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Mitofusin 2 Protects Hepatocyte Mitochondrial Function
from Damage Induced by GCDCA
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Abstract

Mitochondrial impairment is hypothesized to contribute to the pathogenesis of chronic cholestatic liver diseases. Mitofusin
2 (Mfn2) regulates mitochondrial morphology and signaling and is involved in the development of numerous
mitochondrial-related diseases; however, a functional role for Mfn2 in chronic liver cholestasis which is characterized by
increased levels of toxic bile acids remain unknown. Therefore, the aims of this study were to evaluate the expression levels
of Mfn2 in liver samples from patients with extrahepatic cholestasis and to investigate the role Mfn2 during bile acid
induced injury in vitro. Endogenous Mfn2 expression decreased in patients with extrahepatic cholestasis. Glycocheno-
deoxycholic acid (GCDCA) is the main toxic component of bile acid in patients with extrahepatic cholestasis. In human
normal hepatocyte cells (L02), Mfn2 plays an important role in GCDCA-induced mitochondrial damage and changes in
mitochondrial morphology. In line with the mitochondrial dysfunction, the expression of Mfn2 decreased significantly under
GCDCA treatment conditions. Moreover, the overexpression of Mfn2 effectively attenuated mitochondrial fragmentation
and reversed the mitochondrial damage observed in GCDCA-treated L0O2 cells. Notably, a truncated Mfn2 mutant that
lacked the normal C-terminal domain lost the capacity to induce mitochondrial fusion. Increasing the expression of
truncated Mfn2 also had a protective effect against the hepatotoxicity of GCDCA. Taken together, these findings indicate
that the loss of Mfn2 may play a crucial role the pathogenesis of the liver damage that is observed in patients with
extrahepatic cholestasis. The findings also indicate that Mfn2 may directly regulate mitochondrial metabolism
independently of its primary fusion function. Therapeutic approaches that target Mfn2 may have protective effects
against hepatotoxic of bile acids during cholestasis.
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Introduction drial dynamics, particularly the Mifn2 protein. Mfn2 is a
transmembrane GTPase that is embedded in the outer mitochon-
drial membrane and is widely expressed in the liver, the heart, and
other organs [11]. Changes in Mfn2 activity are linked to various
human mitochondria-associated diseases, such as Charcot-Marie-

Cholestasis is characteristic of the most common and serious
liver diseases, could be caused by conditions that the enterohepatic
circulation is interrupted and bile acids accumulate within the liver

[1]. The pathological features of cholestasis, namely inflammatory Tooth type 2A neuropathy, diabetes, and cardiovascular diseases

cell infiltration, hepatocyte necrosis, and liver fibrosis, ‘are 116 17,18,19,20]. M2 insufficiency and the subsequent disrup-
eventually followed by cirrhosis [2,3]. Early intervention is a key

factor in preventing the progression of cholestatic liver disorders.
There is increasing evidence that mitochondria play crucial roles
in the pathogenesis of chronic liver cholestasis. For example, our
previous studies showed that hepatic mitochondrial energy and the
mtDNA copy number level progressively decrease in patients with
extrahepatic cholestasis [4]. GCDCA is the main toxic component
of bile acid in patients with extrahepatic cholestasis [3,5,6].
Multiple lines of evidence have indicated that GCDCA disrupt the
electron transfer chain, increase the reactive oxygen species (ROS)
levels, and contribute to mitochondrial damage [7,8,9,10].

tion of mitochondrial dynamics contribute to the development of
mitochondrial membrane permeabilization, the loss of the inner
mitochondrial membrane potential, and cell apoptosis. In
addition, Mfn2 participates in various cell signaling cascades,
some of which are thought to extend beyond the function of
mitochondrial fusion. The effects of Mfn2 may be attributed to the
direct regulation of cell respiration, substrate oxidation, and
glucose oxidation [11,21].

In light of the profound impact of Mfn2 on mitochondria
function, exploring the mechanism underlying the function of

R itochondria h b ot . Min2 in extrahepatic cholestasis is an important area of clinical
ccently, mitochondria have been proven to be highly dynamic research. In this study, we first investigated the expression levels of

organclles that undergo constant fission and fusion, and the Min?2 in samples from patients with extrahepatic cholestasis and in
balance of these opposing processes regulates the morphology and the hepatocyte cell line L02 treated with GCDCA. We then
normal function of mitochondria [11,12,13,14,15]. Emerging

evidence indicates that mitochondrial metabolism is regulated
through the manipulation of the proteins involved in mitochon-

investigated the effects of Mfn2 on mitochondrial metabolism in
liver tissue from patients with extrahepatic cholestasis and the
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possible protective effects of Mfn2 overexpression in the 102 cell
lines.

Materials and Methods

Patients and Methods

The subjects in this study consisted of 14 patients who were
admitted to the Surgery Department due to an obstructive
jaundice. In these patients, obstructive jaundice was the result of
pancreatic cancer in 8 patients, a periampullary tumor in 4
patients, and cholangiocarcinoma in 2 patients. Liver tissue
samples were obtained during major non-hepatic abdominal
surgery. The laboratory studies included serum liver tests (alanine
aminotransferase, aspartate aminotransferase, y-glutamyl trans-
peptidase, alkaline phosphatase, total bilirubin, and total bile acid
levels), hepatitis B and C serology (hepatitis B surface antigen,
antibody to hepatitis B surface antigen, antibody to hepatitis B
core antigen, and serum hepatitis C virus RNA), autoimmune
serology (antimitochondrial antibody and antinuclear antibody),
HDL~ cholesterols, LDL- cholesterols and TG. All of the serum
specimens were collected during the morning of the operation day.
Control liver tissue (control group, n = 12) was obtained from non-
jaundiced patients with a pancreatic tumor (n=J5) and from
patients undergoing cholecystectomy for gallstones (n=7). All of
the subjects included in the study were negative for viral hepatitis
infection, liver autoimmune disorders, and metabolic disorders
and were not being treated with hepatotoxic drugs. The patients
who presented with recent alcohol abuse were also excluded. The
characteristics of these patients are summarized in Table 1. All
research involving human participants in this manuscript have
given written informed consent (as outlined in PLOS consent
form), and the study was approved by the ethics statement of
Fuzhou General hospital and was carried out in accordance with
the provisions of the Declaration of Helsinki. After collection, the
liver samples were immediately immersed in liquid nitrogen and
stored at —80°C until processing for the biochemical assays.

Cell Culture and Treatment

The human normal hepatocyte cell line L02 was purchased
from the cell bank of the Institute of Biochemistry and Cell Biology
(Shanghai, China). The L02 cells were cultured in RPMI 1640
medium (Invitrogen Corp., Carlsbad, CA, USA) supplemented

Table 1. Clinical characteristics of the patients.
Control Cholestatic p value

Male/female 5/7 8/6 >0.05
Age (years) 51.5%10.2 485*7.0 >0.05
Alanine aminotransferase (U/L) 30.5+185  198.4+110.8 <0.001
Aspartate aminotransferase (U/L)  30.8+19.5 149+56.7 <0.001
Alkaline phosphatase (U/L) 87.1£40.6 516.5+178 <0.001
v_Glutamyl transpeptidase (U/L)  50.5+46.7  618.2%+351  <0.001
Total bilirubin (umol/L) 14+3.1 168.5+62.0 <0.001
Direct bilirubin (umol/L) 5.1%3.8 90.8+39.2 <0.001
Total bile acid (umol/L) 3.7+1.8 145+76.1 <0.001
HDL - cholesterols(mmol/L) 0.83+0.37 0.75*x032  >0.05
LDL- cholesterols(mmol/L) 2.35+0.62 2.53+0.54 >0.05
TG(mmol/L) 1.31£0.45 1.27+0.38 >0.05
doi:10.1371/journal.pone.0065455.t001
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with 10% heat-inactivated fetal calf serum (HyClone, Logan, UT,
USA) and 1% v/v penicillin/streptomycin (Sigma-Aldrich, St.
Louis, MO, USA) in a 5% COy humidified atmosphere at 37°C.
The LO2 cells were grown to 80% confluence and then exposed to
various final concentrations of GCDCA (25, 50, 75, or 100 uM for
6 h [4,6,22]. The GCDCA (Sigma-Aldrich) was dissolved in sterile
phosphate-buffered saline (PBS) to produce a 25-mM stock
solution and then used to produce serial dilutions in the cell
culture medium before application.

Histological Analysis

The formalin fixed liver samples were embedded in paraffin and
sectioned, and then stained with hematoxylin and eosin for
observation under a light microscope (Olympus IX71, Japan), as
the method previously described [23].

Oxidative Stress Determination

The oxidative stress in the liver tissue samples was measured
using a Lipid Peroxidation MDA Assay Kit (Beyotime Co.
Shanghai, China) according to the manufacturer’s instructions.
Intracellular ROS levels were determined using a DCFH-DA
Assay Kit (Beyotime, Shanghai, China). Briefly, after the indicated
treatments, cells cultured in 96-well plates were incubated in the
dark using DCFH-DA for 30 min at 37°C. After gently mixing the
solutions, the intensity readings for the above mixtures were
measured using an Infinite™ M200 Microplate Reader (Tecan,
Mannedorf, Switzerland).

ATP Content Determination

The ATP level of the liver tissue cells was measured using an
ATP Determination Kit (Beyotime Co. Shanghai, China). The
ATP concentrations were analyzed using an Innite M200
microplate reader (Tecan, Mannedorf, Switzerland) according to
the method previously described [24].

Measurement of A¥m

The A¥m was determined using the Mitochondrial Membrane
Potential Assay Kit and JC-1 (Invitrogen Corp., Carlsbad, CA,
USA). After the indicated treatments, the cells were loaded with
1xJC-1 in growth medium at 37°C for 20 min. The resultant
green and red fluorescence intensities were detected using an
Infinite ™ M200 Microplate Reader (Tecan, Mannedorf, Swit-
zerland). The A¥Ym measurements of cells in each treatment
group were calculated as the ratio of red to green fluorescence.

Cell Viability Assay

Cell viability was determined using the Cell Counting Kit-8
(CCK-8) (Dojindo Laboratories, Japan) according to the manu-
facturer’s instructions. Briefly, cells were seeded onto 96-well
microtiter plates at a density of 5x10° cells/well. After being
treated with GCDCA, the cells were incubated with 10 ul of
CCK-8 solution for 2 h. The absorbance was detected at 450 nm
using a model EIX800 microplate reader (Bio-Tek Instruments).

Assessment of Mitochondrial Morphology

LO2 cells were stained using 100 nM MitoTracker Red
CMXRos probe for 30 min at 37°C according to the manufac-
turer’s instructions, and the mitochondrial morphology was
observed under a Leica confocal laser scanning microscope
(TGS SP2, Germany). The fragmented mitochondria and
filamentous mitochondria were identified as previously described
[25,26]. For quantitative analysis of the changes in mitochondrial
morphology, the proportions of cells with fragmented mitochon-
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Figure 1. Mitochondrial dysfunction and loss of the mitochondrial fusion protein Mfn2 in patients with extrahepatic cholestasis. (A)
Representative histology of human liver tissue. (B) The MDA concentrations and (C) ATP concentrations in human liver tissue were determined using
a MDA Determination Kit and an ATP Determination Kit. (D) Representative immunoblot and quantification analysis of the protein level of Mfn2
(86 kDa) in human liver tissue. B-actin (42 kDa) was the internal standard for protein loading. The results are expressed as a percentage of the control
value, which was set at 100%. The values are the means = SEM. *P<<0.05 versus the control group.

doi:10.1371/journal.pone.0065455.g001

drial patterns were recorded in at least 50 cells per cover slip
observed on adjacent fields at a magnification of 63x. We
performed the experiments using a “blind” counter.

Western Blotting

The liver tissues and LO02 cells were lysed using RIPA buffer
(Beyotime Clo. Shanghai, China) in the presence of a cocktail of
protease inhibitors (Roche, Indianapolis, IN, USA) and then
centrifuged at 12,000 g for 30 min at 4°C. Electrophoresis on a
10% standard SDS-polyacrylamide gel was used to separate 30 g
of total protein; the proteins were then transferred to nitrocellulose
membranes (Bio-Rad). After the nitrocellulose membranes were
blocked, they were incubated with mouse anti-Mfn2 antibody
(Cat. No ab56889, Abcam, Cambridge, MA, USA) and mouse
anti-human P-actin antibody (Santa Cruz Biotechnology, Santa

PLOS ONE | www.plosone.org

Cruz, CA, USA) overnight at 4°C. After 3-4 washes, the
membranes were incubated with IRDye800CW-labeled (Li-Cor,
Lincoln, NE, USA) donkey anti-mouse antibody. The fluorescent
signals were detected and quantified using an Odyssey infrared
imaging system.

Real-time PCR Analysis to Detect the Mfn2 mRNA
Expression

MtDNA copy number was detected in the Q) Real-Time PCR
Detection System (Bio-Rad, Hercules, CA,USA) with the SYBR
Green I detection method, as previously described. [4] Mfn2 (5'-
ATGCATCCCCA CTTAAGCAC-3") and (5'-CCAGAGGG-
CAGAACTTTGTC-3"); G-APDH (5'-TGACAACAGCCT-
CAAGAT-3") and (5'-GAGTCCTTCCACG ATA CC-3").

June 2013 | Volume 8 | Issue 6 | e65455
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Figure 2. GCDCA decreased mitochondrial fusion protein Mfn2 expression and induced mitochondria fragmentation in the treated
LO2 cells. (A) Representative immunoblot and quantification analysis of the protein level of Mfn2 (86 kDa) in the L02 cells. B-actin (42 kDa) was the
internal standard for protein loading. (B) The specific fluorescence probe, MitoTracker Red CMXRos (red), was used to detect changes in the
mitochondrial morphology. After the L02 cells were treated with various doses of GCDCA, representative changes in the mitochondrial morphology
were detected under confocal microscopy. (C) Proportions of cells with fragmented mitochondrial pattern was determined in at least six different

cultures under basal conditions (untreated), and after the L02 cells were treated with various doses (25, 50, 75, or 100 uM) of GCDCA for 6 h. The
results are expressed as a percentage of the control value, which was set at 100%. The values are the means = SEM. *P<<0.05 versus the control
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group, n=6.
doi:10.1371/journal.pone.0065455.g002

Plasmid Construction and Transfection

A plasmid targeted to human M2 and a truncated Mfn2
mutant (hMf2D602-757) were designed by the Invitrogen
Corporation  (Shanghai, China) and cloned into the
pcDNA™6.2-GW/EmGFPmiR vector. The negative controls
were also provided by the Invitrogen Corporation. The plasmids
were transfected into L02 cells using Optimum-Minimum
Essential Medium with Lipofectamine 2000 (Invitrogen, Rockville,
MD, USA) according to the manufacturer’s instructions.

Statistics

All of the experimental data are expressed as the means *
SEM, and each experiment was performed at least three times.
Significance was evaluated by Fisher’s exact probability test or T
test in Table 1. The data comparisons between the groups were
performed using a one-way ANOVA, and P<<0.05 was considered
to be statistically significant.

PLOS ONE | www.plosone.org

Results

Mitochondrial Dysfunction and Loss of the Mitochondrial
Fusion Protein Mfn2 after Liver Injury in Patients with
Extrahepatic Cholestasis

The clinical features of the patients are summarized in Table 1.
There were no significant case-control differences in the distribu-
tions of age, group, or gender. The key clinical factors, including
the total bile acid, alanine aminotransferase, aspartate amino-
transferase, alkaline phosphatase, y-glutamyl transpeptidase, and
bilirubin levels, were significantly higher in the patients compared
with the controls. Light microscopy revealed the presence of
hepatic cord disturbance and intracellular cholestasis in the
cholestatic patients, and focal necrosis and inflammatory cell
infiltration were observed (Fig. 1A). In addition, the MDA levels
were significantly increased by 400% in the livers of the patients
(Fig. 1B). In contrast, ATP production was significantly decreased
(Fig. 1C). In parallel with this finding, the western blot analysis
revealed that the protein levels of Mfn2 were significantly
decreased by 60% in the patients compared with the negative

June 2013 | Volume 8 | Issue 6 | e65455
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Figure 3. GCDCA-induced impairment of mitochondrial function in the treated L02 cells (A) Cell viability, (B) ATP concentrations,
(C) A¥m, and (D) ROS production were assayed. The L02 cells were treated with various doses (25, 50, 75, or 100 uM) of GCDCA for 6 h. The
results were expressed as a percentage of the control value, which was set at 100%. The values are the means *= SEM. *P<<0.05 versus the control

group, n=6.
doi:10.1371/journal.pone.0065455.9003

controls as well as the decrease of the Mfn2 mRNA. (Fig. 1D and
1E).

Reduction of Mfn2 Expression and the Impairment of
Mitochondrial Function in GCDCA Treated L02 Cells

To explore the mechanism of bile acid-induced hepatotoxicity
during extrahepatic cholestasis, we treated LO2 cells with GCDCA
and then assayed the Mfn2 expression and mitochondrial function.
The effect of GCDCA on endogenous Mfn2 expression was then
confirmed by analyzing the protein level in LO2 cells using
Western blotting. As a result, after cells were treated with 25, 50,
75, or 100 uM GCDCA for 6 h, the protein levels of Mfn2 were
significantly decreased by 1.7-, 1.96-, 2.51-, and 2.62-fold,
respectively, compared with the controls (Fig. 2A). Moreover,
the levels of Mfn2 mRNA decreased in a similar pattern (Fig. 2B).
Consistent with the decreases in the levels of Mfn2, GCDCA
induced a significant dose-dependent increase in the number of
fragmented mitochondria with ring-shaped structures, as deter-
mined by confocal microscopy of the MitoTracker-stained 102
cells (Fig. 2C). In addition, treating cells with various concentra-
tions of GCDCA decreased cell viability approximately 9, 18, 33,
and 55% (Fig. 3A). As expected, these reductions were accompa-
nied by decreased ATP levels (Fig. 3B) and A¥Wm values (Fig. 3C),
as well as the up regulation of ROS production in a time-
dependent manner (Fig. 3D). Because the important role of Mfn2
in mitochondrial metabolism and the decrease of Mfn2 lever in
GCDCA-treated L02 cells, we speculate that GCDCA may cause
L02 cells mitochondrial dysfunction through the decreased
expression of Mn?2.

PLOS ONE | www.plosone.org

The Overexpression of Mfn2 Attenuated GCDCA-induced
Mitochondrial Dysfunction and Restored the
Mitochondrial Morphology

To assess whether the restoration of Mfn2 expression is
sufficient to enhance mitochondrial activity in GCDCA-induced
hepatotoxicity, we overexpressed Mfn2 in LO2 cells by transient
transfection. Mfn2 overexpression efficiently reversed the decrease
in cell viability in LO2 cells that had been treated with 75 pM
GCDCA for 6 h (Fig. 4C). In parallel, Mfn2-overexpressing cells
exhibited marked increases in ATP (Fig. 4D) and A¥m (Fig. 4E)
levels and a decrease in the rate of ROS production (Fig. 4F).
Notably, overexpressed Mfn2 efficiently reversed the increase in
mitochondrial fragmentation in the transfected LO02 cells that had
been incubated with GCDCA (Fig. 4B).

The Protective Effect of Mfn2 is Independent, at Least in
Part, of its Role as a Mitochondrial Fusion Protein in
GCDCA-treated L02 Cell Lines

Previous studies have demonstrated that Mfn2 overexpression
affects the morphology of mitochondrial filaments and restores
mitochondrial function. To determine whether the effects of Mfn2
on mitochondrial metabolism could be a consequence of
mitochondrial fusion, we generated a truncated Mfn2 mutant
(hMin2D602-757) that lacked the amino acid residues from 602 to
757 and therefore lacked the transmembrane domain and the
normal C-terminal end. In the present study, confocal microscopy
revealed that most of the truncated M2 was observed in the
mitochondria, similar to the localization of wild-type Min2.
However, the overexpression of truncated Mfn2 in the LO02 cells
did not block the mitochondrial fragmentation induced by
GCDCA (Fig. 4B and 4C). Compared with wild-type M2,
truncated Mfn2 remained effective in reversing mitochondrial
dysfunction in GCDCA-treated L02 cells (Fig. 5A, B, C, D).

June 2013 | Volume 8 | Issue 6 | e65455
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Figure 4. Effect of the overexpression of Mfn2 or the truncated Mfn2 mutant on mitochondrial morphology and mitochondrial
function in GCDCA-treated L02 cells. (A) Western blot analysis was used to detect the expression of Mfn2-GFP and the truncated Mfn2 mutant
transfected into LO2 cells. (B) Confocal microscope photographs indicated increased mitochondrial localization of Mfn2 and the truncated Mfn2
mutant and their roles in mitochondrial morphology. (C) Proportions of cells with fragmented mitochondrial pattern was determined in at least six
different cultures under basal conditions (untreated), and after the L0O2 cells were treated with various doses (25, 50, 75, or 100 uM) of GCDCA for 6 h.
The results are expressed as a percentage of the control value, which was set at 100%. The values are the means = SEM. *P<<0.05 versus the control

group, #P<0.05, ##P<0.01 versus the GCDCA group, n=6.
doi:10.1371/journal.pone.0065455.g004

Discussion

To our knowledge, this study is the first evaluate the relationship
of Mfn2 in extrahepatic cholestasis. We demonstrated that
endogenous Mfn2 expression is significantly reduced in extrahe-
patic cholestatic patients. Furthermore, we showed that GCDCA
stimulation decreases Mfn2 expression in L02 cells in a manner
that is similar to the decreased expression detected in patients with
extrahepatic cholestasis, indicating that the liver changes seen in
the patients are a genuine reflection of the changes that occurred
in the LO2 cells. Notably, Mfn2 overexpression not only
profoundly changed the mitochondrial network morphology but
also markedly ameliorated the mitochondrial dysfunction in
GCDCA-treated 1.02 cells. Most importantly, a C-terminal
truncated form of Mfn2 with no capacity to induce mitochondrial
fusion was equally able to protect against the hepatotoxicity of
GCDCA. Based on the above findings, Mfn2 may act as an
important factor in the pathogenesis of extrahepatic cholestasis.
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Chronic liver cholestasis is responsible for the rapid develop-
ment of progressive liver failure, for which there is still no effective
therapy. Experimental evidence indicates that mitochondrial
dysfunction is crucial in the pathogenesis of liver cholestasis
[27,28]. Recently, a growing body of evidence indicates that
mitochondrial fusion and fission have important roles in estab-
lishing, maintaining, and remodeling mitochondrial function. The
abnormalities in mitochondrial dynamics are associated with
neurodegenerative diseases, cardiovascular disorders, and diabetes
mellitus [29,30,31]. In the present study, GCDCA stimulated
morphological changes in the mitochondria of 102 cells from the
characteristic long shape to a round and short shape, which may
suggest that defects in organelle fusion and fission are important in
extrahepatic cholestasis.

Mfn2 is an integral outer mitochondrial membrane protein
[32]. Both the NH2- and COOH-terminal parts are exposed to
the cytosol and a small part of Mfn2 presumably faces the
intermembrane space, and splits the transmembrane domain into
two parts [33]. Although it has been shown that the expression of
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Figure 5. Effect of the overexpression of Mfn2 or the truncated Mfn2 mutant on mitochondrial function in GCDCA-treated L02 cells.
The overexpression of Mfn2 or truncated Mfn2 (A) protected cell viability in L0O2 cells, (B) reversed the reduction in ATP levels, (C) ameliorated the
decrease in A¥m, and (D) reduced the excess ROS production following treatment with GCDCA. The results are expressed as a percentage of the
control value, which was set at 100%. The values are the means + SEM. *P<<0.05 versus the control group, #P<0.05, #*#P<0.01 versus the GCDCA
group, n=6.

doi:10.1371/journal.pone.0065455.9g005
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Min2 was down-regulated in liver diseases [17,34,35], the role of
Mfn?2 in chronic cholestatic liver diseases has not been investigat-
ed. In this study, we showed that GCDCA (main component of
bile acid) down-regulated Mfn2 expression in patient in vivo and
LO2 cells in vitro. We hypothesize that the pathogenesis of chronic
cholestatic liver diseases are related to mfn2 expression.

Mitochondrial morphology is regulated by fusion and fission
processes that are controlled by a growing set of “mitochondria-
shaping” proteins, particularly Mfn2. Mfn2 plays an important
role in mitochondria fusion and is critical for mitochondrial
function. Growing evidence indicates that increased Mfn2-
dependent mitochondrial fusion serves to maintain a tubular
mitochondrial network and to optimize mitochondrial function.
For example, Mfn2 suppression leads to the fragmentation of the
mitochondrial network and is associated with decreased mito-
chondrial membrane potential and defects in ATP synthesis,
whereas the induction of Mfn2 increases glucose oxidation and
restores ATP levels [36,37,38]. In addition, the ablation of M2
led to a disruption of the mitochondrial network and an increase in
ROS production [13,39]. Our results indicate that Mifn2
overexpression increased mitochondrial fusion, followed by the
reversal of mitochondrial dysfunction, such as the reduction of the
excess ROS production, reversal of the reduction in ATP levels,
and amelioration of the decrease in AYm caused by GCDCA-
induced hepatotoxicity. Taken together, these findings suggest that
Mfn2-mediated mitochondrial fusion is an essential mechanism
underlying GCDCA-induced hepatotoxicity in extrahepatic cho-
lestasis.

HMfn2602-757 is a C-terminal truncated form of Mfn2 that no
longer has the capacity to induce mitochondrial fusion. Truncated
Mfn2-overexpressing cells exhibit a marked enhancement of the
mitochondrial membrane potential and the stimulation of ATP
production in GCDCA-treated L02 cells. In this study, we
observed that the transient transfection of hMfm2602-757 was
predominantly localized in the mitochondria and co-localized with
mitochondrial markers in immunofluorescence assays. These data
agree with a previous study in which hMfm2602-757 was also

References

1. Esquivel Lopez A, Gonzalez Espinola G, Gutierrez Nava R, Garcia Arreola RM
(1982) [Serum bile acids in hepatobiliary disease]. Rev Gastroenterol Mex 47: 9
12.

2. Vendemiale G, Grattagliano I, Lupo L, Memeo V, Altomare E (2002) Hepatic
oxidative alterations in patients with extra-hepatic cholestasis. Effect of surgical
drainage. J Hepatol 37: 601-605.

3. Hofmann AF (2002) Cholestatic liver disease: pathophysiology and therapeutic
options. Liver 22 Suppl 2: 14-19.

4. Xu SC, Chen YB, Lin H, Pi HF, Zhang NX, et al. (2012) Damage to mtDNA in
liver injury of patients with extrahepatic cholestasis: the protective effects of
mitochondrial transcription factor A. Free Radic Biol Med 52: 1543-1551.

. Perez MJ, Briz O (2009) Bile-acid-induced cell injury and protection.
World J Gastroenterol 15: 1677-1689.

6. Schoemaker MH, Gommans WA, Conde de la Rosa L., Homan M, Klok P, et
al. (2003) Resistance of rat hepatocytes against bile acid-induced apoptosis in
cholestatic liver injury is due to nuclear factor-kappa B activation. Journal of
Hepatology 39: 153-161.

7. Palmeira CM, Rolo AP (2004) Mitochondrially-mediated toxicity of bile acids.
Toxicology 203: 1-15.

8. Rolo AP, Oliveira PJ, Moreno AJ, Palmeira CM (2000) Bile acids affect liver
mitochondrial bioenergetics: possible relevance for cholestasis therapy. Toxicol
Sci 57: 177-185.

9. Sokol RJ, Winklhofer-Roob BM, Deverecaux MW, McKim JM, Jr. (1995)
Generation of hydroperoxides in isolated rat hepatocytes and hepatic
mitochondria exposed to hydrophobic bile acids. Gastroenterology 109: 1249
1256.

10. Yerushalmi B, Dahl R, Deverecaux MW, Gumpricht E, Sokol RJ (2001) Bile

acid-induced rat hepatocyte apoptosis is inhibited by antioxidants and blockers
of the mitochondrial permeability transition. Hepatology 33: 616-626.

11. Chen H, Chan DC (2005) Emerging functions of mammalian mitochondrial

fusion and fission. Hum Mol Genet 14 Spec No. 2: R283-289.

o

PLOS ONE | www.plosone.org

Mitofusin 2 Protects GCDCA Induced-Hepatotoxicity

transiently transfected into HeL.a cells, and most of the truncated
protein was recruited into mitochondria to directly modulate all of
the OXPHOS complexes [11]. Furthermore, our data support
additional roles for Mfn2 that extend beyond the regulation of the
mitochondrial fusion in GCDCA-induced hepatotoxicity. In line
with these findings, Mfn2 plays a secondary role in mitochondrial
fusion in several pathophysiological conditions, including diabetes,
vascular proliferative disorders, and Charcot-Marie-Tooth type
2A neuropathy [11,40,41]. However, as the specific mechanisms
mvolved in the effects caused by the increased activity of the
truncated form of Mfn2 remain unknown, we consider two distinct
alternatives. First, hMfn2602-757 has been shown to modulate
metabolism through the function of the OXPHOS system.
Second, hM2602-757 may affect the mitochondrial recruitment
of Bax or Drpl during cell death [42]. The two hypotheses are not
mutually exclusive, and the details of the mechanisms need further
research.

Taken together, our in vitro studies suggest that there may be
two biological roles for Mfn2 during the progression extrahepatic
cholestasis. On the one hand, Mfn2, which plays significant roles
during mitochondrial dysfunction, has been implicated in the
control of mitochondrial network. On the other hand, the direct
effects of Mfn2 on mitochondrial metabolism do not all depend on
its effects as a mitochondrial fusion protein. Specifically, Mfn2
may serve as a therapeutic target for the development of novel
treatments to prevent liver damage in patients with extrahepatic
cholestasis.

Acknowledgments

We appreciate Dr. Yonghai Peng and Dr. Zhongquan Zhao in our
department for their hospitable technical assistance.

Author Contributions

Conceived and designed the experiments: YJ. Performed the experiments:
YBC. Analyzed the data: YBC LZL Z1J. Contributed reagents/materials/
analysis tools: HJY SL. Wrote the paper: YBC Y]J.

12. Youle RJ, Karbowski M (2005) Mitochondrial fission in apoptosis. Nat Rev Mol
Cell Biol 6: 657-663.

13. Chen H, Chomyn A, Chan DC (2005) Disruption of fusion results in
mitochondrial heterogeneity and dysfunction. J Biol Chem 280: 26185-26192.

14. Tondera D, Grandemange S, Jourdain A, Karbowski M, Mattenberger Y, et al.
(2009) SLP-2 is required for stress-induced mitochondrial hyperfusion. Embo
Journal 28: 1589-1600.

15. Huang PW, Galloway CA, Yoon Y (2011) Control of Mitochondrial
Morphology Through Differential Interactions of Mitochondrial Fusion and
Fission Proteins. PLoS One 6.

16. Pich S, Bach D, Briones P, Liesa M, Camps M, et al. (2005) The Charcot-Marie-
Tooth type 2A gene product, Mfn2, up-regulates fuel oxidation through
expression of OXPHOS system. Hum Mol Genet 14: 1405-1415.

17. Sebastian D, Hernandez-Alvarez MI, Segales J, Sorianello E, Munoz JP, et al.
(2012) Mitofusin 2 (Mfn2) links mitochondrial and endoplasmic reticulum
function with insulin signaling and is essential for normal glucose homeostasis.
Proc Natl Acad Sci U S A 109: 5523-5528.

18. Ong SB, Subrayan S, Lim SY, Yellon DM, Davidson SM, et al. (2010)
Inhibiting mitochondrial fission protects the heart against ischemia/reperfusion
injury. Circulation 121: 2012-2022.

19. Lin KP, Soong BW, Yang CC, Huang LW, Chang MH, et al. (2011) The
mutational spectrum in a cohort of Charcot-Marie-Tooth disease type 2 among
the Han Chinese in Taiwan. PLoS One 6: ¢29393.

20. Eschenbacher WH, Song M, Chen Y, Bhandari P, Zhao P, et al. (2012) Two
rare human mitofusin 2 mutations alter mitochondrial dynamics and induce
retinal and cardiac pathology in Drosophila. PLoS One 7: ¢44296.

21. Jahani-Asl A, Cheung EC, Neuspiel M, MacLaurin JG, Fortin A, et al. (2007)
Mitofusin 2 protects cerebellar granule neurons against injury-induced cell
death. J Biol Chem 282: 23788-23798.

22. Trottier J, Bialek A, Caron P, Straka RJ, Milkiewicz P, et al. (2011) Profiling
circulating and urinary bile acids in patients with biliary obstruction before and
after biliary stenting. PLoS One 6: €22094.

June 2013 | Volume 8 | Issue 6 | e65455



23.

24.

26.

27.

28.

29.

30.

31.

32.

Yamaura Y, Nakajima M, Takagi S, Fukami T, Tsuneyama K, et al. (2012)
Plasma microRNA profiles in rat models of hepatocellular injury, cholestasis,
and steatosis. PLoS One 7: ¢30250.

Xu SC, He MD, Zhong M, Zhang YW, Wang Y, et al. (2010) Melatonin
protects against Nickel-induced neurotoxicity in vitro by reducing oxidative
stress and maintaining mitochondrial function. J Pineal Res 49: 86-94.

. Brooks C, Wei Q, Feng L, Dong G, Tao Y, et al. (2007) Bak regulates

mitochondrial morphology and pathology during apoptosis by interacting with
mitofusins. Proc Natl Acad Sci U S A 104: 11649-11654.

Xu S, Pi H, Chen Y, Zhang N, Guo P, et al. (2013) Cadmium induced Drpl-
dependent mitochondrial fragmentation by disturbing calcium homeostasis in its
hepatotoxicity. Cell Death Dis 4: ¢540.

Arduini A, Serviddio G, Escobar J, Tormos AM, Bellanti F, et al. (2011)
Mitochondrial biogenesis fails in secondary biliary cirrhosis in rats leading to
mitochondrial DNA depletion and deletions. Am J Physiol Gastrointest Liver
Physiol 301: G119-127.

Tiao MM, Lin TK, Liou CW, Wang PW, Chen JB, et al. (2009) Early
transcriptional deregulation of hepatic mitochondrial biogenesis and its
consequent effects on murine cholestatic liver injury. Apoptosis 14: 890-899.
Silva JP, Kohler M, Graff C, Oldfors A, Magnuson MA, et al. (2000) Impaired
insulin secretion and beta-cell loss in tissue-specific knockout mice with
mitochondrial diabetes. Nat Genet 26: 336-340.

Wredenberg A, Wibom R, Wilhelmsson H, Graff C, Wiener HH, et al. (2002)
Increased mitochondrial mass in mitochondrial myopathy mice. Proc Natl Acad
Sci U S A 99: 15066-15071.

Sorensen L, Ekstrand M, Silva JP, Lindqvist E, Xu B, et al. (2001) Late-onset
corticohippocampal neurodepletion attributable to catastrophic failure of
oxidative phosphorylation in MILON mice. J Neurosci 21: 8082-8090.

Eura Y, Ishihara N, Yokota S, Mihara K (2003) Two mitofusin proteins,
mammalian homologues of FZO, with distinct functions are both required for
mitochondrial fusion. J Biochem 134: 333-344.

PLOS ONE | www.plosone.org

33.

34.

36.

37.

38.

39.

40.

41.

42.

Mitofusin 2 Protects GCDCA Induced-Hepatotoxicity

Zorzano A, Liesa M, Sebastian D, Segales J, Palacin M (2010) Mitochondrial
fusion proteins: dual regulators of morphology and metabolism. Semin Cell Dev
Biol 21: 566-574.

Pesce V, Nicassio L, Fracasso F, Musicco C, Cantatore P, et al. (2012) Acetyl-L-
carnitine activates the peroxisome proliferator-activated receptor-gamma
coactivators PGC-lalpha/PGC-lbeta-dependent signaling cascade of mito-
chondrial biogenesis and decreases the oxidized peroxiredoxins content in old
rat liver. Rejuvenation Res 15: 136-139.

5. Hernandez-Alvarez MI, Paz JC, Sebastian D, Munoz JP, Liesa M, et al. (2012)

Glucocorticoid Modulation of Mitochondrial Function in Hepatoma Cells
Requires the Mitochondrial Fission Protein Drpl. Antioxid Redox Signal.
Amati-Bonneau P, Guichet A, Olichon A, Chevrollier A, Viala F, et al. (2005)
OPA1 R445H mutation in optic atrophy associated with sensorineural deafness.
Ann Neurol 58: 958-963.

Bach D, Pich S, Soriano FX, Vega N, Baumgartner B, et al. (2003) Mitofusin-2
determines mitochondrial network architecture and mitochondrial metabolism.
A novel regulatory mechanism altered in obesity. J Biol Chem 278: 17190~
17197.

Zhang Y, Jiang L, Hu W, Zheng Q, Xiang W (2011) Mitochondrial dysfunction
during in vitro hepatocyte steatosis is reversed by omega-3 fatty acid-induced
up-regulation of mitofusin 2. Metabolism 60: 767-775.

Wang X, Su B, Siedlak SL, Moreira PI, Fujioka H, et al. (2008) Amyloid-beta
overproduction causes abnormal mitochondrial dynamics via differential
modulation of mitochondrial fission/fusion proteins. Proc Natl Acad Sci U S A
105: 19318-19323.

Chen H, Vermulst M, Wang YE, Chomyn A, Prolla TA, et al. (2010)
Mitochondrial fusion is required for mtDNA stability in skeletal muscle and
tolerance of mtDNA mutations. Cell 141: 280-289.

Shen T, Zheng M, Cao C, Chen C, Tang J, et al. (2007) Mitofusin-2 is a major
determinant of oxidative stress-mediated heart muscle cell apoptosis. J Biol
Chem 282: 23354-23361.

Karbowski M, Norris KL, Cleland MM, Jeong SY, Youle RJ (2006) Role of Bax
and Bak in mitochondrial morphogenesis. Nature 443: 658-662.

June 2013 | Volume 8 | Issue 6 | e65455



