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Abstract

AIM

To investigate the protective mechanism of mitofusin-2
(Mfn2) in rat remote ischemic perconditioning (RIC)
models and revalidate it in alpha mouse liver-12
(AML-12) hypoxia cell lines.

METHODS

Sprague-Dawley rats were divided into three groups
(n = 6 each): sham, orthotopic liver transplantation
and RIC. After operation, blood samples were collected
to test alanine aminotransferase and aspartate
aminotransferase. The liver lobes were harvested for
histopathological examination, western blotting (WB)
and quantitative real-time (qRT)-PCR. AML-12 cell
lines were then subjected to normal culture, anoxic
incubator tank culture (hypoxia) and anoxic incubator
tank culture with Mfn2 knockdown (hypoxia + Si),
and data of gqRT-PCR, WB, mitochondrial membrane
potential (AWm), apoptosis, endoplasmic reticulum Ca**
concentrations and mitochondrial Ca** concentrations
were collected.

RESULTS

Both sham and normal culture groups showed no
injury during the experiment. The RIC group showed
amelioration of liver function compared with the
orthotopic liver transplantation group (P < 0.05). gRT-
PCR and WB confirmed that Mfn2-mitochondrial Ca**
uptake 1/2 (MICUs) axis was changed (P < 0.005). In
AML-12 cell lines, compared with the hypoxia group,
the hypoxia + Si group attenuated the collapse of AWm
and apoptosis (P < 0.005). The endoplasmic reticulum
Ca’* decrease and mitochondrial Ca** overloading
observed in the hypoxia group were also attenuated in
the hypoxia + Si group (P < 0.005). Finally, gRT-PCR
and WB confirmed the Mfn2-MICUs axis change in all
the groups (P < 0.005).

CONCLUSION

Mfn2 participates in liver injury in rat RIC models and
AML-12 hypoxia cell lines by regulating the MICUs
pathway.

Key words: Remote ischemic per-conditioning; Ischemia-
reperfusion injury; Ca”*; Mitofusin-2; Mitochondrial Ca®*
uniporter
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Core tip: Compared to the orthotopic liver tran-
splantation, the remote ischemic perconditioning
(RIC) model can significantly improve liver functions.
But, knowledge of its mechanism remains largely
unknown. This research is the first to prove the
protective mechanism of the mitofusin-2-mitochondrial
Ca’" uptake 1/2 axis by affecting the metabolism
of intracellular calcium in the RIC model of liver
transplantation and to revalidate it in alpha mouse
liver-12 hypoxia cell lines.
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INTRODUCTION

Liver transplantation (LT) has become an important
countermeasure for end-stage liver diseasel'l.
Ischemia-reperfusion injury (IRI) is one of the severe
complications of LT, leading to graft dysfunction
and thus increasing the morbidity and mortality™™.
Our previous studies confirmed that ischemia
preconditioning (IPC) can effectively alleviate IRI
by reducing hepatic enzymatic leakage, leukocyte
infiltration and apoptosis formation™®. However,
because of its traumatic nature and ethical reasons, its
application has failed to develop extensively”). Remote
ischemic perconditioning (RIC) was first proposed
by Przyklenk in 1993, and compared with IPC, it is a
temporary ischemic treatment for distant organs and
plays a protective role without damaging the target
organs™®. We have optimized the application of RIC
and proved that the PI3K/Akt/eNOS/NO pathway could
reduce the damage®*”..

Mitofusin-2 (Mfn2), localized in the outer membrane
of the mitochondria, maintains the network stability
of mitochondria by participating in mitochondrial
fusion and fission'". Ca®* is an important intra-
cellular signaling pathway, involved in important
pathophysiological functions such as maintenance of
biological potential, cell growth/proliferation regulation
and apoptosis regulation!™®™**!, Vasington et a/'*®
discovered mitochondrial Ca®>* uptake 1/2 (MICUs) in
1962. They used two Ca**-binding EF hands to sense
Ca®* concentration, thereby maintaining mitochondrial
Ca®* stability, which were considered as “gatekeepers”
for mitochondrial Ca** influx™"?%, Furthermore, they
are mediated by the mitochondrial Ca®* uniporter
(MCU) and form an MCU protein complex together
with MCU, MICU-1 and MICU-2""?%, In our previous

October 14, 2017 | Volume 23 | Issue 38 |



Liang RP et a/. Mitofusin-2 mediated MICUs-induced liver injury

work, we also observed that Mfn2 induced apoptosis
in HCC cells due to down-regulation of the MICUs
gatekeepers™,

There is little information about relationships
between the protective effect of RIC and the Mfn2-
MICUs axis during LT. Ca®* plays an important role in
apoptosis. In our previous RIC experiment, compared
with the orthotopic liver transplantation (OLT) group,
the RIC group showed decreased apoptosis. In the
present study, we hypothesized and verified whether
RIC model via Mfn2-MICUs axis has a protective
effect for LT. As it is hard to perform gene knockout
operations using primary cells, genetically engineered
rats are expensive and the experiment is time-
consuming, we designed the use of alpha mouse
liver-12 (AML-12) hypoxia cell lines to simulate the RIC
model and to revalidate it to prove our hypothesis.

MATERIALS AND METHODS

Rat sham, OLT and RIC models

All experimental protocols were conducted in
accordance with the Animal Research: Reporting in
vivo Experiments (ARRIVE) guidelines (http://www.
nc3rs.org/ARRIVE). Adult male Sprague-Dawley rats
weighing 250-300 g were chosen, placed in standard
environment, and allowed ad libitum access to food
and water. Thirty rats (including 12 donors) were
randomly allocated to three groups (n = 6 in each
group): sham, OLT and RIC. The following operations
were performed: After fasting for 12 h, all rats were
anesthetized for 3 h by intraperitoneal injection with 4%
chloral hydrate (Shanghai Guchen Biological, China).

In the OLT group, the modified method of Kamada
was adopted. Donor liver was obtained, and cold
physiological saline containing 25 U/mL heparin was
used to perfuse the graft liver through portal vein and
stored in 0-4 °C cold saline for about 45 min before
the graft was transplanted into the recipient. After the
suprahepatic inferior vena cava and portal vein were
anastomosed by cuff method, the liver was reperfused
along with the ligation of the hepatic artery. Then,
the infra-hepatic inferior vena cava was connected,
and common bile duct was reconstructed by tying
the duct over a stent. Physiological saline (1 mL) was
injected via the dorsal penile vein of the recipient after
operation in order to prevent acid-base imbalance.

In the RIC group, the method used in our previous
study was adopted. In the recipients who underwent
OLT, hindlimb ischemia (using a standard tourniquet
appending 1 kg weight to both legs) and reperfusion
was performed for three 5-min cycles starting at the
anhepatic phase™® (Figure 1). After recovery from
anesthesia, the rats allowed free access to sterile
water and standard diet.

In the sham group, the abdomen was opened after
70 min, and then closed in order to acquire the mean
time of the total ischemia in the OLT/RIC group (2-min
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warm ischemia, 45-min cold ischemia, and 70-min
total ischemia).

Collection of liver lobe and blood samples

Sham group rats were euthanized after anesthesia.
After 3 h of blood flow into the recipient’s portal vein,
euthanasia was performed in OLT and RIC groups.
Blood samples were drawn from the portal vein
and then centrifuged for 15 min at 3000 x g, and
serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were measured to assess liver
function (7600 automatic analyzer; Hitachi, Japan).
Some of the liver lobes were kept in formalin solution
for histopathological examination, and the other parts
of the lobes were used for western blotting (WB) and
PCR studies.

Quantitative real-time (QRT)-PCR

qRT-PCR was used to detect the level of mRNA
expression (Table 1). Total RNA was extracted from
the previous phase of the experiment (liver lobes
and cell lines) using Trizol reagent (Thermo Fisher
Scientific, United States) and PrimeScript RT Reagent
Kit with gDNA Eraser (Takara Bio, Japan) for reverse
transcription to cDNA. Following the protocol, we
performed gRT-PCR in a total volume of 10 uL with
7900Fast (Applied Biosystems Inc, United States)
to test the efficiency of small interfering (si)RNA in
the hypoxia + Si group. The mRNA levels of Mfn2,
MCU, MICU-1 and MICU-2 in the three model groups
of sham, OLT and RIC and three cell line groups of
normal culture (NC), hypoxia and hypoxia + Si were
compared.

wB

WB was used to detect the level of protein expression
of Mfn2, MCU, MICU-1, MICU-2 and B-actin. Total
proteins were extracted from the previous phase of
the experiment (liver lobes and cell lines). Cells and
tissues (the liver tissues had first been ground in liquid
nitrogen) were transfected after incubation in RIPA lysis
buffer (Thermo Fisher Scientific) supplemented with
protease inhibitor cocktail (Thermo Fisher Scientific)
for 1 h on ice and then underwent ultrasonic oscillation
crushing (Shanghai Experimental Instruments, China)
for three 5-s cycles on ice. After centrifugation (14000
x g, 4 C, 15 min), the supernatant was collected for
protein concentration measurement by Bicinchoninic
Acid Protein Assay Kit (Pierce Biotechnology, United
States).

The denatured protein samples (30 ug/10 uL) were
separated by SDS-PAGE (Invitrogen, United States)
and transferred to polyvinylidene fluoride membranes.
Then, the membranes were blocked with 5% non-
fat milk (BD Biosciences, United States) dissolved
in 30 mL Tris-buffered saline with Tween (TBST) for
2 h at room temperature. Using primary antibodies
against p-actin/Mfn2 (1:1000; Abcam, United States),
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Figure 1 Remote ischemic perconditioning models. A: Tourniquet was
used for ligature of each hindlimb with 1 kg additional weight; B: P - Perfusion
phase, | - Ischemic phase, R - Reperfusion phase. The remote ischemic
perconditioning group underwent orthotopic liver transplantation with hindlimb
ischemia and reperfusion for three 5-min cycles starting at the beginning of the
anhepatic phase.

MCU/MICU-1 (1:1000; Cell Signaling Technology,
United States) and MICU-2 (1:1000; Santa Cruz
Biotechnology, United States), the membranes were
incubated overnight at 4 °C.

After agitation washing of the membranes for
three 5-min cycles with TBST, appropriate secondary
horseradish peroxidase-linked antibodies (1:2000; all
purchased from Abcam), including goat anti-mouse
IgG for total Mfn2, goat anti-rabbit IgG for B-actin
and MCU/MICU-1/MICU-2, were used to incubate the
membranes for 1 h at room temperature. An ECL kit
(Pierce Biotechnology) was used to acquire enhanced
chemiluminescence.

Cell lines and culturing

The mouse liver hepatocyte cell line AML-12 [established
from hepatocytes from a male mouse (CD1 strain, line
MT42) non-tumorigenic], preserved by our laboratory,
was cultured according to the ATCC guideline, with 10%
fetal bovine serum (Gibco, United States) added in a
90% 1:1 mixture of Dulbecco’s modified Eagle’s medium
and Ham'’s F12 medium (DMEM/F12; Hangzhou Genom
Biochemical and Pharmaceutical, China) with 0.005
mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL
selenium and 40 ng/mL dexamethasone (all purchased
from Sigma-Aldrich). All cells were cultured in 5% CO:
at 37 'C in a moderately moist environment.

Cells were assigned to three groups (NC, hypoxia
and hypoxia + Si) in the logarithmic phase, and less
than 70% had good conditions. The NC group cells
were cultured using the normal protocol. The hypoxia
group cells were first cultured for 3 h in a humidified
atmosphere containing 2% 02, 5% CO2 and 93%
N2 at 37 °C in a noxic incubator tank (Thermo Fisher
Scientific), and then cultured for another 3 h in normal
atmosphere as NC group cells to simulate the IRI
process. The hypoxia + Si cells were first used in
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Table 1 Primer sequences for qRT-PCR

Target gene

Primer sequence

Rat-f-Actin Forward: 5'-ACGGTCAGGTCATCACTATCG-3'
Reverse: 5'-GAGGTCTTTACGGATGTCAACG-3'
Rat-Mfn2 Forward: 5'-GAAGAAGAGTGTCAAGACCGTG-3'
Reverse: 5'-CAGGCAAAACTTATCAATCCAG-3'
Rat-Mcu Forward: 5'-GACCCTGAACGATGTGAAGAC-3'
Reverse: 5-TTCTCCGCTTTCCTGCTAAT-3'
Rat-MICU-1 Forward: 5-GACTAAGCGGAGACTGATGTTG-3'
Reverse: 5-GAGATTCTGCGTGAGCCTTC-3'
Rat-MICU-2 Forward: 5'-ACAAAGCCTCACTCTGGGT-3'
Reverse: 5-TCACTGTTGGTTCCTGGTATT-3'
Mus-f-Actin Forward: 5'-CATTGCTGACAGGATGCAGAAGG-3'
Reverse: 5'-TGCTGGAAGGTGGACAGTGAGG-3'
Mus-Mfn2 Forward: 5'-CAAGTGTCCGCTCCTGAAG-3'
Reverse: 5'-CCACCAGCACAAACACATC-3'
Mus-Mcu Forward: 5-GAGCCGCATATTGCAGTACGGT-3'
Reverse: 5'-AAACACGCCGACTGAGTCAGAG-3'
Mus-MICU-1 Forward: 5'-GAAGTGTCCAGCCGTGAAGGAA-3'
Reverse: 5'-TGGTGTGGAGTAGGCTCGGATT-3'
Mus-MICU-2 Forward: 5-GGAAGACTTTGCTATCGCCATGC-3'

Reverse: 5'-GGTGTCCAGAAGATTGTCCGAG-3'

Mfn2: Mitofusin-2; Mcu: Mitochondrial Ca* uniporter; MICU: Mito-
chondrial Ca™ uptake.

Table 2 Primer sequences for siRNA

Target gene
Mus-Mfn2

Primer sequence
Sense strand:
5'-CUGCGAAUUAAGCAGAUUATTATAT-3';

Anti-sense strand:
5-UAAUCUGCUUAAUUCGCAGTTATdT-3'

Mfn2: Mitofusin-2.

siRNA experiments (Table 2; Shanghai GenePharma
Biochemical and Pharmaceutical, China) to knock
down the Mfn2 expression. The same culturing was
performed in the hypoxia group. Cells were collected
for subsequent experiments.

Mitochondrial membrane potential

The mitochondrial membrane potential (AWm) was
quantified using a JC-1 kit (Beijing Beyotime Institute
of Biotechnology, China). JC-1 was used to cultivate
the cells for 30 min, which was measured by flow
cytometry (FCM) in the channels of FITC (green) and
PE-A (red) of the FC500 flow cytometer (Cytomics,
United States). Furthermore, cells were cultured for 30
min using JC-1 and for 15 min using Hoechst-33342
(Beijing Beyotime Institute of Biotechnology), and
observed under confocal microscopy (FV1000;
Olympus, Japan) to confirm the results obtained from
FCM.

Apoptosis

Cell apoptosis was assayed using the Annexin V/
Propidium Iodide Apoptosis (AV/PI) Detection Kit (BD
Biosciences) and measured by FCM. Furthermore, cells
were treated with 7.5 umol/L of the CellEvent Caspase

October 14, 2017 | Volume 23 | Issue 38 |



Liang RP et a/. Mitofusin-2 mediated MICUs-induced liver injury

800

600

400

ALT (U/L)

200

Sham oLT RIC

1000 -

800

o))
o
o

400

AST (U/L)

Sham oLT RIC

N

—

Degree of congestation

Sham OoLT RIC

w

N

Degree of necrosis

—

Sham oLT RIC

Figure 2 Remote ischemic perconditioning models model improves the liver graft function. A: Results of ALT and AST in the three model groups; B: Liver
histopathological presentations (hematoxylin and eosin stain, original magnification x 200); C: Results of hepatocyte necrosis and congestion of the sinusoids and
central vein in histopathologic examination. Data represent mean + SEM for 6 rats per group. ALT: Alanine aminotransferase; AST: aspartate aminotransferase; OLT:

Orthotopic liver transplantation; RIC: Remote ischemic perconditioning. °P < 0.05; °P < 0.01; °P < 0.001.

3/7 Green Detection Reagent (Invitrogen, United
States) and 10 nmol/L tetramethylrhodamine methyl
ester perchlorate (Invitrogen), and observed under
confocal microscopy to confirm the results obtained
from FCM.

Measurement of mitochondrial Ca** concentrations

Rhod-2 acetoxymethyl ester (Rhod-2, AM;
GeneCopoeia, United States) was used to measure
the mitochondrial Ca®* concentrations. According
to our previous experience, the fluorescence value
of Rhod-2 AM approximately represented the
fluorescence value of mitochondrial Ca**"**¥, The day
before the experiment, 1 x 10° cells were plated in
10-mm confocal dishes (Nest Biotechnology, China).
After overnight incubation, the growth medium was
removed from the cell plates, and added with 500 uL
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medium with 4 uM Rhod-2 AM and 0.1% Pluronic®
F-127 (GeneCopoeia) and allowed to incubate at 37
C in humidified air (containing 5% CO:) for 2 h. Next,
D-Hanks balanced salt solution (Hangzhou Genom
Biochemical and Pharmaceutical, China) was used
to wash the cells three times, followed by addition of
500 uL Hoechst-33342 and 200 nmol/L MitoTracker
Green (Beijing Beyotime Institute of Biotechnology),
and allowed to incubate in the same environment for
30 min of cultivation. Confocal microscopy confirmed
that the vast majority of Rhod-2 AM fluorescence
was associated with the mitochondria. Furthermore,
cells were incubated in 96-well plates with Rhod-2
AM and F-127 in the same process and observed by
VarioskanFlash (Thermo Fisher Scientific) with the
illumination at excitation 552 nm and emission 581
nm to confirm the results obtained from confocal
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microscopy.

Quantification of endoplasmic reticulum (ER) Ca”
concentrations

We used the FLUOFORTE® Calcium Assay (Enzo
Life Sciences, United States) to detect ER Ca**
concentrations. The day before the experiment, 5
x 10* cells were plated per well in 96-well assay
plates (Corning, United States). After overnight
incubation, the growth medium was removed from
the cell plates and 100 uL FLUOFORTE® Dye-Loading
Solution (prepared by Enzo’s protocol, containing
0.5 mmol/L EGTA to eliminate Ca®* concentrations in
the medium) was added to each well, and the cells
were incubated at room temperature for 45 min. The
illumination at excitation 490 nm and emission 525
nm was observed by VarioskanFlash for quantification
of cytosolic Ca®* concentrations at baseline. Then, 5
uM thapsigargin (Thermo Fisher Scientific) was added
to each measurement well to detect the total values,
including cytosolic baseline and Ca®* released from
the ER, by VarioskanFlash with the same parameters.
Skanlt software (Thermo Fisher Scientific) was used to
measure the ER Ca®" concentrations.

Statistical analysis

The results were expressed as mean £ SEM. One-way
analysis of variance was used for comparisons among
three groups and the t-test was used for comparison
between the two groups. All statistical analyses and
related statistical diagramming were performed using
the GraphPad Prism software (ver. 5.0 for Windows;
GraphPad Software Inc., United States). P < 0.05 was
considered statistically significant.

RESULTS

RIC model improves liver graft function

According to the literature and our previous research,
RIC does not cause muscle and remote organ
function damage, so this experiment focused on liver
function®'?), In the present study, the sham group
showed no injury during the experiment. Compared
with the OLT group, ALT and AST levels were lower
in the RIC group (ALT: P = 0.0029, AST: P = 0.0121;
Figure 2A). Liver histopathological examinations
showed that the RIC group had fewer sinusoids,
central vein congestion and hepatocyte necrosis than
the OLT group (P < 0.001; Figure 2B and C).

RIC model lowers expression of Mfn2 and alters MICUs
expression

Expression of Mfn2 and MICUs was measured by WB
(Figure 3A) and gRT-PCR (Figure 3B). Taking the OLT
group as the reference, both the sham and RIC groups
showed lower expression of Mfn2 (WB: sham vs RIC:
P < 0.001; gRT-PCR: sham P < 0.001, RIC P = 0.0348).
The MICUs expression was also altered. Compared
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with the OLT group, both the sham and RIC groups
showed higher expression of MICU-1 (WB: sham vs
RIC, P < 0.001; gRT-PCR: sham P = 0.0005, RIC P
= 0.0030) and similar expression of MICU-2 (WB:
sham P = 0.0011, RIC P = 0.0033; gRT-PCR: sham
P = 0.0255, RIC: P = 0.0137). However, we did not
observe any significant changes in the expression of
MCU (WB: sham P = 0.1044, RIC P = 0.9243; gRT-
PCR: sham P = 0.0005, RIC P = 0.1507).

Mfn2 knockdown alters MICUs expression in AML-12
hypoxia cell lines

The NC group was cultured in normal environment.
The hypoxia group followed our protocol to simulate
the IRI process. In the hypoxia + Si group, siRNA was
used to knock down Mfn2 expression (WB and gRT-
PCR; Figure 4A) and culturing was performed by the
same protocol as in the hypoxia group. Expression
of MICUs was measured by WB and gRT-PCR. Taking
the hypoxia group as the reference, both the NC and
hypoxia + Si groups showed higher expression of
MICU-1 (WB: NC P = 0.0001, hypoxia + Si P = 0.0010;
gRT-PCR: NC P = 0.0026, hypoxia + Si P = 0.0430)
and similar expression of MICU-2 (WB: sham P <
0.0001, hypoxia + Si P = 0.0020; gRT-PCR: sham P
= 0.0004, RIC P = 0.0137). We observed the change
in expression of MCU by WB (sham: P = 0.0158, RIC:
P = 0.0040), but did not obtain significant findings by
gRT-PCR (sham: P = 0.2597, RIC: P = 0.2420) (Figure
4B and C).

Mfn2 knockdown attenuates the collapse of AWm in
AML-12 hypoxia cell lines

We first used the JC-1 kit to measure the AWm in
AML-12 hypoxia cell lines cultured by FCM with our
protocol. JC-1 fluorescence shifted from red (JC-1
aggregates bound to mitochondria) to green (JC-1
monomers bound to cytoplasm), indicating a decline
of AWm. Taking the hypoxia group as the reference,
the green to red fluorescence ratio was lower in the
NC and hypoxia + Si groups (FCM: NC P = 0.0329,
hypoxia + Si P = 0.0391; Figure 5A and C). We
obtained the same result by confocal microscopy
as that obtained from FCM using the JC-1 kit and
Hoechst-33342 (Figure 5B).

Min2 knockdown attenuates apoptosis in AML-12
hypoxia cell lines

The Annexin V/Propidium Iodide Apoptosis Detection
Kit was used to detect cell apoptosis by FCM. Annexin
V fluorescence reflects early cell apoptosis while
propidium iodide fluorescence reflects late apoptosis
and dying cells. Taking the hypoxia group as the
reference, the ratio of apoptosis cells was lower
in the NC and hypoxia + Si groups (FCM: NC P =
0.0092, hypoxia + Si P = 0.0369; Figure 6A and C).
We obtained the same result by confocal microscopy
as that obtained from FCM using the caspase 3/7
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Figure 3 Remote ischemic perconditioning models model causes low expression of Mfn2 and alters MICUs expression. Expression of Mfn2 and MICUs was
measured by WB (A) and gRT-PCR (B). Both sham and RIC groups showed lower expression of Mfn2 and altered MICUs expression, but no significant change was
observed in expression of mitochondrial Ca* uniporter. Mfn2: Mitofusin-2; MICUs: Mitochondrial Ca** uptake 1/2; OLT: Orthotopic liver transplantation; qRT-PCR:
Quantitative real-time-PCR; RIC: Remote ischemic perconditioning; WB: Westem blotting. °P < 0.05; °P < 0.01; °P < 0.001.

detection kit (green) and tetramethylrhodamine
methyl ester perchlorate (red) (Figure 6B).

Mfn2 knockdown relieves mitochondrial Ca™*
overloading

We used Rhod-2 AM to detect mitochondrial Ca®* con-
centrations by confocal microscopy and VarioskanFlash.
Rhod-2 AM, Hoechst-33342 and MitoTracker Green
were used to confirm that the fluorescence value
of Rhod-2 AM approximately represented the
fluorescence value of mitochondrial Ca®* (Figure
7A). Then, VarioskanFlash was used to analyze the
illumination at excitation 557 nm and emission 581 nm
and detect mitochondrial Ca®* concentrations (Figure
7B). Taking the hypoxia group as the reference, both
the NC and hypoxia + Si groups relieved mitochondrial
Ca®" overloading (NC vs hypoxia + Si: P < 0.0001).

Mfn2 knockdown relieves endoplasmic reticulum Ca*
decrease

We used the FLUOFORTE® Calcium Assay to detect
ER Ca®** concentrations by analyzing the illumination
at excitation 490 nm and emission 525 nm with
VarioskanFlash. The cytosolic baseline was measured
first, and then thapsigargin (Ca®* was released by
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inhibiting endoplasmic reticular Ca-ATPase) was added
to detect the total values, including cytosolic baseline
and Ca** release from the ER. Skanlt software was
used to measure the ER Ca®** concentrations. Taking
the hypoxia group as the reference, both the NC
and hypoxia + Si groups showed higher ER Ca**
concentrations (NC vs hypoxia + Si: P < 0.0001)
(Figure 7).

DISCUSSION

The incidence of liver cancer is increasing and liver
cancer currently represents the sixth most frequent
type of cancer worldwide™®, LT has become an
important countermeasure for end-stage liver diseases,
and numerous research studies have been carried
out to improve LT outcome by reducing the damages,
such as IPC and RIC®**”), We have demonstrated in
our previous studies that the RIC model protects the
liver against IRI, causing no muscle or remote organ
function damage®'®, but the mechanism is not yet
fully understood.

Mitochondrial Ca®* plays an important role in
intracellular homeostasis®®. Mfn2 maintains the
network stability of mitochondria by participating in
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°P<0.05;°P < 0.01.S °P < 0.001.

mitochondrial fusion and fission®®!. MCU, MICU-1 and
MICU-2 form the mitochondrial calcium uniporter
complex. Along with the increase in intracellular Ca®*
Ca”* combined with EF-hand of MICUs promotes the
opening of MCU pores and leads to an increase in the
mitochondrial Ca*****"!, Furthermore, excessive intake of
Ca’* can increase mitochondrial permeability transition,
thereby inducing pathophysiological phenomena such
as apoptosis®?. Previous studies have shown that
Mfn2 provides a convenient pathway for Ca®* transport
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from mitochondria to ER in intracellular high Ca**
environment'®*", However, there is little information
about relationships between the protective effect of RIC
and the Mfn2-MICUs axis during LT.

We, therefore, designed and performed the present
RIC experiment (Figure 1) and found that, compared
with the sham group, LT (including RIC) could cause
liver damage and change the Mfn2-MICUs axis at
the same time. While the RIC model reduced liver
damage, Mfn2 expression was lower and MICUs
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Figure 5 Mfn2 knockdown attenuates the collapse of AWm in AML-12 hypoxia cell lines. JC-1 kit and Hoechst-33342 were used to measure the AWm by flow
cytometry (A and C) and confocal microscopy (B). Collapse of A¥m in the hypoxia group was attenuated both in the NC and hypoxia + Si groups. Mfn2: Mitofusin-2;

NC: Normal culture; A¥m: Mitochondrial membrane potential. °P < 0.05.

expression was higher than in LT (Figures 2 and 3).
These results demonstrated that the RIC model might
exert its protective effect for LT via the Mfn2-MICUs
axis.

To further verify our findings, we decided to knock
down the Mfn2 expression by siRNA. Since genetically
engineered mice are expensive, the experiment
is time-consuming, and it is hard to perform gene
knockout operations using primary cells, we designed
the use of AML-12 hypoxia cell lines to simulate a
RIC model. After determining the Mfn2 knockdown
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efficiency (Figure 4A), we proved that the hypoxia +
Si group alleviated the hypoxia damage and showed
higher expression of MICU-1 and MICU-2 compared
with the hypoxia group (Figure 4B and C). Revalidating
the same result from the RIC experiment provides the
basis for our future mechanism studies.
Depolarization of mitochondrial membrane
potential is usually associated with early apoptosis.
According to the JC-1 kit instructions, in the absence
of apoptotic cells, JC-1 aggregates are bound to
mitochondria and red fluorescence occurs at 590 nm.
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Whereas in apoptotic cells, JC-1 monomers are bound
to cytoplasm and green fluorescence occurs at 530
nm. The green to red fluorescence ratio then indicates
the collapse of AWm. In the present study, we used
the JC-1 kit to measure the AWm in hypoxia cell lines
by FCM, and found that the green to red fluorescence
ratio was lower in the NC and hypoxia + Si groups
(Figure 5A and C). The sham group showed no injury
during the experiment. Compared with the hypoxia
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group, the hypoxia + Si group had less collapse of
AWm. For more intuitive observation, we used JC-1
and Hoechst-33342 to repeat the experiment by
confocal microscopy, and revalidated the same result
from FCM (Figure 5B). The results illustrated that Mfn2
knockdown lowered the mitochondrial membrane
potential in hypoxia cells.

Apoptosis is a programmed cell death controlled by
genes, which is designed to maintain homeostasis™®.
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Figure 7 Mfn2 knockdown relieves mitochondrial Ca* overloading. Rhod-2 AM was used to detect mitochondrial Ca®* concentrations by confocal microscopy
and VarioskanFlash. A: Confocal microscopy confirmed that the vast majority of Rhod-2 AM fluorescence was associated with the mitochondria; B: VarioskanFlash
was used to detect Rhod-2 AM to determine the fluorescence of mitochondrial Ca®* concentrations. Taking the hypoxia group as the reference, both the NC and

hypoxia + Si groups relieved mitochondrial Ca®* overloading. Mfn2: Mitofusin-2; NC: Normal culture; Rhod-2 AM: Rhod-2 acetoxymethyl ester. °P < 0.001.

In the early stage of apoptosis, phosphotidylserine can
be translocated from the inside of the cell membrane
to the outside of the cell membrane and combined with
annexin V (FITC). In late apoptotic and dead cells, the
membranes are permeable to propidium iodide (PE-A).
According to the staining status of the cells, we can
distinguish the apoptosis status (annexin V/propidium
iodide positive or negative). In the present study, we
found that the ratio of cell apoptosis was lower in the
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NC and hypoxia + Si groups (Figure 6A and C). The
sham group showed no injury during the experiment,
indicating that compared with the hypoxia group,
the hypoxia + Si group had fewer cells undergoing
apoptosis. We used the caspase 3/7 detection reagent
(green) and tetramethylrhodamine methyl ester
perchlorate (red) to repeat the experiment by confocal
microscopy and revalidate the same result from FCM
(Figure 6B). The results demonstrated that Mfn2
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Figure 8 Mfn2 knockdown relieves endoplasmic reticulum Ca* decrease. FLUOFORTE® Calcium Assay and thapsigargin were used to detect ER Ca®
concentrations by VarioskanFlash. Taking the hypoxia group as the reference, both the NC and hypoxia + Si groups showed higher ER Ca® concentrations. ER:

Endoplasmic reticulum; Mfn2: Mitofusin-2; NC: Normal culture. °P < 0.001.

knockdown reduced the apoptosis in hypoxia cells.

As mentioned earlier, whether IRI in LT or hypoxia
in cells leads to injury should be verified. Mfn2
provides a convenient pathway for Ca®" transport
from mitochondria to ER in intracellular high Ca**
environment. Excessive uptake of Ca’* caused
mitochondrial pathogenesis and affected ‘gatekeeper’
expression, thus leading to a higher Ca®* concentration.
In the present study, after confirming that the Mfn2-
MICUs were altered in both rat models and cell
models, we continued to validate Ca®* changes at the
mitochondrial level. We used Rhod-2 AM to analyze
the mitochondrial Ca** concentration (Figure 7A), and
VarioskanFlash to analyze the illumination of Rhod-2
AM to get the fluorescence of mitochondrial Ca**
concentrations. We found that the hypoxia + Si group
relieved mitochondrial Ca®* overloading compared
with the hypoxia group (Figure 7B). This indicated
that Mfn2 knockdown reduced the mitochondrial Ca**
overload by Mfn2-MICUs axis in cell models.

The ER is an important organelle of Ca®" storage,
the stored Ca* in ER is mainly released through the
inositol 1, 4, 5-trisphosphate (InsP3) receptor and
ryanodine receptor pathways*®.. In the present study,
we investigated the relationships between ER Ca**
concentrations and mitochondrial Ca** overloading.
After the cytosolic Ca®* concentration at baseline was
quantified by VarioskanFlash using the FLUOFORTE
® Calcium Assay, we added thapsigargin to release
the ER Ca*' and performed repeat measurement.
The hypoxia + Si group showed relief of the ER Ca®*
decrease compared with the hypoxia group (Figure
8). This result proved that Mfn2 knockdown relieved
the ER Ca** decrease by affecting the Mfn2-MICUs
axis, thus altering the mitochondrial Ca®* status in cell
models.

The MCU protein complex is a highly selective
calcium channel consisting of three components: MCU,
MICU-1 and MICU-2. The complex can sense Ca**
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level and determine whether it passes through the
mitochondrial membrane™. In our experiment, we
failed to observe the consistency of MCU expression
changes in rat and cell models. According to the
literature, ER was mediated by the InsP3 receptor,
Mfn2 showed no effect on expression of InsP3R,
but when specific inhibitors of InsP3 receptor were
used, the decline of ER Ca®* induced by Mfn2 no
longer occurred, suggesting that InsP3R Ca®* release
pathways affected the ER Ca** efflux*'l. The specific
mechanism in InsP3R and IRI/cell hypoxia injury is
not clear. Nevertheless, our research provides a clear
clue that Mfn2 down-regulated expression of MICUs
can affect the state of Ca** in organelles, thus playing
a protective role in the two models. We will continue
to apply gene-editing mouse models and specific
inhibitors to conduct an in-depth research in the
future.

In conclusion, we used an RIC model and confirmed
that IRI was prevented by altered organelles’ Ca*
status via the Mfn2-MICUs axis, and revalidated the
effect in AML-12 hypoxia cell models.
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Background

Remote ischemic perconditioning (RIC) alleviates the damage of ischemia-
reperfusion injury (IRI). The Mfn2-MICUs axis is involved in the regulation of
intracellular calcium, thereby affecting the process of apoptosis. But there is
little information about the role of the mitofusin-2-mitochondrial Ca®* uptake 1/2
(Mfn2-MICUs) axis in the protective effect of RIC during liver transplantation (LT).
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Research frontiers

Most previous studies only confirmed the protective effect of RIC, but few
showed the detailed mechanism. In the protective role of RIC, the mechanism
of apoptosis related to the Mfn2-MICUs axis is worthy of being explored.

Innovations and breakthroughs

This research is the first to prove the protective mechanism of the Mfn2-MICUs
axis as affecting the metabolism of intracellular calcium to reduce apoptosis in
RIC of LT and revalidate it in AML-12 hypoxia cell lines.

Applications

This study showed the relationship between the protective effect of RIC and
cell hypoxia injury, and that the Mfn2-MICUs axis and apoptosis are affected by
the intracellular calcium homeostasis, thus laying a basic foundation for future
studies.

Terminology

RIC was first proposed by Przyklenk in 1993, and it alleviates the damage of
IRI'in a temporary ischemic treatment for distant organs without damaging
the target organs. RIC operations include remote-ischemic-preconditioning
(RIPreC), remote-ischemic-postconditioning and RIPerC.

Peer-review
This is an interesting paper looking at the role of Mnf2 in liver IRI.
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