the principal causative factor for

cholestatic liver diseases. Hepatotoxic bile acids hardly

reach the concentrations that might directly cause cell

death in cholestatic livers. Instead, they can easily trig-

ger inflammatory mediator formation, which initiates

an inflammatory response and necrotic cell death

caused by neutrophils through oxidant stress [34].

In conclusion, we found that obstructive cholestasis

shows decreased expression of PGC-1a, which leads to

decreased expression of mitochondrial antioxidant

enzymes, rendering cholestatic livers vulnerable to

ROS-induced cell death. The results of the current

study provide a scientific basis for any measures to

reduce oxidative stress to overcome cholestatic l

iver diseases.
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