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Background: The mechanism of associating liver partition and portal vein ligation for staged hepatectomy 
(ALPPS)-induced rapid liver regeneration remains poorly documented, especially in patients with fibrosis. 
Therefore, this study aims to investigate the underlying mechanism of ALPPS-induced accelerated 
regeneration in toxin-induced fibrosis models. 
Methods: The ALPPS-induced regeneration model was established in livers with thioacetamide (TAA)-
induced fibrosis to determine the regenerative pathways involved in rapid regeneration. Confirmatory 
experiments were performed in transforming growth factor beta 1 (TGFβ1)-treated AML12 cells and 
mice with carbon tetrachloride (CCl4)-induced fibrosis. Finally, mitochondrial dysfunction was validated in 
fibrotic/non-fibrotic patients.
Results: In TAA-induced fibrotic mice, ALPPS-induced regeneration was significantly inferior to that of 
the control group (P=0.027 at day 2 and P<0.001 at day 7). Furthermore, mitochondria-associated genes 
were significantly downregulated in TAA-challenged mice. Accordingly, the reduced production of ATP 
and elevated levels of malondialdehyde indicated disturbances in intracellular energy metabolism during the 
ALPPS-induced regenerative process after TAA treatment. Further investigations were performed in TGF-
β1-treated AML12 cells and CCl4-treated mice, which indicated that mitochondrial dysfunction attenuated 
the capacity for rapid regeneration after ALPPS. 
Conclusions: In summary, this study revealed that mitochondrial dysfunction led to inferior regeneration 
in livers with toxin-induced fibrosis and identified new therapeutic targets to improve the feasibility and 
safety of the ALPPS procedure. Further studies in human patients are required in the future.
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Introduction

Associating liver partition and portal vein ligation for 
staged hepatectomy (ALPPS) has attracted interest due to 
accelerated hypertrophy of future liver remnants (FLRs) 
by ligating the branch of the portal vein combined with 
transecting the parenchyma to improve surgical resection 
rates (1,2). Despite the significant improvements in 
morbidity and mortality, the feasibility and safety of ALPPS 
in patients with fibrosis remain controversial (3,4). Many 
ALPPS recipients suffer from chronic hepatitis virus 
infections, alcoholism, or nonalcoholic liver diseases, which 
may progress to liver fibrosis and cirrhosis, post-hepatectomy 
liver failure caused by an insufficient proliferation of FLRs 
can give rise to life-threatening complications associated with 
the ALPPS procedure. As suggested by studies showing that 
regenerative capacity is impaired in livers with fibrosis, FLR 
hypertrophy after ALPPS is negatively correlated with the 
degree of fibrosis (5,6). 

The Indian Hedgehog (IHH) pathway, mitochondrial 
function, and the transcriptional landscape during ALPPS-
induced regeneration have been previously illustrated (7-10).  
However, attenuation of regeneration in livers with 
fibrosis during ALPPS has not been well documented. 
The development and progression of hepatic fibrosis 
negatively regulate hepatocyte self-renewal by remodeling 
the microenvironment, intercellular interactions, changes 
in lipid and energy metabolism, and activation of targeted 
pathways, which comprehensively impairs rapid regeneration 
in livers with fibrosis (11-13). Mitochondrial dysfunction 
has emerged as an important factor in the regulation of 
liver physiology, including liver regeneration. Growing 
evidence has shown that mitochondrial dysfunction, namely 
mitochondrial morphological changes, mitochondrial 
membrane potential, structural damage, mitochondrial 
DNA damage, reactive oxidative species production, 
will attenuate regeneration livers with fibrosis (14).  
Furthermore, a previous study demonstrated that impaired 
mitochondrial function and biogenesis, along with the rapid 
energy-demanding cell proliferation, could cause hepatocyte 
dysfunction after ALPPS (9). 

Therefore, this study aims to explore the key mechanism 
by which ALPPS-induced liver regeneration is attenuated 
in the context of fibrosis. Mitochondrial dysfunction during 
ALPPS-induced regeneration in livers with fibrosis was 
preliminary documented in this study, which may provide 
insights into new therapeutics and improve the surgical 
feasibility and safety of ALPPS in patients with liver fibrosis. 

We present the following article following the ARRIVE 

reporting checklist (available at http://dx.doi.org/10.21037/
atm-20-4639). 

Methods

Ethics and animals

Experiments were performed under a project license (No. 
11836) granted by the Animal Ethics Committee of Sir Run 
Run Shaw Hospital, Zhejiang University, China, in compliance 
with the Animal Ethics Committee of Sir Run Run Shaw 
Hospital’s guidelines for the care and use of animals. The 
study was conducted following the Declaration of Helsinki (as 
revised in 2013). The Human Ethics Committee approved 
the study of Sir Run Run Shaw Hospital, Zhejiang University, 
China (No. 20180226-25), and informed consent was obtained 
from all individual participants.

Male C57BL/6J mice aged 8–9 weeks (n=72) were 
obtained from the experimental animal center of Zhejiang 
Province, China, and were housed in a restricted-access 
room with a controlled temperature (23 ℃) and a 12-hour 
light-dark cycle. Mice had free access to food and water 
before and after treatments. For the thioacetamide (TAA)-
induced model, 2 mL/kg TAA (concentration =0.05 g/mL)  
was administered twice per week by intraperitoneal 
injection for 12 consecutive weeks. For the carbon 
tetrachloride (CCl4)-induced model, 20% CCl4 (CCl4:oil 
=1:4) at a dose of 5 mg/kg was administered twice per week 
by intraperitoneal injection for 6 consecutive weeks. Each 
group contained 5 mice. 

ALPPS procedure

Two days after the last drug treatment, the ALPPS procedure 
was performed in mice that had been fasted for 8 hours. The 
operation details were similar to those described in a previous 
study (6). The mice were placed under general anesthesia 
using an automatic delivery system (1% isoflurane with a 
rate of 400 mL/min in the induction phase and 250 mL/min  
in the maintenance phase), and a surgical microscope was 
used during the entire surgical procedure (Figure S1A).  
After the cholecystectomy, the portal vein branches 
supplying the left lateral, left middle, right, and caudate 
lobes were microscopically ligated with a 9-0 silk suture. 
The artery and biliary duct branches were maintained. 
Next, parenchymal transection was performed through the 
middle lobe along the occluded/non-occluded parenchyma’s 
demarcation line. After sacrifice, the tissues were formalin-
fixed, and the plasma was stored at −80 ℃ for subsequent 
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analysis. Liver regeneration was measured in 5 animals 
per group at each time point and calculated using the 
following formula: right middle lobe (RML) weight/body  
weight (BW) ×100%.

Histology

Liver tissues were immersed in 4% formaldehyde, 
embedded, sectioned, gradient dehydrated, stained with 
hematoxylin-eosin (HE) or Sirius red, or stained for 
immunohistochemistry (IHC). The ratio of Ki-67-positive 
hepatocytes was calculated randomly in 4 visual fields (×200) 
using Image-Pro Plus 5.1 (Media Cybernetics, USA), and 
the results were presented as a proliferation index (PI). 

Quantitative real-time polymerase chain reaction (PCR)

Total RNA was isolated from cultured cells or frozen tissue 
using TRIzol reagent (Invitrogen, California, USA). Total 
RNA (1 µg) was subjected to reverse transcription using 
a reverse transcription kit (Yeason, Shanghai, China). 
Quantitative real-time PCR was conducted using a Bio-Rad 
CFX96 system (Bio-Rad, Hercules, CA, USA) with SYBR 
Green to determine the mRNA levels of genes of interest. 
Expression levels were normalized to the expression of 
GAPDH. The primers are listed in Table S1.

Western blotting

Standard western blot assays were performed to analyze 
protein expression, as previously described. Briefly, the 
samples were treated with lysis buffer, and proteins were 
separated on a 10–15% SDS-PAGE gel, then transferred 
onto PVDF membranes (Millipore, Billerica, MA, USA). 
After the membranes were blocked, they were incubated 
with appropriate dilutions of specific primary antibodies 
overnight. The blots were incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies and 
visualized using the ECL system (Thermo Fisher Scientific, 
Rochester, NY, USA).

Cell culture and functional experiments

The hepatic cell line AML12 was obtained from Shanghai 
Advanced Research Institute, Chinese Academy of Sciences 
(Shanghai, China). AML12 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco BRL, Rockville, 
MD) with 10% fetal bovine serum in a 5% CO2 humidified 

incubator at 37 ℃. The final concentration of transforming 
growth factor  beta  1  (TGF-β1)  in  AML12 ce l l s  
was 10 µg/L (24 hours). Functional experiments were 
performed according to the manufacturer’s instructions 
(Tables S1,S2).

Statistical analysis

Data were expressed as the mean and standard deviation, 
both of which were compared with Student’s t-tests. A two-
tailed P value lower than 0.05 was defined as statistically 
significant. Statistical analysis in this study was performed 
using SPSS, version 22.0 for Windows (IBM Corporation, 
Armonk, NY).

Results

Inhibition of ALPPS-induced regeneration in the TAA-
induced fibrosis model

The schedule of TAA and phosphate-buffered saline (PBS) 
treatment is shown in Figure 1A. Diffuse nodules were 
observed on the surface of TAA-treated livers (Figure S1B). 
The deposition of collagenous fibers and activation of hepatic 
stellate cells (HSCs) were confirmed by HE staining, Sirius 
red staining, and α-SMA staining (Figure 1B).

The TAA-treated group’s mortality was 20% at 
postoperative day 2 and 40% at postoperative day 7 
(Figure S1C). The RML/BW ratio was comparable 
between the 2 groups at baseline (P=0.331). After ALPPS, 
the proliferation of FLRs in the TAA-treated and PBS-
treated groups was respectively 0.0138±0.0006 and 
0.0123±0.0017 at postoperative day 2 and 0.0236±0.0015 
and 0.0160±0.0015 at postoperative day 7, which suggested 
that FLR hypertrophy was significantly better in the PBS-
treated group than in the TAA-treated group (P=0.027 at 
postoperative day 2 and P<0.001 at postoperative day 7; 
Figure 1C). Increased cyclinD1 expression and decreased 
p21 expression indicated accelerated proliferation of FLRs 
in non-fibrotic mice (Figure 1D). Histologically, the number 
of Ki-67-positive hepatocytes in the PBS-treated group 
increased distinctly at day 2 and was superior to that in the 
TAA-induced fibrosis group (Figure 1E). 

Mitochondrial dysfunction during ALPPS in livers with 
TAA-induced fibrosis

As mentioned previously,  several  pathways (e .g. , 
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Figure 1 Liver regeneration in the TAA-induced model. (A) Flow chart of the TAA-induced fibrosis model; (B) histological evaluation 
by IHC (×100) of the TAA-induced fibrosis model; (C) proliferation curves of FLRs in mice with PBS-treated or TAA-induced livers; (D) 
mRNA expression of cyclinD1 and p21; (E) IHC of Ki-67 and proliferation index. *P<0.05, **P<0.01, and ***P<0.001. TAA, thioacetamide; 
PBS, phosphate buffered-saline; FLR, future liver remnant; RML, right middle lobe; IHC, immunohistochemistry; n=5 mice for each 
condition. 

PBS: 2 mL/Kg

TAA: 0.05g/mL, 2 mL/Kg

6 weeks                                                                            18 weeks

0.03

0.02

0.01

0.00

PBS-treated ALPPS 

TAA-treated ALPPS

FL
R

/W
B

Pre-ALPPS          Post-ALPPS D2        Post-ALPPS D7

PBS-treated                                TAA-treated

PBS-treated                                   TAA-treated

α -
S

M
A

   
   

   
   

   
   

   
   

   
   

   
  S

iri
us

 R
ed

   
   

   
   

   
   

   
   

   
   

   
   

  H
E

 

D
ay

-7
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  D

ay
-2

 

***

n.s

*

10

8

6

4

2

0

6

4

2

0

0.6

0.4

0.2

0.0

0.4

0.3

0.2

0.1

0.0R
el

at
iv

e 
m

R
N

A
 E

xp
re

ss
io

n

R
el

at
iv

e 
m

R
N

A
 E

xp
re

ss
io

n

P
ro

lif
er

at
io

n 
In

de
x

P
ro

lif
er

at
io

n 
In

de
x

Cyclin D1            P21 Cyclin D1            P21 Day-2 Day-7

PBS-treated ALPPS 
TAA-treated ALPPS

PBS-treated ALPPS 
TAA-treated ALPPS

PBS-treated ALPPS 

TAA-treated ALPPS

PBS-treated ALPPS 

TAA-treated ALPPS

Post-ALPPS D2 Post-ALPPS D7

** ** **

*

*

n.s

A

B

D E

C



Annals of Translational Medicine, Vol 9, No 7 April 2021 Page 5 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(7):527 | http://dx.doi.org/10.21037/atm-20-4639

inflammatory pathways, the IHH/Gli1 pathway, growth 
factor-associated pathways, the mTOR pathway, and 
mitochondria-related pathways) have been reported to 
be implicated in ALPPS-induced regeneration. PCR was 
initially performed to screen potential targets that are 
responsible for the impaired proliferative capacity associated 
with ALPPS in livers with fibrosis (Figure 2A and Figure S2).  
Compared with that of the PBS-treated group, the 
inflammatory response was significantly increased in TAA-
induced fibrotic livers before and after ALPPS. Similarly, 
TGF-β1 expression was also increased in response to TAA 
treatment. Also, the downregulation of PGC1α indicated 
impairment in mitochondria-related pathways in ALPPS-
induced regeneration. This study, therefore, focused on 
mitochondrial dysfunction in the process of regeneration 
after the ALPPS procedure. 

Classic markers associated with mitochondrial function 
were initially determined further to investigate the roles 
of mitochondria-related pathways during ALPPS. PGC1α 
protein was significantly decreased in TAA-induced 
fibrotic livers at baseline and at days 2 and 7 after ALPPS 
(P=0.002, P<0.001, and P=0.014, respectively; Figure 2B). 
Similarly, mitochondria-associated gene expression was 
downregulated in TAA-treated livers, which suggested 
mitochondrial dysfunction throughout the regenerative 
process (Figure 2C). As expected, the reduced production 
of ATP in livers with TAA-induced fibrosis indicated a 
deficiency in energy production (Figure 2D). Elevated 
malondialdehyde (MDA) levels represented reactive oxygen 
species' accumulation, membrane lipid peroxidation, and a 
disturbance in intracellular energy metabolism (Figure 2E).  
Thus,  these results  suggested that mitochondrial 
dysfunction in TAA-induced fibrotic livers could not meet 
the energy requirements of rapid proliferation.

Mitochondrial dysfunction in TGF-β1-treated AML12 
cells

To further investigate this  theory,  mitochondrial 
dysfunction was evaluated in the TGF-β1-treated cellular 
fibrosis model. Mitochondrial membrane potential was 
analyzed by determining the ratio of JC-1 monomers 
and aggregates and revealed apparent uncoupling of the 
mitochondrial membrane potential in TGF-β1-treated 
AML12 cells (Figure 3A). Increased absorbance of MitoSox 

and increased production of MDA indicated a disturbance 
in mitochondrial oxygen consumption after TGF-β1 
treatment (Figure 3B). We then found distinct mitochondrial 
dysfunction by detecting mitochondria-associated RNA 
expression and ATP production (Figure 3C,D) that led to 
reduced viability and survival in the TGF-β1-treated group 
(Figure 3E,F).

The ALPPS-induced proliferation of FLRs was attenuated 
in livers with CCl4-induced fibrosis due to mitochondrial 
dysfunction 

To further validate the involvement of mitochondrial 
dysfunction in rapid regeneration, a CCl4-induced fibrosis 
model was established (Figure 4A). Typically, disseminated 
nodules were present on the surface of CCl4-treated 
livers compared to oil-treated livers (Figure S1B). HE 
staining, Sirius red staining and α-SMA staining revealed 
many collagenous fiber deposits and activation of HSCs 
(Figure 4B). Downregulation of PGC1α and mitochondria-
related molecules further demonstrated impairment of 
mitochondrial pathways (Figure 4C,D). Consequently, ATP 
production in CCl4-challenged livers was significantly less 
than that in oil-challenged livers (P=0.004; Figure 4E). In 
contrast, MDA levels were significantly upregulated in 
livers with CCl4-induced fibrosis (P=0.021; Figure 4F).

The mortality rate was analyzed, and only 1 mouse in 
the CCl4-treated group died on day 7 after the ALPPS 
procedure. Regeneration was also analyzed, and no 
differences in FLRs were observed between the groups at 
baseline. The proliferation of FLRs at day 2 after ALPPS 
in the oil-treated group was 0.0144±0.0026, which was 
significantly better than 0.0119±0.0004 in the CCl4-
treated group (P=0.043). On a postoperative day 7, the 
proliferation of FLRs in the oil-treated group reached 
0.0239±0.0004, which was better than 0.0163±0.0015 in 
the CCl4-treated group (P<0.001; Figure 5A). Likewise, 
reduced expression of cyclinD1 and increased expression of 
p21 revealed less regeneration in livers with CCl4-induced 
fibrosis (Figure 5B). The difference in regeneration was also 
validated histologically, as the PI of the oil-treated group 
after ALPPS was significantly higher than that of the CCl4-
treated group (P<0.001 at day 2 and P=0.006 at day 7; 
Figure 5C). Therefore, mitochondrial dysfunction in livers 
with CCl4-induced fibrosis contributed to inferior FLR 
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Figure 2 Mitochondrial dysfunction during ALPPS in livers with TAA-induced fibrosis. (A) Several regenerative pathways during ALPPS 
in PBS- or TAA-treated models; (B) PGC1α expression in PBS- or TAA-treated mice during ALPPS; (C) Mitochondria-associated gene 
expression in PBS- or TAA-treated mice during ALPPS; (D,E) MDA and ATP production in PBS- or TAA-treated mice during ALPPS. 
*P<0.05, **P<0.01. TAA, thioacetamide; PBS, phosphate buffered-saline; MDA, malondialdehyde; ALPPS, associating liver artition and 
portal vein ligation for staged hepatectomy; n=5 mice for each condition.
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Figure 3 Mitochondrial dysfunction in TGF-β1-treated AML12 cells. (A) Mitochondrial membrane potential (JC-1); (B) mitoSox and 
MDA detection; (C) mitochondria-associated gene expression; (D) ATP production; (E) cell viability; (F) apoptosis. *P<0.05, **P<0.01, and 
***P<0.001. TGF-β1, transforming growth factor beta 1; PBS, phosphate buffered-saline; MDA, malondialdehyde.
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Figure 4 Mitochondrial dysfunction in livers with CCl4-induced fibrosis. (A) Flow chart of the CCl4-induced fibrosis model; (B) Histological 
evaluation by immunohistochemistry (×100) of the CCl4-induced fibrosis model; (C) PGC1α expression in oil- or CCl4-treated mice; (D) 
Mitochondria-associated gene expression in oil- or CCl4-treated mice; (E) MDA detection in oil- or CCl4-treated mice; (F) ATP production in 
oilor CCl4-treated mice. *P<0.05, **P<0.01. CCL4, carbon tetrachloride; MDA, malondialdehyde; n=5 mice for each condition.
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Figure 5 ALPPS-induced proliferation of FLRs was attenuated in livers with CCl4-induced fibrosis. (A) Proliferation curves of FLRs in 
mice with oil-treated or CCl4-induced livers; (B) mRNA expression of cyclinD1 and p21; (C) IHC (×100) of Ki-67 and proliferation index. 
*P<0.05, **P<0.01, and ***P<0.001. CCl4, carbon tetrachloride; FLR, future liver remnant; RML, right middle lobe; ALPPS, associating 
liver partition and portal vein ligation for staged hepatectomy; IHC, immunohistochemistry; n=5 mice for each condition. 
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proliferation after ALPPS.

ALPPS in the clinic

Due to ALPPS samples’ rarity in the clinic, we preliminarily 
compared mitochondrial function and capacity for ALPPS-
induced regeneration in 2 hepatocellular carcinoma 
patients. Compared to the non-fibrotic patient (male,  
69 years old), the downregulation of several crucial 
molecules that mediate mitochondrial energy metabolism 
was observed in the fibrotic patient (male, 32 years old; 
Figure 6A). The FLRs in the fibrotic and non-fibrotic 
patients were 345.6 mL (27.9%) and 300.4 ml (23.7%), 
respectively. After the ALPPS stage I, the FLRs in the 
fibrotic and non-fibrotic patients increased to 388.5 mL 
(31.3%) and 653.3 mL (51.5%), respectively (Figure 6B). 
Also, liver function recovery was significantly prolonged in 
the patient with fibrosis (Figure 6C).

Discussion

To date, the underlying mechanism of ALPPS-induced 
rapid liver regeneration remains poorly documented in 
patients with a history of fibrosis. Because experimental 
m o d e l s  a r e  e a s i l y  s t a n d a r d i z e d  t o  y i e l d  b e t t e r 
reproducibility, they are preferred when assessing feasibility 
and investigating mechanisms of such high-risk events. To 
the best of our knowledge, no basic research on ALPPS 
has been conducted in mice with toxin-induced fibrosis. 
Consistent with our previous study suggesting that fibrosis 
attenuated ALPPS-induced regeneration in a rat model (6), 
our current study showed that ALPPS-induced regeneration 
was significantly attenuated in 2 established fibrosis models.

Although prel iminary studies  have shown that 
mitochondrial function, hypoxia signals, and the pathways 
above are involved in ALPPS-induced regeneration, 
there is a lack of robust evidence to support the causality  
(7-10,15). A deeper understanding of the activation of HSCs 
and the JNK1/IHH axis has been demonstrated as the first 
example of an ALPPS-induced molecular event associated 
with unprecedented regenerative acceleration (7,16). To 
explore the key pathway that regulates ALPPS-induced 
regeneration in livers with fibrosis, preliminary target 
screening in a TAA-induced fibrosis model was performed, 
and a mitochondria-related pathway was identified. Based 
on the fact that mitochondrial function alterations impact 

cellular metabolism, mitochondrial dysfunction could 
ultimately affect numerous biological processes, including 
regeneration (17-19). Increasing evidence suggests that 
functional and structural abnormalities in hepatocyte 
mitochondria lead to oxidative phosphorylation impairment 
and elevated production of reactive oxygen species (20). 
Thus, we found that impaired mitochondrial function 
attenuated rapid liver regeneration in vitro and in a CCl4-
induced fibrosis model.

As previously shown, ALPPS-induced liver regeneration 
is a complex process involving parenchymal cells (e.g., 
hepatocytes, biliary epithelial cells, and hepatic progenitor 
cells) and non-parenchymal cells (e.g., Kupffer cells, HSCs, 
and liver sinusoidal endothelial cells) (21-25). Since HSC-
induced IHH promotes liver regeneration, the definitive 
role of HSCs in ALPPS-mediated promotion of hepatic 
regeneration has therefore long been of interest (7,26). 
Compared with the mild activation of HSCs induced by 
the ALPPS procedure, HSC activation appears to be more 
drastic in the context of toxin-induced fibrosis. Different 
patterns of HSC activity may result in diverse effects on 
ALPPS-induced liver regeneration (27,28). Also, the roles 
of biliary epithelial cells and other non-parenchymal cells 
are not fully understood. 

Despite increasing reports of ALPPS cases, the feasibility 
of ALPPS in livers with fibrosis or cirrhosis has not been 
fully addressed. Previous studies have indicated that the 
severity of fibrosis is negatively related to the capacity 
for ALPPS-induced regeneration. As we revealed that 
mitochondrial dysfunction led to inferior regeneration 
in livers with toxin-induced fibrosis, new drugs targeting 
mitochondrial dysfunction might therefore improve the 
capacity for ALPPS-induced regeneration in livers with 
fibrosis or cirrhosis in clinical settings.

Conclusions

In conclusion, this study uncovered mitochondrial 
dysfunction during ALPPS-induced regeneration in 
livers with fibrosis, leading to new opportunities to 
accelerate regeneration. However, the mechanism by 
which mitochondrial dysfunction inhibits ALPPS-induced 
proliferation in livers with fibrosis should be investigated in 
more human samples. Since a variety of factors causes liver 
fibrosis (e.g., hepatitis virus infection, cholestasis, alcohol 
abuse, and chemotherapy) in clinical settings, it remains 



Annals of Translational Medicine, Vol 9, No 7 April 2021 Page 11 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(7):527 | http://dx.doi.org/10.21037/atm-20-4639

Figure 6 ALPPS patients in the clinic. (A) Mitochondria-associated gene expression in a fibrosis patient and a non-fibrosis patient; (B) 
Volumetric evaluation before and after ALPPS stage I by CT scan. The red area represents the proper FLR and the blue area represents the 
increased FLR; (C) Liver function after ALPPS stage I. *P<0.05, **P<0.01. ALT, alanine transaminase; FLR, future liver remnant; ALPPS, 
associating liver partition and portal vein ligation for staged hepatectomy.
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unclear whether these findings should be validated under 
different conditions. Therefore, further studies in humans 
are needed in the future.
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Supplementary

Figure S1 Establishment of fibrosis models. (A) Pictures of the apparatus; (B) Specimens of each group; (C) Mortality in each group during 
the associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) procedure. 
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Figure S2 Several regenerative pathways during ALPPS in PBS- or TAA-treated models. (A) RNA expression pre-ALPPS; (B) RNA 
expression post-ALPPS day 2; (C) RNA expression post-ALPPS day 7. *P<0.05, **P<0.01, and ***P<0.001. TAA, thioacetamide; PBS, 
phosphate buffered-saline; ALPPS, associating liver partition and portal vein ligation for staged hepatectomy; n=5 mice for each condition.
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Table S1 Materials information (primers in this study)

Primers Forward Reverse

GAPDH (Mouse) GGAGAGTGTTTCCTCGTCCC ACTGTGCCGTTGAATTTGCC

IL-6 (Mouse) TGGAGTACCATAGCTACCTGGA GGAGAGCATTGGAAATTGGGG

NF-κB (Mouse) CCCTACGGAACTGGGCAAAT GCGGAATCGAAATCCCCTCT

mTOR (Mouse) ACCAACTATACCCGCTCCCT TTGCCATCCAGACCCGTAAC

TNF-α (Mouse) ATGGCCTCCCTCTCATCAGT TTTGCTACGACGTGGGCTAC

EGF (Mouse) AGGAGGTCCGCTAGAGAAATG TCTCCCAAGCACTGAACCTG

HGF (Mouse) TTTCAGCCCGGCATCTCC TCAGTAATGGGTCTTCCTTGGT

PGC1α (Mouse) ACACCGCAATTCTCCCTTGT CGGCGCTCTTCAATTGCTTT

IHH (Mouse) CCTCAGACCGTGACCGAAAT CGGCCGAATGCTCAGACTTG

Hif1α (Mouse) TGGACTTGTCTCTTTCTCCGC TTCGACGTTCAGAACTCATCCT

Hif2α (Mouse) GGAGCTACTTGGACGCTCTG TTGCGGGGGTTGTAGATGAC

ATM (Mouse) CGCACGTCCGAGGATTTTTC AATCCAGCCAGAAAGCGTCA

IGF1R (Mouse) TGACACGCGGTGATCTCAAA CACACTGCAGGTGTTTTAGCTT

TGF-β1(Mouse) AGCTGCGCTTGCAGAGATTA AGCCCTGTATTCCGTCTCCT

DRP1 (Mouse) ATTTCAGAGCTGGAACCCTGC ACAACGTTGGGCGAGAAAAC

PPAR-gamma (Mouse) TGACGACAAGGTGACCGGG CACCGCTTCTTTCAAATCTTGTCTG

MFN1 (Mouse) AGGGACGGAGTGAGTGTCC GTTTCTGCCATTATGCACCTGGA

MFN2 (Mouse) CCAGCTAGAAACTTCTCCTCTGT ACTTCAGCCATGTGTCGCTT

Fis1 (Mouse) GAGCTGGTGTCTGTGGAGGAT TTCATATTCCTTGAGCCGGTAGTTG

TFAM (Mouse) TCCTGAGGAAAAGCAGGCAT CCTAACTGGTTTCTTGGGCCT

GAPDH (Human) TCGGAGTCAACGGATTTGGT TCGCCCCACTTGATTTTGGA

PGC1α (Human) CCCCATGGATGAAGGGTACTTT TCTTCTTCCAGCCTTGGGGA

DRP1 (Human) AGAAAATGGGGTGGAAGCAGA CACCTACAGGCACCTTGGTC

PPAR-gamma (Human) TCGAGGACACCGGAGAGG CACGGAGCTGATCCCAAAGT

MFN1 (Human) TTACCGAGGAGGTGGCAAAC GGTCTGAAGCACTAAGGCGT

MFN2 (Human) CTGGTGGAGTCAACACAGTCA AGAAGAGCAGGGACATTGCG

Fis1 (Human) CCAAGAGCACGCAGTTTGAG CAACCCGCGGACGTACTTTA

TFAM (Human) CTTATAGGGCGGAGTGGCAG CAGCTTTTCCTGCGGTGAAT
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Table S2 Materials information (Primers, antibodies, agents and softwares in this study)

Source Identifier

Antibodies

Rabbit polyclonal anti-ACTB Abcam ab8227

Rabbit polyclonal anti-Ki-67 Abcam ab15580

Rabbit polyclonal anti-α-SMA Abcam ab5694

Rabbit polyclonal anti-PGC1α Abcam ab188102

Reagents

Sirius Red Solarbio G1471

Haematoxylin & Eosin Solution Solarbio G1120

Thioacetamide (TAA) Sigma 163678

Tetrachloromethane (CCL4) Aladdin C112041

Recombinant TGF-β1 Peprotech 100-21

Mitochondrial membrane potential assay kit with JC-1 Beyotime C2006

Lipid Peroxidation MDA Assay Kit Beyotime S0131S

ATP Assay Kit Beyotime S0026

Apoptosis YEASEN 40305ES20 

CCK8 YEASEN 40203ES60 

Software and Algorithms

GraphPad Prism GraphPad Software Version 5.0.1

Adobe Photoshop CS5 Adobe Version 12.0.3
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